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The response of Arabidopsis thaliana roots to mechanical impedance

Amy Gillian Rose Jacobsen

Abstract:

In soils, plants often encounter barriers to their growth and must be able to respond

to stress appropriately. Mechanical impedance has previously been shown to reduce

root elongation and may have a negative impact on crop yields. It is therefore

important to understand how root growth and development is regulated in response

to encountering a barrier. Plant roots respond to changes in their environment

through regulating the rates of cell division and the extent of cell expansion at the

root tip. These developmental changes are mediated by interactions between several

classes of hormones that form a complex network with key regulatory genes. The

objective of the work described in this thesis is to examine the response of Arabidopsis

thaliana roots to mechanical impedance and determine the hormonal signalling events

involved. The work presented here uses a range of techniques to answer this question

including microscopy, genetics, chemical intervention, RNA-Sequencing and analysis

of published literature.

Upon encountering a barrier, Arabidopsis root growth is reduced and shows a charac-

teristic “step-like” growth pattern and it was established this response is caused by

a reduction in cell elongation. RNA-Sequencing data revealed the gene transcription

changes that occur in response to a barrier. Data from RNA-Sequencing and previ-

ous literature were used to generate hypotheses about the hormonal control of root

growth during the barrier response. Data presented in this thesis identified a role for

auxin and ethylene signalling during the barrier response. During bending, changes

in the levels and distribution of auxin were observed. The role of reactive oxygen

species (ROS) signalling was also investigated, providing some evidence for its in-

volvement in root mechanical responses. Integrating evidence from RNA-Sequencing,

experimental work and evidence from the literature, I have constructed a model of

hypothesised pathways involved during root response to a barrier.
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1.1 Mechanical stress and food security

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 any stressful conditions

they encounter. Establishment of correct root growth and architecture is important

for maintaining crop yields and root growth traits are of interest to plant breeders

(Gewin, 2010). There are a number of stress conditions present within soils that

limit root elongation, including insufficient nutrients, oxygen or water as well phys-

ical barriers to growth (Bengough et al., 2006). As plant roots navigate the soil

environment, they will encounter such physical barriers and must be able to adapt

their growth in order to respond to this 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

et al., 2005; Jin et al., 2013). The effect of increasing mechanical strength can be

further exacerbated by soil compaction caused through the use of heavy farming

machinery (Jin et al., 2013).

Penetrometer resistance is commonly used as a measure of soil strength, which is

equal to the force needed to push a metal cone through soil divided by cross sectional

area (Bengough et al., 2011). Increasing penetrometer resistance has been shown

to correlate with a reduction in root elongation (Whitmore and Whalley, 2009;

Bengough et al., 2011). A resistance of 2MPa has been shown to indicate the soil

strength at which root elongation is limited and that such levels of strength can

occur even in relatively moist soils (Whalley et al., 2008).

There is also evidence that mechanical impedance of the root has an effect on the plant

as a whole. When roots are mechanically impeded plants become smaller and shoot

growth slows resulting in reduced shoot length (Iijima and Kono, 1991; Roberts et al.,

2002; Kobaissi et al., 2013; Potocka and Szymanowska-Pulka, 2018) . In addition,

changes to leaf growth and morphology are widely reported as occurring as a result

of root mechanical impedance. Leaf number (Grzesiak, 2009), area (Alexander and
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Miller, 1991; Bingham et al., 2010; Kobaissi et al., 2013) and elongation rates (Young

et al., 1997) are decreased and stomata 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

result in decreased crop yields (Whalley et al., 2008)).

Many studies have focused predominantly on the morphological effect of mechanical

impedance and barriers to root growth in crop species. 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

and Gilroy, 2003b; Okamoto et al., 2008; Monshausen et al., 2009; Lee et al., 2020).

Using Arabidopsis, a model species, allows for greater insight into the signalling

components required to facilitate morphological responses.

1.2 Arabidopsis thaliana and its use as a model

system

Arabidopsis thaliana has been used in plant science research for over 100 years, and

was accepted as the model organism and standard reference for plant biology by the

research community in the late 1970s/1980s. Arabidopsis was originally adopted

as a model species due to its usefulness for genetic experiments. Arabidopsis has

several properties which make it useful for experimentation including its small size,

short generation time, ability to self pollinate and diploid genome (Koornneef and

Meinke, 2010). In addition, the genome of Arabidopsis is relatively small and

was the first plant to have its genome sequenced and published (The Arabidopsis

Genome Initiative, 2000). In addition, Arabdiopsis roots are excellent models for

analysing root growth and traits. The root of Arabidopsis has a largely fixed

cellular organisation and is amenable to experimental manipulation, making it a

useful model for studying developmental processes such as patterning and hormone
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responses (Scheres and Wolkenfelt, 1998).

Structure of the Arabidopsis root

Figure 1.1: Structure of the Arabidopsis thaliana root. Figure shows longitudinal section of the
root (left) and cross section taken at the differentiation zone (right). Different cell types are
highlighted in different colours and developmental zones labelled. Taken from De Smet et al.

(2015)

The root of Arabidopsis is radially organised, with concentric ring of cell files that

can be recognised by their morphologhy (Fig. 1.1). These cell files consist of the

epidermis, cortex, endodermis, pericycle and stele. The stele itself consists of vascular

tissue, made up of phloem, procambium, metaxylem and protoxylem. An additional

cell layer above the epidermis is present at the root tip and forms the lateral root

cap (Dolan et al., 1993).
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Distinct developmental zones exist at the root tip, each displaying different cellular

behaviours. The root apical meristem (RAM) is the site of cell division and generates

the cells of the primary root. Surrounding the RAM at the root tip is a protective

layer of cells, the root cap, made up of columella and lateral root cap cells. Cells

pass from the RAM to the elongation zone through the adjacent transition zone.

Once in the elongation zone the rate of division decreases and cell undergo rapid

longitudinal expansion. After elongation, cells mature and root hairs begin to form

in the differentiation zone (Dolan et al., 1993).

The different tissues within the root are derived from stem cells present in the RAM,

where specific initials give rise to the different cell files. Stem cell initials are arranged

adjacent to the quiescent centre (QC), four cells with infrequent division which are

essential for maintaining undifferentiated initials (Dolan et al., 1993; Van Den Berg

et al., 1997). This group of stem cells is called the stem cell niche. The repeating

process of cell division, elongation and maturation forms the basis of primary root

growth (Petricka et al., 2012).

1.3 Root elongation and the effect of mechanical

impedance

Root elongation is facilitated through the repeated cell division and elongation.

Cells in the elongation zone undergo rapid elongation and expand until they reach

a mature cell length. Cell expansion is believed to be driven by an influx of water

into the cell via turgor pressure. This turgor pressure generates growth pressure,

which is equal to the soil pressure that opposes root elongation (Jin et al., 2013).

It has previously been demonstrated that an increase in soil strength results in a

decrease in root elongation in a number of crop species, including cotton (Taylor

and Ratliff, 1969), maize (Bengough and Mullins, 1991), pea (Croser et al., 1999;

Iijima and Kato, 2007) and tobacco (Alameda et al., 2012). In addition studies
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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 and Atwell, 2005; Okamoto et al., 2008). The slowed rate of elongation

that occurs in mechanically impeded roots is therefore likely to be due to a reduced

rate of cell elongation, as axial tension is increased by stiffening of the cell walls to

reduce elongation (Bengough et al., 2006).

1.4 What is already known about root responses

to mechanical impedance?

1.4.1 Root thickening

A diverse range of methods have been used to investigate the effect physically

constraining root growth has on the morphology and architecture of root systems

(see Potocka and Szymanowska-Pulka (2018) for review). In addition to changes

in the elongation of roots, a number of other morphological changes have been

observed. One commonly observed effect of increased soil strength is radial swelling

of roots. An increased root diameter has been observed in response to compact soils

studies involving maize (Bengough and Mullins, 1991; Konôpka et al., 2009), pea

(Croser et al., 1999; Kirby and Bengough, 2002), soybean (Ramos et al., 2010), wheat

(Colombi et al., 2017) and barley (Loades et al., 2013, 2015). In some experiments,

soil is replaced by glass beads to simulate mechanical impedance. In these studies,

a decrease in root length and increase in root diameter is also observed in response

to densely packed beads (Goss and Russell, 1980; Veen, 1982; Sarquis et al., 1991;

Hanbury and Atwell, 2005). This increased radial swelling is often accompanied by

thickening of the cortex due to increased number or radial dimension of cells (Atwell,

1988; Colombi et al., 2017).
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1.4.2 The root cap

The root cap is the region of the root which experiences first contact with the soil.

Functions of the root cap include protecting of the root tip, determining direction of

growth and reducing friction between the root and soil through secretion of mucilage

and sloughing root cap cells (Bengough and McKenzie, 1997; Iijima et al., 2004;

Potocka and Szymanowska-Pulka, 2018). It has been suggested the root cap can

reduce penetration resistance of maize roots in compact soil through the production

of mucilage (Iijima et al., 2004). Mechanically impeded roots have also been observed

to increase mucilage production (Potocka et al., 2011) and the number of root cap

cells sloughed into the medium (Iijima et al., 2000, 2003a; Somasundaram et al.,

2008). In maize roots, removing the root cap halves elongation rate in compacted

soils due to an increase in root penetration resistance (Iijima et al., 2003b). The root

cap may also play a role in sensing mechanical impedance, at it is the area of the

root at which peak stress occurs. Soil strength may be sensed by the effect of axial

pressure on the root tip causing the root to adjust the rate of growth accordingly

(Jin et al., 2013).

1.4.3 Changes to root branching and root hair growth

Mechanical impedance has been shown to affect root architecture as a whole, with

changes in lateral root formation observed in mechanically impeded roots. Both pea

(Tsegaye and Mullins, 1994) and maize (Konôpka et al., 2009) have displayed an

increased density of lateral roots in response to compacted soils. In roots bending

around glass beads, lateral root primordia have been observed to develop on the

convex side resulting in increased number of lateral roots (Goss and Russell, 1980).

In addition, mechanically inducing roots to bend results in lateral root formation

(Ditengou et al., 2008; Richter et al., 2009). It has also been reported that lateral

roots may form closer to the root tip in response to mechanical impedance of the

primary root (Atwell, 1988; Ramos et al., 2010).
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Changes in root hair growth have also been reported to play a role in the root response

to mechanical impedance. It is likely that root hairs are involved in anchoring

the root tip to allow expanding tissue to advance into new soil (Bengough et al.,

2011). Root hairs have been shown to develop closer to the root tip of barley roots

mechanically impeded by glass beads (Goss and Russell, 1980). Ectopic root hair

formation is also observed in Arabidopsis roots growing horizontally when they are

continuously mechanically impeded by dialysis membranes (Okamoto et al., 2008).

In soybean, root hair cells appeared deformed in compacted soil, suggesting the

development of root hairs can also be negatively affected by certain soil conditions

(Ramos et al., 2010). It has been suggested that an increase in root hair growth may

offer an advantage to roots growing in strong soils (Bengough et al., 2011; Lynch

and Wojciechowski, 2015). For example, it has been shown that barley genotypes

possessing root hairs are more successful at growing through high strength soils than

those lacking in root hair growth (Haling et al., 2013).

1.4.4 Root waving and bending

Previous studies have examined and characterised the response of roots to mechanical

stimulation and the resulting thigmotropic and thigmomorphogenic growth through

the use of artificial obstacles to growth or changes in orientation of growing roots.

Alterations in root system morphology can be observed when a plant is reoriented

with respect to the direction of the gravitational field. For example, Arabidopsis

roots produce a characteristic wavy growth pattern when grown on tilted agar plates

with impenetrable surfaces (Okada and Shimura, 1990; Rutherford and Masson,

1996). These patterns of growth are the result of a combination of gravity sensing

and touch stimulation from the agar surface (Oliva and Dunand, 2007).

Placing a horizontal obstacle in the way of a vertically growing root reveals another

pattern of growth likely to be induced by a combination of gravity and touch sensing,

the barrier response (Massa and Gilroy, 2003b). When encountering a glass coverslip
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barrier, Arabidopsis roots show a “step-like” structure of growth, with only the root

tip remaining in contact with the barrier surface (Massa and Gilroy, 2003b). Root

bending has also been observed in roots grown in a medium consisting of a soft

upper layer and a hard lower layer. The root exhibits a bending response at the

lower, harder layer (Yamamoto et al., 2008; Yan et al., 2017, 2018). It has been

suggested that a zone of “mechanical weakness” is required for the bending process

and that this is localised between the growing and mature zones of the root (Bizet

et al., 2016).

1.5 Plant hormones as regulators of growth

Plant hormones occur ubiquitously across the plant kingdom They are defined as “a

chemical substance produced by one tissue with the primary function of exerting a

specific effect of functional value on another tissue” (Huxley, 1935) The regulation

of growth involves a number plant hormones, including auxin, ethylene, cytokinin,

abscisic acid, giberellin and brassinosteroids. These are crucial for coordinating

developmental responses of plant to external cues, including environmental stress

conditions. Plant hormones and their signalling systems interact in both an antag-

onistic and synergistic manner to control processes of cell division, elongation and

differentiation (Takatsuka and Umeda, 2014). Hormone concentrations within the

cell are controlled through changes in biosynthesis, short or long- range transport,

conjugation and degradation (Bianco et al., 2013; Moore et al., 2015). Hormones

form complex networks that regulate the expression of target genes, and are in turn

regulated by changes in gene activity (Moore et al., 2015). Under stress conditions,

hormone levels are altered in order to co-ordinate a change in development and

stress response (Liu et al., 2014). It is therefore important to understand how the

different plant hormones interact to control root growth and what changes may occur

in response to stress. Mutant screens in Arabidopsis have allowed many aspects of

hormone perception and signalling pathways to be discovered, however, there is still
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much left to understand.

1.5.1 Auxin

Auxin is involved in almost all aspects of plant growth and development, including

embryogenesis, tissue patterning, organogenesis, tropic growth responses and lateral

root formation (Saini et al., 2013; Kazan, 2013; De Smet et al., 2015). The role of

auxin as a growth regulator was first proposed by Charles Darwin when studying

the bending of plants towards light, described in ’The Power of Movement in Plants’

(Darwin and Darwin, 1880). Darwin hypothesised the presence of a substance

that enabled bending to occur. Since then, numerous studies have investigated

auxin signalling and transport. Growth processes are regulated by co-ordination of

directional transport of auxin and its regulation of gene expression.

In the root, auxin reduces growth through the inhibition of cell elongation (Wolver-

ton et al., 2002). In addition, cellular patterning in the Arabidopsis root requires the

establishment of an auxin concentration maximum at the quiescent centre QC (Sabat-

ini et al., 1999; Moore et al., 2015). Auxin distribution in the root is controlled by a

polar transport mechanism, facilitated by membrane proteins located at the plasma

membrane which exhibit asymmetric localisation. These transport proteins belong to

three main families, PIN-Formed (PIN), ABCB/PGP (ATP-BINDING CASSETTE

SUBFAMILY B/P-GLYCOPROTEINS), and AUX/LAX. Auxin is transported into

cells (influx) by members of the AUX/LAX family of which there are four mem-

bers, the most well studied of these is AUX1 (Bennett et al., 1996; Marchant, 1999;

Yang et al., 2006; Péret et al., 2012). The ABCB/PGP family proteins are less

well characterised but are known to mediate auxin transport in a non-directional

manner and do not tend to exhibit polar localisation within the cell (Overvoorde

et al., 2010; Barbez et al., 2012). PIN proteins facilitate the movement of auxin out

of cells (efflux), and are important for the directional movement of auxin at the root

tip (Friml et al., 2003; Petrášek et al., 2006; Wisniewska et al., 2006). PIN protein
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distribution can be reorganised in order to alter the distibution of auxin, thereby

changing growth and development (Heisler et al., 2005).

Figure 1.2 shows the distribution of PIN proteins at the root tip. Auxin is transported

acropetally in the stele, towards the root tip, mainly through influx by AUX1 and

efflux by PIN1. The polar transport of auxin correlates to the apical position of

AUX1 and basal position of PIN1 within the cell (Swarup et al., 2001). At the root

tip, auxin is directed towards the QC by PIN4, generating an auxin maxima (Friml

et al., 2002a). PIN3 and PIN7 are distributed in the columella and under normal

conditions target auxin transport to both sides of the lateral root cap. Auxin is

then transported basipetally (shootward) in the epidermis by PIN2 (Luschnig et al.,

1998; Müller et al., 1998) (Fig. 1.2). Directional transport of auxin at the root tip

is referred to as the fountain model.

Figure 1.2: The distribution of the PIN family of auxin efflux carriers (left) and correlating flow
of auxin at the root tip (right). PIN proteins show distinct polarisation and localisation at the
root tip. PIN1 is shows basal (rootward) polarisation in the stele and PIN2 shows an apical

(shootward) localisation in the epidermis. PIN3 and PIN7 are distributed within the collumella
cells. PIN4 is involved with the establishment of auxin maxima in the quiescent centre (QC). PIN
polarisation and distribution determines auxin flow. Taken from review by Ruiz Rosquete et al.

(2012)
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Modulation of auxin transport is often required to change root growth in response

to environmental stimuli, particularly during tropic growth. For example, during

gravitropism the reorientation of the plant root or change in the direction of gravity

causes the root to change its growth in order to bend in the direction of gravity.

The redistribution of PIN3 in the columella occurs in response to gravity resulting

in different levels of auxin transport occurring in either side of the root (Friml et al.,

2002b). This results a higher level of auxin on one side of the root compared to the

other (Fig. 1.3). This is turn inhibits cell expansion preferentially on one side of the

root, causing the root to bend in the direction of gravity (Swarup et al., 2005).

Figure 1.3: Root gravitropism is caused by differential distribution of auxin. In response to
gravity auxin basipetal transport of auxin is increased on the ’lower’ side of the root and decreased
on the’top’ side. Auxin inhibits cell elongation in the elongation zone, therefore, the asymmetric
distribution of auxin causes reduced cell expansion on the lower side of the root relative to the

upper side resulting in curved growth. Thickness of lines and arrows represents relative auxin flux.

The regulation of gene transcription by auxin is a process mediated by proteasomal
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degradation. In the absence of auxin, AUX/IAA proteins repress the action of ARF

transcription factors. In the presence of auxin, the interaction between AUX/IAA

transcriptional repressors and F-box proteins of the TRANSPORT INHIBITOR

RESPONSE 1/ AUXIN SIGNALLING F-BOX (TIR1/AFB) family is stabilised

(Tan et al., 2007). This results in the targeted degradation of AUX/IAA after it is

polyuibquitinated by the CF-type E3 ubiquitin protein ligase complex (Gray et al.,

2001; Smalle and Vierstra, 2004; Dharmasiri et al., 2005; Kepinski and Leyser, 2005;

Dos Santos Maraschin et al., 2009). Removal of AUX/IAA allows for ARF proteins

to form homodimers and bind to the ARE promoter domains of auxin inducible

genes (Boer et al., 2014; Mironova et al., 2014), thus regulating gene expression (Fig.

1.4)

Figure 1.4: The main Auxin signalling pathway for the regulation of gene transcription. In the
absence of auxin, AUX/IAA proteins repress the action of ARF transcription factors, which bind
ARE domains in gene promoters. The steps of the pathway in the presence of auxin are indicated
by numbered arrow. 1. Auxin brings together Aux/IAAs and F-box proteins of the TIR1/AFB
family. 2. The F-box proteins form part of the an SCF-type E3 ubiquitin protein ligase complex
that transfers activated ubiquitn to Aux/IAAs. 3. Polyubiquitination of AUX/IAA results in the

degradation. 4. The degradation of Aux/IAAs allows ARFs to activate transcription and
downstream auxin responses. Taken from review by Leyser (2018)
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1.5.2 Ethylene

Ethylene is a gaseous plant hormone involved in the regulation of many plant growth

and developmental processes, including fruit ripening, senescence and root growth.

Ethylene is also important for signalling during responses to environmental stress

and has been demonstrated to play a role in the response to wounding, flooding,

cold, nutrient stress and mechanical stimulation (Buer et al., 2003; Lin et al., 2009;

Ju and Chang, 2015).

Ethylene perception occurs at the endoplasmic reticulum where ethylene is perceived

by a family of five receptors, ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYL-

ENE RESPONSE SENSOR1 (ERS1), ERS2, and ETHYLENE INSENSITIVE4

(EIN4), which share their homology with two-component signalling systems found

in bacteria (Chang et al., 1993; Hua et al., 1995; Hua and Meyerowitz, 1998; Sakai

et al., 1998). The ethylene signalling system is outlined in Fig. 1.5. In the absence

of ethylene, the receptors are active and interact directly with the Raf-like kinase

CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) (Kieber et al., 1993; Clark et al.,

1998). Activation of CTR1 leads to phosphorylation of ETHYLENE INSENSITIVE

2 (EIN2) causing it to be retained at the ER, thus inhibiting downstream signalling

(Ju et al., 2012). When ethylene binds the receptor it leads to inactivation and the

subsequent release of downstream signalling. The ethylene receptors no longer activ-

ate CTR1 which results in the activation and release of the EIN2 carboxyl terminal

end which localises to the nucleus. Here it inhibits translation of EBF1/2 leading

to stabilisation and accumulation of EIN3/EIL1 (An et al., 2010; Ju et al., 2012;

Wen et al., 2012). EIN3 activates a transcriptional cascade involving ETHYLENE

RESPONSE FACTOR 1 (ERF1) and other ethylene regulated target genes (Solano

et al., 1998) (Fig. 1.5).

Ethylene is involved in the regulation of root growth and development. Treatment of

Arabidopsis with ethylene causes shortened roots with longer root hairs and ectopic

root hair formation. Ethylene is thought to control root growth by mediating auxin
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biosynthesis and transport (Růžička et al., 2007; Strader et al., 2010). Ethylene has

been shown to increase expression of auxin transport machinery and biosynthesis

genes, leading to increased accumulation of auxin (Růžička et al., 2007; Swarup

et al., 2007; Negi et al., 2008; Stepanova et al., 2008; Lewis et al., 2011). This in turn

results in the inhibition of cell elongation as auxin levels increase at the elongation

zone (Růžička et al., 2007; Strader et al., 2010). There is also evidence that ethylene

signalling may be involved in inhibition of cell division in the root meristem (Street

et al., 2015) and may even act independently of auxin to increase the rate of stem

cell division in the QC (Ortega-Martínez et al., 2007).

Figure 1.5: The ethylene signalling cascade in the absence (top) and presence (bottom) of
ethylene. In the absence of ethylene, the ethylene receptors (shown as ETR1) activate the protein
kinase CTR1 which represses the function of EIN2. In the presence of an ethylene signal, ethylene
receptors no longer activate CTR1. This is turn results in the activation of EIN2 C-end which

inhibits translation of EBF1/2. As a results EIN3/EIL1 is stabilised and regulate the
transcriptional cascade involving ERF1. Taken from Chang (2016)
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1.5.3 Abscisic Acid (ABA)

The plant hormone Abscisic Acid (ABA) plays a vital role in processes relating to

seed dormancy, germination, stomatal apeture and root growth (De Smet et al.,

2006; Holdsworth et al., 2008). ABA is particularly associated with the response to

drought stress and its involvement plant responses to drought has been well studied.

For example, ABA biosynthesis has been shown to increase in roots responding to low

water conditions, with ABA produced in the root being transported to above ground

to act as a stress signal (Sauter et al., 2001). In the root, moderate concentrations

of ABA are required to maintain growth, however, at high concentration ABA will

cause inhibition of growth (De Smet et al., 2006; Smith and de Smet, 2012).

ABA binds members of the the PYR/PYL/RCARs (PYRABACTIN RESISTANCE/-

PYRABACTIN RESISTANCE-LIKE/ REGULATORY COMPONENT OF ABA

RECEPTORS) receptor family, which are responsible to a wide range of ABA re-

ponses (Ma et al., 2009; Park et al., 2009). When bound to ABA, the PYR/PYL/RCAR

family are able to bind to protein phosphatases (PP2Cs), which are negative regulat-

ors of the ABA signalling cascade. When ABA is absent, PP2Cs target and inhibit

phosphorylation of the SnRK2 family (SNF1-RELATED PROTEIN KINASE) of

kinases, which in turn inhibits the activation of downstream transcription factors

(Furihata et al., 2006; Yoshida et al., 2006, 2015)(Fig. 1.6 A). In the presence of

ABA, the YR/PYL/RCAR family of proteins bind to and sequester PP2C. This re-

leases inhibition of SnRK2 kinases allowing phosphorylation and activation of ABA

RESPONSIVE ELEMENT BINDING FACTORS (ABFs). ABFs bind to ABA-

responsive promoter elements and initiate transcription (Choi et al., 2000; Uno et al.,

2000; Furihata et al., 2006) (Fig. 1.6 B).
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Figure 1.6: The abscisic acid (ABA) signalling cascade. In the absence of ABA (A), protein
phosphatases (PP2Cs) inhibits phosphorylation of a family of SnRK kinases. In the presence of
ABA (B) PYR/PYL/RCAR family of proteins to bind to and sequester PP2C. SnRK kinases are
no longer inhibited and can themselves phosphorylate and activate transcription factors (ABFs)
which bind to ABA-responsive promoter elements (ABREs) to intiate transcription. Taken from

Sheard and Zheng (2009)

1.5.4 Calcium and Reactive Oxygen Species (ROS)

Calcium signalling has been demonstrated to be a key component of early signalling

systems in plant responses to stress stimuli. Changes in cytosolic Ca2+ are linked

to downstream signalling activities within the plant with changes in Ca2+ levels

occurring rapidly at the site of a stimulus, for example in response to wounding, salt

or touch (Gilroy et al., 2016). A wave of Ca2+ is thought to act as a long distance

signal from the site of the stimulus to activate adaptive responses across the whole

plant (Gilroy et al., 2016; Choi et al., 2017). Changes in calcium levels are perceived

in cells by calcium binding proteins, which change their conformation once bound
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to calcium to initiate downstream responses (Tuteja and Mahajan, 2007; Liese and

Romeis, 2013; Ranty et al., 2016).

Like calcium, reactive oxygen species (ROS) have been proposed to act as a rapid

signal in response to stress. Accumulation of ROS, which include singlet oxygen

(1O2), superoxide (O2
-), hydrogen peroxide (H2O2) and hydroxyl radicals (HO.),

occurs naturally as a metabolic background, generated through respiration and

photosynthesis. ROS are also produced as a result of metabolic imbalances caused by

stress and through active production regulated by enzymes such as RESPIRATORY

BURST OXIDASE HOMOLOG D (RBOHD) enzymes (see Vaahtera et al. (2014)

for a review). An over-accumulation of ROS can cause oxidative stress, actively

damaging DNA, lipids and proteins and in some cases leading to cell death. Therefore,

plants have detoxification and scavenging systems to tightly regulate ROS levels

(Bowler et al., 1994; Caverzan et al., 2012; Sofo et al., 2015). Developmental processes

in plants depend on this regulation of temporal–spatial cellular redox balance, the

mechanisms of which are thought to create a network with phytohormones and

calcium (Tognetti et al., 2017). For example, increased ROS production under stress

can influence plant growth by affecting auxin and cytokinin signalling, which are

required for formation and maintenance of meristems (Su et al., 2011; Cui et al.,

2014; Diaz-Vivancos et al., 2015; Schaller et al., 2015). An autopropogating wave of

ROS, mediated by RBOHD enzymes, has been shown to occur in response to stress

stimuli and it is believed to signal directly to the calcium wave (Miller et al., 2009;

Gilroy et al., 2014, 2016). However, there is still much that is not understood about

ROS signalling and how it integrates with hormone signalling networks in order to

mediate plant stress responses.

1.6 Hormone crosstalk controls root growth

Plant hormones and signalling involving ROS and calcium play key roles in the

growth and development of plant roots, however, it is through interactions of these
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signalling pathways that plant root growth is maintained. In addition, crosstalk

between hormone signalling systems is required for integrating environmental signals

with developmental responses to stress. These interactions are complex, as many

different hormones are often involved in regulating specific processes, such as cell

division, elongation and differentiation (see Takatsuka and Umeda (2014) for a re-

view). Fig. 1.7 illustrates how different hormones may be involved in a variety of

processes and the complexity involved. Some plant hormones appear more essen-

tial for maintaining growth and development under normal conditions than others.

Analysis of mutant phenotypes with inhibited signalling or biosynthesis suggest that

only cytokinins, auxin, gibberellins and brassinosteroids are essential for growth

(Depuydt and Hardtke, 2011). These hormones appear to act either independently

or in co-operation with other signalling pathways to regulate growth and develop-

ment at the root tip. For example, cytokinins are essential for regulation of cell

division, giberellins promote cell elongation while auxin is involved in both processes.

However, there is still much that is not understood about points of convergence

between signalling pathways that mediate crosstalk.
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Figure 1.7: Hormonal control of processes controlling root growth and development. ABA,
abscisic acid; GA, gibberellic acid; CK, cytokinin; BR, brassinosteroids. Arrows show postive
regulation, lines show negative regulation. Figure adapted from (Takatsuka and Umeda, 2014)
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1.7 What is known about how hormonal

crosstalk during root responses to touch

stimulus?

Previous studies have sought to investigate the role of plant hormones and signalling

pathways in roots in response to touch stimuli or mechanical impedance, however,

the exact nature of the signalling mechanism 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

et al., 2008; Lee et al., 2020). Changes in root morphology in mechanically impeded

roots often resembles changes observed when roots are exposed to ethylene, an

inhibition of root elongation and increase in the proliferation of root hairs (Masle,

2002; Buer et al., 2003). Classic studies have examined the response of roots to

inclined, hard agar plates (1.5% as opposed to 1%) in order to examine thigmotropic

responses in roots. Roots exhibit a wavy growth pattern due to the mechanical

stimulus avoidance response (Okada and Shimura, 1990). Using this method, Buer

et al. (2003) demonstrated that ethylene modulates this response. When Arabidopsis

is grown in medium consisting of a normal layer and a harder layer, the root can

show a bending response at the lower, harder layer. The bending or non-bending

response of roots has been shown to depend on ethylene (Yamamoto et al., 2008).

The role of ethylene signalling has also been demonstrated in mechanically impeded

Arabidopsis roots (Okamoto et al., 2008; Okamoto and Takahashi, 2019). It is

possible that ethylene signaling 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

localisation of auxin transporters (Růžička et al., 2007; Strader et al., 2010).

It has previously been demonstrated that the roots respond to obstacles through a

combination of thigmotropic and gravitropic reactions (Massa and Gilroy, 2003b).
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Auxin signaling has long been demonstrated to be involved in the gravitropic response

of roots (Ottenschläger et al., 2003; Swarup et al., 2005; Muday and Rahman, 2008).

It has also been proposed that the dynamic trafficking system of auxin and the

auxin transport system is a key element in controlling tropic growth (Friml et al.,

2002c; Billou et al., 2005; Pernisova et al., 2016). It is therefore likely that auxin

transport is involved in the barrier response. It has recently been demonstrated that

PIN mediated auxin transport facilitates root obstacle avoidance in roots bending

in response to a horizontal barrier to growth (Lee et al., 2020).

In addition it has been proposed that touch induced Ca2+ changes may play a role

in integrating the activity between touch and gravity responses through altering

membrane trafficking and transport of auxin transport proteins (Massa and Gilroy,

2003b). It has widely been demonstrated that cytosolic Ca2+ increases in response

to touch and that Ca2+ plays a role in touch responses (Knight et al., 1991; Braam,

2005; Monshausen et al., 2009; Kurusu et al., 2012). Previous studies have demon-

strated a role for calcium signalling during root responses to mechanical stimuli

(Monshausen et al., 2009; Shih et al., 2014). It has also been proposed that ROS

may act downstream of calcium signalling during root bending in response to a

barrier (Monshausen et al., 2009). Currently more work is needed to determine the

molecular signaling events that occur during mechanosensing and subsequent control

of growth and development in the root’s response to mechanical impedance.

1.8 Aims and objectives

The overall objective of this work is to examine the hormonal signalling involved in

the root response to a barrier in Arabidopsis thaliana. The first aim of this thesis

was to characterise the root response to a barrier and any changes in growth and

development that occur. Chapter 3 will describe the different methods by which

the root response to a barrier was examined in order to investigate both the long

term and short term effects on root growth. The second aim was to identify what
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changes in gene expression occur in the root as it bends in response to an obstacle

to growth in order to further understand the signalling components involved during

the short term response. Chapter 4 will describe the results of an RNA-Sequencing

experiment used to investigate these changes. Using data from RNA-Sequencing

and literature searches, it was hypothesised which hormone signalling components

are involved during the bending response. These were then tested experimentally,

with emphasis on the role of ethylene, auxin and reactive oxygen species (ROS).

Chapter 5 details the results of this experimental work to examine whether these

signalling component are involved during the response. Together, the work in these

results chapters integrates experimental data with bioinformatics of RNA-Seq data

and literature-based searches in order to develop an increased understanding of how

the response of roots to physical obstacles is regulated.



Chapter 2

Methods and Materials
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2.1 Materials

2.1.1 Chemical Suppliers

All chemicals were obtained from Sigma-Aldrich (Gillingham, UK) or Fisher Scientific

Ltd (Loughborough, UK) unless otherwise stated.

2.1.2 Plant Material

Wildtype (WT) Arabidopsis thaliana seeds were obtained from laboratory stocks of

the Columbia (Col-0) ecotype, originally obtained from Lehle Seeds (Texas, USA).

All mutants and reporter lines are in the Col-0 background and from lab stocks

unless otherwise stated.

Mutant Lines

The auxin signalling mutants axr1, transport mutants aux1 and eir1 as well as

ethylene insensitive etr1 and ein2 were obtained from laboratory stocks. atrbohF,

atrobhd and atrbohD/F mutants were obtained courtesy of Alistair Hetherington

(University of Bristol, UK)

Reporter Lines

proCYCB1;2::CYCB1:2:GUS was previously described (Bulankova et al., 2013)

and obtained from lab stocks. proPIN1::PIN1:GFP (Benková et al., 2003) and

proPIN2::PIN2::GFP were obtained courtesy of Ben Scheres (Utrecht University,

the Netherlands). HyPer (Belousov et al., 2006) was obtained courtesy of Marc &

Heather Knight (Durham University, UK) . DR5rev::3xVENUS-N7 (Brunoud et al.,

2012) and R2D2 reporter lines (Liao et al., 2015) were obtained from the Nottingham

Arabidopsis Stock Centre (NASC) (http://arabidopsis.info/).
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2.2 Plant tissue culture

2.2.1 Seed Sterilisation

To ensure that seeds were sterile and free from surface contamination seeds were

placed in 1.5-ml Eppendorf® tubes and washed with 70% v/v ethanol for 1 min. The

ethanol was then replaced with concentrated bleach (Tesco, UK) for 15 min. The

seeds were then rinsed four times with sterile deionised water and then left in 1 ml

of sterile distilled water (sdH2O) and stratified for 4–7 days in the dark at 4oC to

encourage and synchronise germination.

2.2.2 Culture Media

Half strength Murashige and Skoog media (½ MS) (Murashige and Skoog, 1962)

was made to contain 2.2 g/L half strength Murashige and Skoog medium (SIGMA

M5519), 10 g/L sucrose, adjusted to pH 5.8 with 1M KOH. Media was made up to

0.5% (5g/L) agar or between 0.3% (3g/L) and 1.2% (12g/L) phytagel depending on

the assay used. Media was autoclaved for 20 min at 120oC. All seedlings were grown

at 22oC with an 18h photoperiod as described previously (Casson et al., 2002).

2.3 Root Barrier Assays

2.3.1 Dialysis membrane assay

½ MS10 media was made up to contain 0.5% (5g/l agar). Seeds were first placed

on round Petri plates of half strength Murashige Skoog (MS) nutrient agar media,

sealed with Micropore tape and maintained in a growth room.

The growing system used to provide continuous mechanical stimulation to roots

has been adapted from a previously described method (Okamoto et al., 2008).

Three days after germination (DAG), seedlings were transferred onto square plates
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(100x100x20mm, STARSTEDT) containing ½ MS nutrient agar media covered with

a dialysis membrane (Dialysis tubing cellulose membrane; molecular weight cut off

14,000; flat width 76mm; Sigma-Aldrich) and the plates were sealed with Micropore

tape. Seedlings were grown on dialysis membrane plates orientated either vertically

(control) or horizontally (mechanically impeded) for 4 days.

Preparation of dialysis membrane plates

Dialysis tubing (Dialysis tubing cellulose membrane; molecular weight cut off 14,000;

flat width 76mm; Sigma-Aldrich) was cut into flat square (10cmx10cm) sections and

rinsed with deionised water. Membranes were then treated in a solution of 1mM

EDTA at 60oC for 20 min to remove trace metals. Membranes were rinsed for a

second time in deionised water and stored in deionised water within glass bottles.

Before use membranes were autoclaved for 20 min at 120oC.

Plates were prepared by first pouring liquid agar media into square plates (100x100x20mm,

STARSTEDT) and allowing to set. Autoclaved dialysis membranes were then placed

flat on top of the set agar within the plate. Dialysis membranes were handled using

forceps sterilised with 95% (v/v) ethanol to avoid contamination. Once dialysis

membranes were in place seedlings were transferred on to the plates and placed

directly onto the membrane surface (Fig. 2.1)

Analysis

After 4 days of growth on the dialysis membrane, all plates were photographed

alongside a ruler for scale (model; Epson 1680 pro flathead scanner) and primary root

length was measured. Root tips were photographed using a Leica stereomicroscope

and distance from the root tip to the start of root hair growth measured. Each

growth assay was repeated at least three times with at least 15 individuals per

treatment. All image analysis was carried out using ImageJ.
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Figure 2.1: Diagram illustrating the dialysis membrane growth assay

2.3.2 Magenta Pot assays

Media Strength Assay

Media was made up as previously described to concentration of 0.25%, 0.3%, 0.4%

and 0.5% phytagel. Media was poured into magenta vessels (77 mm × 77 mm × 97

mm, Sigma Aldrich). Liquid media was poured to a height of roughly 3cm within

the vessel resulting in a total volume of approximately 180ml. Sterile seeds were

placed just below the surface of the media using a sterile 200 µl pipette tip, resulting

in roots growing down through the media.

Split Layer Assay

Media was made up as previously described to a concentration of 0.3% and 1.2%

phytagel. Seedlings were grown in magenta vessels (77 mm × 77 mm × 97 mm) and

seeds were placed just below the surface of the media using a sterile 200 µl pipette

tip. A lower layer of media was poured to a height of 2.5cm/ approximate volume of

150ml. Once set additional 0.3% media was poured on top to create an additional

0.5cm/ 30ml volume layer. Seedlings grew down through a 0.5 cm layer of 0.3%

phytagel before reaching the lower phytagel layer (Figure 2.2).



2.3. Root Barrier Assays 53

Figure 2.2: Diagram illustrating the magenta pot split layer assay

Analysis

For primary root length and lateral root architecture analysis, seedlings were carefully

removed from the media with forceps before being placed on a sheet of clear acetate

before being photographed with a flatbed scanner alongside a ruler for scale. (model;

Epson 1680 pro flathead scanner)

Root tips were photographed using a Leica stereomicroscope and distance from the

root tip to the start of root hair growth measured. Seedlings were first removed

from the magenta pot with forceps and mounted in water on a glass slide without

a cover slip. Each growth assay was repeated at least three times with at least 15

individuals per treatment. All image analysis was carried out using ImageJ.

For lateral root analysis, images of seedlings 11 DAG were analysed in ImageJ using

the Smart Root Plugin (Lobet et al., 2011), an analysis tool specifically designed for

the quantitative analysis of root-system architecture (RSA). Data from ImageJ was

then transferred to Microsoft Excel to produce graphs.
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2.3.3 Horizontal barrier assay

The growing system used to provide a horizontal barrier to root growth has been

adapted from a previously described method (Massa and Gilroy, 2003b). ½MS

10 media was made as previously described to a concentration of 0.5% phytagel.

Plates were prepared by pouring liquid media into square plates (100x100x20mm,

STARSTEDT) to a volume of 50ml and allowing to set. Seeds were then transferred

to the set media using a sterile 200µl pipette tip and plates were placed vertically

in a growth room. 1x2cm plastic barriers were prepared by cutting sheets of clear

acetate and sterilised by placing in 70% ethanol. Before placement, barriers were

dried on filter paper in a sterile laminar flow hood. At 6DAG, barriers were placed

horizontally directly in front of growing root tips, at an angle of 180o, using sterile

forceps. Plates were returned to the vertical resulting the vertical growth of the root

being inhibited by the barrier (Figure 2.3, A). Roots growing vertically in the same

plates without placement of a barrier were used as controls. For chemical treatments,

seedlings were first germinated on normal ½MS 10 media without the presence of

chemicals and grown vertically. At 6DAG seedlings were transferred using sterile

forceps to the prepared chemical treatment plates before barrier placement.

Root tip and root hair analysis

Root tips were imaged using a e Zeiss STEMI SV8 dissecting stereomicroscope (Carl

Zeiss, Cambridge, UK) without removal from the plates. For root growth analysis,

the original start point of the root was marked and measurements of root growth

from this point taken at 6 and 24 hours. Images were calibrated using an image

of a microscope graticule slide taken at the same position and magnification. Root

tip angle was measured as previously described (Massa and Gilroy, 2003b) as the

angle between the outer root tip and the horizontal barrier (Figure 2.3, B). For

vertically grown control roots, root tip angle was taken as the angle of the root tip

to a horizontal line drawn beneath the root. For root hair growth analysis, a region
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Figure 2.3: A, Diagram illustrating the Horizontal Barrier assay. B, measurement of root tip
angle
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of the mature root approximately 2mm from the tip was imaged. Analysis of root

hair number and growth was taken over a 2mm section of mature root. For root

hair length analysis, up to 20 root hairs were measured and mean root hair length

calculated. All analysis was carried out using ImageJ.

2.3.4 Time-lapse imaging

Time-lapse imaging was captured using a Dino-lite microscope. Root tips were

imaged in situ with plates placed vertically. Time-lapse imaging occurred over 12

hours with a photo captured every 15 minutes. Root tip angle and root growth was

measured as previously described in each image from the point at which the root tip

made contact with the barrier. Images were calibrated using a microscope graticule

slide placed at the same distance from the microscope as the growing root tips.

2.3.5 Chemical Treatments

Stock solutions for all the chemical treatments were made up at 10 mM, filter

sterilised and stored at either 4oC or - 20oC before use. Details of the stock solutions

are shown in Table 2.1 . For preparation of chemical treatment plates, media was

melted and allowed to cool to between 40-60oC. In a laminar flow hood,media was

poured into 50ml falcon tubes chemicals were added in the required concentration.

The falcon tube was gently inverted a number of times to allow for even distribution

of chemical within the media. The media was then poured into plates and allowed

to set.
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Chemical Notes Method of Preparation

Silver thiosulphate
(AgS2O3, STS)

Binds to the copper atom in
ETR1 to inhibit
ethylene responses

Combine 5 ml AgNO3
at 3.4 mg/ml
and 5 ml of NaS2O3
at 12.7 mg/ml

Aminoethoxyvinylglycine
(AVG)

An inhibitor of ACC synthase,
a key enzyme involved
in ethylene biosynthesis

Dissolve 16.02 mg AVG
in 10ml sdH20

N-1-naphthylphthalamic acid
(NPA)

An inhibitor of
polar auxin transport

Dissolve 27.3 mg NPA
in 10 ml DMSO

Diphenylene iodonium
(DPI)

An inhibitor of
NADPH oxidase and
other flavin containing enzymes

Dissolve 31.5 mg DPI
in 10 ml DMSO

Salicylhydroxamic acid
(SHAM) An inhibitor of peroxidases Dissolve 15.3 mg SHAM

in 10ml DMSO

Table 2.1: Method of preparation of chemical treatment stock solutions. All made up to 10 mM.

2.4 Microscopy

2.4.1 Compound Light Microscopy

Histological tissue sections were examined using a Zeiss Axioskop compound micro-

scope (Carl Zeiss, Cambridge, UK), equipped with a QImaging Retiga-2000r camera

(Photometrics, Marlow, UK) using a x20 objective lens.

2.4.2 Histochemical Staining

The reporter gene GUS (beta-glucuronidase) is used as a histochemical reporter

gene for the localization of promoter activity in transgenic plants (Jefferson et al.,

1987). Activity of the enzyme is localised by incubating tissues in the colourless

substrate X-Gluc, which is converted to a blue precipitate in tissues expressing the

GUS enzyme.

Single whole seedlings were submerged in a staining solution of 1 mM N-N-dimethyl-

formamide in 100 mM sodium phosphate (pH 7.0), 10 mM EDTA, 0.5 mM potassium

ferrocyanide, 0.5 mM potassium ferricyanide, 0.1% v/v Triton X buffer as described

by Topping and Lindsey (1997) in a 1.5-ml Eppendorf tube®. The reaction was
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stopped by replacing the reaction mix with 98% ethanol. For imaging of the pro-

CYCB1;2::CYCB1:2:GUS, seedlings were submerged in staining solution overnight.

Before imaging, the seedlings were re-hydrated by replacing the ethanol with water,

then the tissue was cleared by transferring the seedling to a slide with chloral hydrate

solution (8 g chloral hydrate, 1 ml glycerol, 2 ml water). A coverslip was placed over

the top.

2.4.3 Analysis of proCYCB1;2::CYCB1:2:GUS reporter

lines

Images of the reporter line proCYCB1;2::CYCB1:2:GUS were taken of the root tip,

meristem and elongation zone. For analysis, the meristem zone was defined as the

area between the quiescent centre and the last stained cell. The elongation zone was

defined as the area between the last stained cell and the first emergence of root hairs.

Analysis of meristem and elongation zone size was carried out in ImageJ. Number

of dividing cells was calculated by counting the number of stained cells using the

ImageJ “Cell Counter” plugin.

2.4.4 Confocal Scanning Laser Microscopy (CSLM)

Seedlings were either removed from plates and imaged immediately (See section

2.4.5) or fixed and cleared before imaging (see section 2.4.6). Roots were im-

aged with a Leica SP5 laser scanning confocal microscope(LSCM) (www.leica-

microsystems.com), Zeiss LSCM 800 or Zeiss LSCM 880 (https://www.zeiss.com/-

microscopy/int/home.html). Roots were imaged using either a x20 air or x40 oil

immersion objective lens. Gain, line averaging, detection frequencies and other mi-

croscope settings were altered between fluorescent marker lines to optimise image

quality, but not between roots of the same marker line, to ensure comparability.

Excitation of flurophores was performed as follows in Table 2.2 unless otherwise

stated.
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Flourophore/Dye Excitation/Laser Line
Calcoflour White 405 nm
YFP/Venus 488 or 514 (Argon Laser)
GFP 488 (Argon Laser)
tdTomato 543 (HeNe Laser)
Propidium Iodide 543 (HeNe Laser)
CellROX™Deep Red 633 (HeNe Laser)

Table 2.2: Excitation of flurophores and dyes for LSCM

2.4.5 Preparation of live samples for CSLM

Whole seedlings were removed from magenta pots or plates with forceps and either

stained or placed directly onto microscope slides. The hypocotyl and cotyledons

were removed with a razor and root tips suspended in sdH20 before placement of a

cover slip (22x22mm, 0.16-0.19mm thick). Cover slips were sealed and secured with

clear nail polish. To prevent damage of the specimen by compression of the lens

on the cover slip, two additional thinner cover slips (22x22mm, 0.13-0.17mm thick)

were placed either side of the root before placement of the top cover slip to act as a

buffer (Figure 2.4 )

Side/buffer 
coverslips

Top 
coverslip

Sample

Figure 2.4: Diagram illustrating slide preparation used to avoid damage to root tips

Propidium Iodide staining

To reveal cell organization, roots were stained in 0.5 µg/mL propidium iodide (PI)

solution for 1 min 30 s, then washed for the same time in sdH2O. Seedlings were

then transferred directly to microscope slides for imaging.
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CellROX™DeepRed staining

CellROX™Deep Red (ThermoFisher, UK) dye used to examine the intracellular

accumulation of ROS. The cell-permeant CellROX™ Deep Red dye is non fluorescent

in a reduced state and produces bright near-infrared fluorescence upon oxidation.

It has previously been used to detect ROS accumulation in plant roots (Kováčik

et al., 2014; Wright et al., 2016). A 2.5mM stock solution of dye was diluted to 1µM

working solution in sdH20. Whole seedlings were stained for half an hour before

being washed twice by replacing the dye solution with sdH20.

2.4.6 Preparation of fixed samples using ClearSee method

for CSLM

Root samples were fixed using the ClearSee method as previously described (Kurihara

et al., 2015). ClearSee is a rapid, simple-to-use clearing protocol that allows for

clearing plant tissues while retaining activity of fluorescent proteins (Kurihara et al.,

2015) and is compatible with a number of fluorescent dyes (Ursache et al., 2018).

Preparation of 4% PFA and the fixation procedure

In a fume hood, 4g of paraformaldehyde (PFA) powder was added to 1X PBS

(phosphate-buffered saline) solution to produce a 4% PFA solution. The solution

was transferred to a stirrer and heated to around 60oC taking care not to boil the

solution. To ensure the powder dissolved, the pH was slowly raised using a 1M

solution of KOH dropwise until the solution cleared. The pH was then lowered to

approximately 6.9 pH with the addition of small amount of 1M HCL. The solution

was cooled before use. PFA solutions were either made up fresh or kept at 4oC and

used within a week.

Whole seedlings were transferred to the 4% PFA solution for half an hour under

vacuum treatment. Fixed tissues were then washed twice for 1 minute with PBS

before proceeding with the ClearSee clearing procedure.



2.4. Microscopy 61

Preparation of ClearSee and clearing procedure

ClearSee solution was prepared as in Table 2.3. The solution was mixed for 30min to

an hour on a magnetic stirrer until all components were dissolved. ClearSee solutions

were stored for up to two months.

Chemical Final w/v
Xylitol 10%
Sodium Deoxycholate 15%
Urea 25%
Water to the final volume

Table 2.3: ClearSee solution used for clearing plant tissues

After fixing and washing, seedlings were placed in ClearSee solution at room tem-

perature and cleared for at least a week before staining and imaging. For seedlings

kept in the clearing solution for longer, the solution was changed every 2-3 days.

Calcoflour White Staining

Whole fixed and cleared seedlings were submerged in a 0.1% solution of Calcoflour

White in ClearSee for 30 minutes. Calcoflour White solutions were removed and

replaced with ClearSee solution and seedlings rinsed for at least 30 minutes in

ClearSee before imaging. Seedlings were mounted on slides with ClearSee solution

for imaging using LSCM. Microscope slides were prepared as described in section

2.4.5.

2.4.7 Analysis of confocal images

Images were originally opened in LAS AF Lite software (v2.63 build 8173,

http://www.leica-microsystems.com/products/microscope-software/life-sciences/las-

af-advanced-fluorescence/) or Zen Lite software (https://www.zeiss.com/microscopy

/int/products/microscope-software/zen-lite.html.) Images were exported in Tiff form

and opened in Image J for analysis. Images were taken from at least six individual

roots for each analysis. Analysis was conducted as follows:
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Analysis of meristem and elongation zone size

The straight-line tool was used to draw a line and measure from the quiescent centre

(QC) to the end of the meristem (defined as the first cell that was twice the length

of the immediately preceding cell; González-García et al. (2011)). Elongation zone

size was measured from the end of the meristem to the first indication of emerging

root hairs.

Analysis of DR5rev::3xVENUS-N7 reporter lines

The polygon tool was used to draw around the regions of interest (ROI) 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 images using the

colour histogram tool. For measuring mean grey value, all channels were exported

as separate TIFFS and converted to 32-bit images and mean grey value measured

using the "set measurement" function in ImageJ. Regions of interest were selected

using the ROI analyser tool and an RGB reference image with all channels. In both

methods background was measured and subtracted from the value.

Analysis of proPIN1::PIN1:GFP and proPIN2::PIN2:GFP reporter lines

The polygon tool was used to select regions of interest in the root, and fluorescence

measured as previously described. Fluorescence was measured at the cell membrane

of at least 10 cells per root. To calculate internalisation PIN proteins, mean green

channel intensity was measured at the cell membrane and in the inter cellular region

of the cell to find the ratio of fluorescence between the cell membrane and the

cytoplasm.

Analysis of R2D2 reporter lines

The R2D2 (Ratio-metric version of 2 D2’s), combines RPS5A-driven DII fused to

n3×Venus and RPS5A-driven mDII fused to ntdTomato on a single transgene (Liao
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et al., 2015). Auxin accumulation will be visible as reduction of the Venus signal relat-

ive to the dTomato signal. Therefore changes in auxin accumulation can be measured

as a change in the ratio of fluorescence between the channels. Separate TIFFS of the

Venus and dTomato channels were exported and converted to 32-bit in ImageJ. To

find the ratio between the Venus and dTomato signals, the Image Calculator function

of ImageJ was used (https://imagej.nih.gov/ij/docs/menus/process.html#calculator)

Image Calculator performs arithmetic and logical operations between two images.

The dTomato channel image was divided by the Venus image and the resulting

image analysed to measure the ratio between the two. The polygon tool as used

to select regions of the root tip for analysis and mean grey value used to measure

the fluorescence ratio. A reference image of the same dimensions consisting of both

channels and calcofluor white stain for cell walls was used to aid selection of regions

of interest.

Analysis of Hyper reporter lines

Hyper consists of a circularly permuted YFP (cpYFP) molecule inserted into the

regulatory domain of the Escherichia coli hydrogen peroxide (H2O2) sensor. When

exposed to H2O2 the excitation peak of the attached cpYFP is shifted from a max of

420 to 500 nm, while the emission peak remains unchanged (at 516 nm) (Belousov

et al., 2006). Due to this H2O2-induced change in excitation wavelength, Hyper can

be used as a ratio-metric biosensor. For Hyper analysis, images were acquired with

two channels, one using the 405nm laser excitation (blue channel) and one at 488

(green channel). Separate TIFF files of each channel were exported for analysis in

ImageJ. Image Calculator calculator was used to generate a ratio-metric image of

Green channel to Blue channel for analysis (as described in 2.4.7, Analysis of R2D2

reporter lines)
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Analysis of CellROX™DeepRed stained roots

Images of CellRox DeepRed stained roots were obtained for both the root tip and

the region containing the meristem and elongation zone. A brightfield image was

also taken using the Electronically switchable illumination and detection module

(ESID) to reveal cellular organisation of the root and aid with analysis. Fluorescence

was measured as mean grey value in 32-bit images containing only the DeepRed

channel. Images containing both DeepRed fluorescence and ESID image were used

as a reference and to select regions of interest.

2.5 RNA extraction / DNase treatment / cDNA

synthesis

Up to 50 mg of plant tissue was placed in a 1.5 ml Eppendorf® tube and flash frozen

in liquid nitrogen; the sample could then be stored at -80°C until required. Two metal

ball bearings were added to each microcentrifuge tube of frozen tissue. The tissue was

ground using the TissueLyser II (QIAGEN®, Manchester, UK). RNA extraction was

carried out using the Qiagen ReliaPrep™ RNA Tissue Miniprep System, following

the manufacturers instructions. The procedure extracts RNA using a process of lysis,

filtration, binding of the RNA to a column, washing and eluting. An on-column

DNA digest was also carried out for all samples (QIAGEN). The extracted RNA

was analysed using a Nanodrop 1000 spectrophotometer (ThermoFisher Scientific,

Hemel Hempstead, UK).

cDNA synthesis was carried out using 200 ng of RNA in a 20 µl reaction mixture.

SensiFAST™ cDNA Synthesis Kit (Bioline) following the manufacturer’s protocol,

with oligo dT primers used as template. The cDNA samples were diluted with sterile

distilled water in a ratio of 1 : 4 before use in PCR and qPCR.

PCR amplification with ACT2 primers (see Appendix for primer sequences) designed

over an intron were used to test whether cDNA samples were contaminated with
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genomic DNA. Contaminated samples were taken though another DNase treatment

step before cDNA was resynthesized.

2.5.1 Tissue extraction and sample preparation for

RNA-Seq experiment

Up to 20 mg of plant tissue was placed in a 1.5 ml Eppendorf® tube and flash frozen

in liquid nitrogen. Two metal ball bearings were added to each microcentrifuge

tube of frozen tissue. The tissue was ground using the TissueLyser II (QIAGEN®,

Manchester, UK). RNA extraction was carried out using the Qiagen ReliaPrep™

RNA Tissue Miniprep System, following the manufacturers instructions.

RNA samples were analysed using the NanoDrop® ND-1000 spectrophotometer

(ThermoFisher Scientific) and Agilent 2200 TapeStation.

Library preparation was completed using NEBNext® Ultra™ Directional RNA Lib-

rary Prep Kit for Illumina® protocol for use with NEBNext Poly(A) mRNAMagnetic

Isolation Module (NEB #E7490) following the manufacturer’s instructions (NEB,

Hitchin, UK). Total RNA starting material of between 100 ng and 1 µg was used.

mRNA was isolated, fragmented and primed, cDNA was synthesised 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 conducted

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. QPCR was then completed for sample quantification using NEBNext®

Library Quant Kit Quick Protocol Quant kit for Illumina®. Samples were all diluted

to 10 nM. 7 µl of each 10 nM sample was pooled together and all were run on two

lanes using the Illumina HiSeq 2500, through the DSB Genomics facility in Durham

University. Approximately 30M unique paired-end 125bp reads were carried per

sample.
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2.6 Polymerase Chain Reaction

2.6.1 Primers

Primers were designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/) and synthesised by MWG Eurofins (http://www.eurofinsdna.com/). The full

list of primers used can be found in Appendix I.

2.6.2 Standard PCR

The following reaction mix (Table 2.4 ) was made up per reaction using MyTaq™Mix

(Bioline) and the following program (Table 2.5 ) was run using an Applied G-Storm

GS1 PCR machine.

10X Reaction Buffer 4 µl
Bioline Taq 0.1 µl

Forward Primer 0.5 µl
Reverse Primer 0.5 µl

Template 0.4 µl
RNase/DNase free water 14.5 µl

Table 2.4: Reaction mix for 1 PCR reaction

Step Temperature oC Time Number of cycles
Initial denaturation 95 1 min 1

Denaturation 95 15 s

Annealing (variable depending
on primer sets) 15 s 25-40

Extension 72 15 s
Final extension 72 1 min 1
Refrigerate 4 Hold 1

Table 2.5: PCR cycling condition

2.7 Gel electrophoresis

After completion of PCR reactions, DNA samples were separated by size using gel

electrophoresis to identify PCR products. Agarose Multi-Purpose (Bioline) was
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dissolved in 1x TAE buffer (diluted 1 in 50 from 50X TAE Buffer: 242 g Tris, 37.2

g Na2EDTA.2H2O, 57.1 ml glacial acetic acid, in 1L) to produce a 1% w/v gel.

Ethidium bromide was added to a concentration of 0.5 µg/ml. 5 ul DNA loading

buffer (Bioline) was mixed with PCR product and loaded into the gel with a separate

lane for appropriate Hyperladder. The gel was run for c. 40 min at 80 V. Gels were

imaged using a BioRad Gel-Doc 1000 (BioRad).

2.7.1 Quantitative RT-PCR (qRT-PCR)

Two reference genes were used for all qRT-PCR analyses. The reference genes

AT1G13320 and PEX4 (AT5G25760) (Czechowski et al., 2005) were selected due to

their stable expression profile across a wide range of developmental and environmental

conditions. qPCR reactions were conducted using qPCRBIO SyGreen Blue Mix Lo-

ROX (PCR Biosystems) with a Rotogene Q (Qiagen). Reactions mix for one reaction

was made up according to Table 2.6 and the PCR programme detailed in Table 2.7

used.

Reagent Volume
2x qPCRBIO SyGreen Blue Mix 4 µl

Forward primer 0.5 µl
Reverse primer 0.5 µl
Template cDNA 0.5 µl

RNase/DNase free water 13.5 µl

Table 2.6: Reaction mix for 1x qPCR reaction

Step TemperatureoC Time Number of Cycles
Polymerase activation 95 2 min 1

Denaturation 95 5s 40

Anneal/Extension 60-65 depending on
primer pair 20-30s Data captured on

FAM channel

Melt analysis 50-90 3 minutes at 50oC
then increasing 10oC every 5 seconds

Table 2.7: Program used for Quantitative RT-PCR (qRT-PCR), run using a Rotor-Gene Q
Machine, (QIAGEN®)

Samples from three biological replicates were amplified in each case and each reaction

was set up in triplicate for technical repetition. Gene expression was calculated
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from the average of the three technical repeats relative to the amplification of a

reference gene using the Rotorgene Q series software v1.7 to perform a comparative

quantitation. Comparative quantitation compares relative expression of samples to a

control sample (calibrator), in this case the reference gene for each treatment. (Livak

and Schmittgen, 2001). The relative concentration of each sample is calculated as

follows:

1. Takeoff point of each sample is calculated (defined as 20% of the maximum

rate of fluorescence increase)

2. Amplification value is calculated as the average increase in raw data 4 cycles

after the takeoff is calculated

3. Outlier amplifications are removed to account for noise in background fluores-

cence.

4. The remaining amplifications are averaged. This is the average amplification.

5. The average takeoff point is calculated for each calibrator replicate.

6. The relative concentration for a sample is calculated as

Amplification(Calibrator takeoff – Sample takeoff).

Reference gene stability was tested by comparing expression levels between all

samples of treatment and control. Amplification specificity was checked using melt

curve analysis of raw data using the Rotorgene Q series software v1.7.

2.8 Bioinformatic analysis

2.8.1 Analysis of RNA-Seq data

Results from the Illumina HiSeq 2500 were processed using the following steps (Figure

2.5); FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was
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used to assess read quality and Trimmomatic (Bolger et al., 2014) was used to cut

down and remove low quality reads. Salmon (Patro et al., 2017) was used for quasi-

mapping of reads against against the AtRTD2-QUASI (Brown et al., 2017) (Zhang et

al., 2017) transcriptome and to estimate transcript-level abundances. The tximport

R package (Soneson et al., 2016) was used to import transcript-level abundance,

estimate counts and transcript lengths, and summarise into matrices for downstream

analysis in R. Before differential expression analysis, low quality reads were filtered

out of the data set. Only genes with a count per million (CPM) of 0.744 in six or

more samples were retained. The CPM cutoff was calculated as:

CPMcutoff = 10
min library size × 1, 000, 000 (2.8.1)

The DESeq2 (Love et al., 2014) R package was used to estimate variance-mean

dependence in count data from and test for differential expression (based on a model

using the negative binomial distribution). A padj-value of ≤ 0.05 and a log2fold

change of ≥ 0.5 were selected to identify deferentially expressed genes (DEGs)

The 3D RNA-Seq online App (Guo et al., 2019; Calixto et al., 2018) was later used for

independent verification of estimated DEGs and to perform differential alternative

splicing (DAS) analyses.

2.8.2 Bioinformatic analysis of transcript data

Online bioinformatics tools were used for the analysis of the RNA Seq data. These

are listed in Table 2.8
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List	of	DEGs

DESeq2	(R	package)

Normalizes	gene	counts	and	estimates	differential	expression	between	sample	groups

Tximport (R	package)

Aggregates	transcript	counts	to	the	gene	level	and	imported	for	use	with	DESeq2

Salmon

Aligns	reads	against	the	AtRTD2-QUASI	transcriptome	and	estimates	transcript	counts	

Trimmomatic

Quality	control	– cuts	down	 and	removes	low	quality	reads

FASTQC

Assess	 and	generate	report	of	read	quality

Figure 2.5: Workflow of RNA-Seq data analysis
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2.9 Statistical Analysis

All statistical analysis and plotting was carried out in R. The 0.05 level of significance

was used. Comparison of means test were performed in R where there were two

(t.test) or more (ANOVA) sets of data grouped categorically. Analysis of covari-

ance was used to test the main and interaction effects of categorical variables on a

continuous dependent variable.



Chapter 3

Characterisation of root growth

changes in response to a barrier
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3.1 Introduction

As a plant root navigates the soil environment, it encounters a number of obstacles

to growth, such as rocks or hard and dry compacted soil. Hard soils can occur as a

result of soil compaction from heavy machinery or during drought, with soil strength

increasing with a decrease in water content (Whalley et al., 2005; Jin et al., 2013).

Plant roots respond to these changes in the soil through alterations to growth and

development. Several studies have examined how plant root growth and architecture

are altered in response to hard soils and barriers to growth (reviewed in Potocka

and Szymanowska-Pulka (2018)), however, the precise mechanisms by which these

developmental changes occur are less well understood.

A diverse range of methods have been used to examine the effect of physical obstacles

on root growth morphology and architecture. Many studies have shown that soil

compaction and increased soil strength results in a reduction to primary root growth

in a number of species such as peanuts and cotton (Taylor and Ratliff, 1969), maize

(Bengough and Mullins, 1991), pea (Croser et al., 1999; Iijima and Kato, 2007) and

tobacco (Alameda et al., 2012). In a study by Croser et al. (1999, 2000) roots

were subjected to mechanical stress by being grown in compressed sand. Under

mechanical impedance cell length was reduced and the length of the elongation zone

shortened. The stress conditions encountered by a root in compacted soil include

not just mechanical resistance, but also a reduction in water and oxygen availability.

A recent study by de Moraes et al. (2019) demonstrated that alterations to maize

root growth in compacted soils can be explained by both mechanical and hydric

stress. Although useful for examining the effects of hard soils on root architecture

and traits, these methods are unable to distinguish between the different stress

conditions encountered by the root in compacted soils.

Many gel/tissue systems have been used examine the molecular mechanisms of

the root response to obstacle avoidance specifically. Classic studies have described

a wavy growth pattern in roots grown on inclined agar plates, an example of a
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mechanical stimulus avoidance response (Okada and Shimura, 1990; Rutherford and

Masson, 1996; Buer et al., 2003). Okamoto et al. (2008) demonstrated the effect of

growing Arabidopsis on horizontally inclined plates along an impenetrable dialysis

membrane. Primary roots were shorter, increased in diameter, had decreased cell

elongation and formed root hairs closer to the root tip than those grown vertically and

unimpeded. More recent studies have shown the effect of an obstacle to root growth

using a two layer gel system. When Arabidopsis is grown in medium consisting of

a softer upper layer and a harder layer, the root can show a bending response at

the lower, harder layer (Yamamoto et al., 2008; Yan et al., 2017, 2018) Similarly, a

root bending in response has been demonstrated using artificial obstacles to vertical

growth, occurring within the first hour of contact (Massa and Gilroy, 2003b; Lee

et al., 2020).

Other effects on root morphology have been observed in response to a barrier or hard

soil including changes in lateral root growth and density. Studies have indicated

an increase in lateral root number and branching density in response to compacted

growing medium (Veen, 1982; Tsegaye and Mullins, 1994; Konôpka et al., 2009) and

bending (Ditengou et al., 2008; Richter et al., 2009). Root hair growth has also been

shown to alter in response to mechanical impedance with ectopic root hair formation

being observed in a number of studies (Goss and Russell, 1980; Hanbury and Atwell,

2005; Okamoto et al., 2008; Potocka et al., 2011). It is therefore important to

understand how obstacle avoidance might lead to alterations in other important root

traits and the molecular mechanisms behind these changes.

The work in this chapter describes the root growth and developmental changes that

occur in response to a physical barrier to growth. These have been examined using

a number of methods based on those previously described in the literature in order

to assess the most appropriate method for examining both the long term and short

term responses of Arabidopsis roots to mechanical impedance.
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3.2 Results

3.2.1 The use of a dialysis membrane assay to examine

mechanical impedance to root growth and the effect

on cell division and elongation

The effect of mechanical impedance on root growth has previously been examined

in Arabidopsis using a system that utilises dialysis membranes as barrier (Okamoto

et al., 2008; Jacobsen, 2016). Growing seedlings in the horizontal plane provides

continuous mechanical stimulation as root tips touch the dialysis membrane while

attempting to bend downwards. The presence of the dialysis membrane also prevents

roots from growing into the agar media and forming coil structures. When seedlings

are grown in the vertical plane, they grow down the surface of the membrane without

contacting any physical barrier, and they do not experience mechanical impedance.

Previous work in our lab has shown that root growth is significantly reduced when

seedlings are grown horizontally on dialysis membranes (Jacobsen, 2016). Root

growth occurs through a process of cell division and expansion, therefore the rates of

division, expansion and differentiation determine the rate of root elongation (Ubeda-

Tomás et al., 2012). Following on from these experiments I utilised the same system

to examine whether the reduction in root growth could be explained by an alteration

in either cell division or elongation.

Roots experiencing mechanical impedance by a dialysis membrane have

a shorter meristem and elongation zone

To examine the effect of mechanical impedance on the meristem and elongation

zone, the root tip was stained with propidium iodide and examined using confocal

microscopy. Cortical cell number and total length were measured in the meristem

and elongation zones. Seedlings grown horizontally on dialysis membranes were

found to have significantly smaller root apical meristems (RAMs) (Fig. 3.1 A, D)
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and fewer cortical cells in the meristem (Fig. 3.1 C). Meristem length reduced from

a median of 310 µm (IQR 39.0) in vertically growing control roots to 269 µm (IQR

= 53.6) in horizontally grown impeded roots. This was accompanied by a reduction

in cortical cell number from a median of 40.2 (IQR = 5.4) to 32 (IQR = 5). A

reduction in elongation zone size is also observed (Fig. 3.1 F). The length of the

elongation zone reduced from a median of 588 µm (IQR = 77) in vertically grown

roots to 470 µm (IQR = 194) in mechanically impeded roots. There is however,

no reduction in cell number in the elongation zone (Fig. 3.1 E). Median cortical

cell number in the elongation zone did not change significantly between vertically

grown control roots (14, IQR = 7.1) and horizontally grown mechanically impeded

roots (14, IQR = 4.3). These results suggest an impact on both cell division and

elongation in response to growth along a barrier.

The rate of cell division is unaffected in mechanically impeded roots

To further examine whether the rate of cell division is affected in response to a

dialysis membrane barrier, the activity of the CYCB1;2:GUS reporter was examined

using histochemical staining. CYCB1;2:GUS is expressed from the G2 to M stages

of the cell cycle and can therefore be used as a marker for dividing cells within

the meristem (Bulankova et al., 2013). Number of actively dividing cells as well as

meristem and elongation zone length were measured. The meristem was measured

as the area between the quiescent centre (QC) and the dividing cell furthest from the

root tip. Elongation zone size was also measured and defined as the area between

the dividing cell furthest from the root tip and the first emergence of a root hair cell.

Both the length of the meristem (Fig. 3.2 B) and elongation zone (Fig. 3.2 C)

were found to be reduced in roots grown horizontally along a dialysis membrane.

Meristem size was significantly reduced from a median 322 µm (IQR 63.2) 293 µ(IQR

= 85) when roots were mechanically impeded by a dialysis membrane. Reduction in

the length of the elongation zone was greater, from a median of 564 µm (IQR = 181)

to 347 µm (IQR = 128) in mechanically impeded roots. However, the number of
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dividing cells in the meristem was found not to differ between the vertically orientated

control and horizontally orientated impeded roots (Fig. 3.2 A,D). In addition, the

root meristem was divided into left and right and number of dividing cells was

measured separately on either side to examine whether there was any asymmetry in

cell division rate across the meristem, whilst total division rate stays the same. The

ratio between left and right was calculated using the formula: exp(| log(left/right)|).

This allows for the ratio between the two sides to be calculated without needing to

assign which side is left or right, preventing any bias in the assigning of the left and

right side. The ratio of dividing cell number between both sides of the meristem

does not change in impeded roots (Fig. 3.2 E), indicating cell division rate remains

constant across the meristem.

Whilst the dialysis membrane method is useful for studying the effect of mechanical

impedance on roots in a controlled environment, it does not allow for examining

how the root responds to both gravity and touch when encountering a barrier. It is

not as useful for examining how a root growing in a soil environment might respond

to encountering a solid barrier or more compact soil, as root growth is already

horizontal. I developed and investigated alternative methods of examining the root

response to a barrier using a sterile media based growing system, namely one that

allowed for a period of established vertical growth before encountering a barrier.
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Figure 3.1: The effect of mechanical impedance induced by horizontal growth along a dialysis
membrane on the root meristem and elongation zone. Dialysis membrane plates were orientated
vertically or horizontally, with vertically orientated plates acting as a non impeded control. A)

Primary root tip stained with propidium iodide. Lines indicate quiescent centre and approximate
end of the meristematic zone. B) The elongation zone of primary roots stained with propidium
iodide. Lines indicate approximate start and end of the elongation zone. C) Meristem cortical cell
count (t-test, p = 0.00189) D) Meristem Length (t-test, p = 0.015) E) Elongation zone cortical
cell count (t-test, p = 0.4085) F) Elongation zone length (t-test, p = 0.006) Stars and brackets

indicate significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001). Scale bars indicate
50 µm. For boxplots, upper and lower boundaries of the box indicate the interquartile range

(IQR), a black line within the box marks the median, and whiskers represent the min and max
excluding outliers. Open circles represent outliers. Seedlings were grown in the presence of a
dialysis membrane orientated horizontally for 4 days and imaged at 7 days after germination

(DAG). Representative of 8 images per treatment.
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Figure 3.2: proCYCB1;2::CYCB1:2:GUS line transferred to vertically or horizontally orientated
dialysis membrane plates at 3DAG and imaged at 7DAG. A)Typical GUS staining pattern of

CYCB1;2:GUS in vertically (control) and horizontally (impeded) grown roots B) Meristem Length
measured from the QC to the final dividing cell (t-test, p = 0.003). C) Elongation zone length

measured from the final dividing cell to the first emerging root hair (t-test, p < 0.001). D)Number
of dividing cells recorded as cells stained blue in CYCB1;2:GUS line (t-test, p= 0.14) E) Ratio of
number of dividing cells between the left and right side of the meristem (t-test, p = 0.81). Ratio

was calculated as exp|log(left/right)|. For boxplots, upper and lower boundaries of the box
indicate the interquartile range (IQR), a black line within the box marks the median, and

whiskers represent the min and max excluding outliers. Open circles represent outliers. Stars and
brackets indicate significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001) Scale bars

indicate 50 µm.
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3.2.2 Growing seedlings through media of increasing

strength results in a decrease in primary root growth

Seedlings were grown in Magenta™culture vessels with increasing concentrations of

Phytagel. Seeds were placed just below the surface of the medium to allow estab-

lishment of root growth below the surface of the gel. Increasing the concentration of

Phytagel in the medium increases the strength and therefore mechanical impedance

of the medium. Primary root length was measured between 4-7 days after germin-

ation (DAG). Increasing medium strength had a significant effect on primary root

length (Fig. 3.3 A, ANOVA p < 0.001) with roots grown in 0.4% and 0.5% Phytagel

significantly shorter than those grown in 0.25% and 0.3% Phytagel (Fig. 3.3 B). This

reduction in root growth become apparent 6DAG. Mean root length at 6DAG was

12.3 mm (± 0.84) and 12.1 mm (± 0.82) in seedlings grown through 0.25% and 0.3%

Phytagel respectively. However, mean root length of seedlings grown through 0.4%

and 0.5% Phytagel was visibly shorter at 8.31 mm (± 0.88) and 9.79 mm (± 1.23).

By 7DAG, root length was around 30% shorter in seedlings grown in 0.4% and 0.5%

Phytagel copared with those grown in softer 0.25% or 0.3% Phytagel. Mean root

length was 15.8 mm (± 0.94) and 15.6 mm (± 0.78) in 0.25% and 0.3% Phyagel

compared with a mean root length of 10.8 (± 1.18) and 10.7 (± 1.49) in seedlings

grown in 0.4% and 0.5% Phytagel.

Seedlings were removed from the magenta pots and total root growth after 7DAG

was measured, confirming a significant reduction in root growth occurring between

0.3% and 0.4% Phytagel (Fig. 3.3 C). Median total root growth after 7DAG was

18.3 mm (IQR = 3.1) in seedlings grown in 0.3% Phytagel and reduced to a median

of 12.5 mm (IQR = 3.9) in seedlings grown through 0.4% Phytagel.
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Figure 3.3: The effect of increasing Phytagel %/strength on root growth. A) Typical root
growth of seedlings grown for 7days through Phytagel medium at concentrations of 0.25%, 0.3%,
0.4% and 0.5%. B) Mean Root Length between 4-7DAG. Error bars represent mean ± SE. Letters

indicate significance with Tukey pairwise comparisons.C) Total root growth after 7DAG. For
boxplots, upper and lower boundaries of the box indicate the interquartile range (IQR), a black
line within the box marks the median, and whiskers represent the min and max excluding outliers.
Open circles represent outliers. Brackets and stars indicate significance with a Tukey Pairwise
comparison. (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001) Scale bar indicates 5mm.
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3.2.3 Investigating the root response to a barrier using a

two layer gel system

It has previously been shown that an increased concentration of media can result in

a decrease in oxygen and potentially water potential (Clark et al., 1999; Chapman

et al., 2012). Although both aspects of soil compaction, it is difficult to tell in this

system whether a reduction in root growth is due to mechanical impedance, osmotic

stress or hypoxia. A second method was investigated that allowed vertical root

growth to be established in a layer of softer media before hitting a lower layer below.

Roots are unable to penetrate the lower layer of media which acts as a horizontal

barrier to growth. Due to the establishment of growth in a softer, upper layer of

medium, the majority of the root system remains in an environment comparable to

the control.

When root growth is impeded by a lower layer of Phytagel media,

primary root growth is reduced

Seedlings were grown in an upper layer of 0.3% Phytagel before growing into a lower

layer of media. A lower layer of 0.3% and 1.2% Phytagel was used to examine

whether an increase in the strength of the impenetrable lower layer had an effect

of root growth. Primary root length is significantly decreased in the presence of

barrier (Fig, 3.4 A, B). The strength of the lower barrier also significantly affects root

growth, with the stronger 1.2% layer resulting in shorter roots than the 0.3% layer

(Fig. 3.4 A,B). Median root length of seedlings grown without a lower barrier layer

was 15.8 mm (IQR = 4.0). This reduced to 11.3 mm (IQR 4.4) in root encountering

a lower 0.3% Phytgel barrier and reduced further to 10.6 mm (IQR = 3.4) when

roots encountered a harder, 1.2% Phytagel barrier (Fig. 3.4 B).

Ectopic root hair formation, with root hairs forming closer to the root tip, has

previously been shown to occur in response to a barrier to growth (Goss and Russell,

1980; Hanbury and Atwell, 2005; Okamoto et al., 2008). Therefore, the distance
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between the root tip and the first emergence of root hairs was measured to examine

whether this effect was seen in the split layer system. The distance of root hair

emergence from the root tip was found to significantly reduce in roots encountering

a barrier (Fig. 3.4 C,D). In control seedlings, root hair emergence was a median

of 0.89 mm (IQR = 0.11) from the root tip which reduced to 0.79 mm (IQR =

0.10) when roots encountered and grew along a 0.3% Phytagel barrier. Again this

reduction was exacerbated by an increase in the strength of the lower layer as the

distance of root hair emergence from the tip reduced to a median of 0.70 (IQR =

0.14) when roots encountered a 1.2% Phytagel layer (Fig. 3.4 D).

Further experiments utilised the stronger 1.2% barrier to examine the effect of a

barrier on vertical root growth. Root length between 4-7DAG was measured to

determine how early the reduction in root growth can be seen. Root length between

4-7DAG was significantly reduced in the presence of the stronger 1.2% barrier, with

a significant reduction occurring at 5DAG (Fig. 3.5). At 5DAG, mean length of

unimpeded roots was 8.21 mm (± 0.24) which was reduced to 5.65 mm (± 0.36)

in the presence of a 1.2% lower Phytagel layer. By 7DAG, mean root length of

unimpeded roots was 15.4 mm (± 0.4) compared with 10.5 mm (± 0.5) when roots

grew in the presence of the lower 1.2% Phytagel layer.
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Figure 3.4: Investigating primary root growth using a two layer gel system. A) Typical root
growth of 7DAG seedlings. Seeds were sown in a top layer of 0.3% Phytagel and roots grew for
5mm before encountering the lower media layer. Control magenta pots did not contain a lower
barrier layer. B) Root length of 7DAG seedlings (ANOVA, p < 0.001) C) Typical primary root
tips of 7DAG seedlings grown in the split layer gel system. D) Distance of root hair emergence

from the root tip of 7DAG seedlings (ANOVA, p < 0.001). For boxplots, upper and lower
boundaries of the box indicate the interquartile range (IQR), a black line within the box marks
the median, and whiskers represent the min and max excluding outliers. Open circles represent
outliers. Brackets and stars indicate significance with a Tukey Pairwise comparison. (NS = not

significant, * < 0.05, ** < 0.01, *** < 0.001) Scale bars indicate A = 1cm, C = 0.5mm.
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Figure 3.5: Mean Primary Root length between 4-DAG when grown encountering a lower layer
of hard media.Seeds were sown in a top layer of 0.3% Phytagel and roots grew vertically for 5mm
before encountering a lower layer of 1.2% Phytagel. Control roots grew through one continuous
layer of 0.3% Phytagel. Seedlings were removed and root length measured between 4-7DAG. stars
indicate significance with a Tukey Pairwise comparison. (NS = not significant, * < 0.05, ** <

0.01, *** < 0.001) Error bars indicate mean ± SE.

3.2.4 The effect of a barrier to primary root growth on

lateral root architecture

Previous studies have shown that mechanical impedance may also have an effect on

overall root architecture, affecting the growth and density of lateral roots. Studies

on wheat and barley have shown that lateral root growth is affected when roots are

mechanically impeded (Goss, 1977; Bingham and Bengough, 2003). In mechanically

impeded barley, lateral root length has been shown to increase, and the density of

lateral roots is greater (Goss, 1977). However, lateral root growth has also been

reported to decrease in strong soils, although to a lesser extent than the primary

root (Bingham and Bengough, 2003). I therefore examined the effect of a strong
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barrier on lateral root growth, using the two layer gel system, on lateral root growth

at 11DAG.

Primary root length was still significantly reduced at 11 DAG in roots encountering

the 1.2% Phytagel barrier (Fig. 3.6 A,B). Seedlings growing without a lower layer

of Phytagel had a median primary root length of 2.7 cm (± 0.36). This was reduced

by over half when roots grew along a lower layer of 1.2% Phytagel, with median

primary root length being 1.08 cm (IQR = 0.26). Lateral root length was also found

to decrease significantly, along with the total number of lateral roots (Fig. 3.6 C,D).

Lateral root length decreased from a median of 2.9 mm (IQR = 1.9) in the control

to 1.6 mm (IQR = 1.4) in roots growing in the presence of a barrier. Median lateral

root number decreased from a median of 7 (IQR = 3) lateral roots per primary root

in vertically growing unimpeded roots to a median of 4 (IQR = 3) when roots were

mechanically impeded.

In addition, lateral root density was calculated as the number of lateral roots divided

by the primary root length. Overall density of lateral roots increased in response to

a barrier (Fig. 3.6E), suggesting that the reduction in lateral root number was an

artefact of the reduction in primary root length. Lateral root density increased from

a median of 2.7 lateral roots per cm primary root (IQR = 1.2) to 4.1 (IQR = 2.8).

The increase in lateral root density suggests some compensatory growth of lateral

roots in response to the reduction of primary root growth.
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Figure 3.6: The effect of a lower layer of media acting as a barrier to root growth on lateral root
architecture.A) Typical root growth in 11DAG seedlings grown in 0.3% Phytagel with or without
a lower 1.2% Phytagel layer acting as a barrier to growth. B) Primary Root Length (t-test, p <
0.0001), C) Lateral root length (t-test, p = 0.001), D) Number of lateral roots (t-test, p < 0.001 ),
C) Lateral root density (no of lateral root per cm primary root) (t-test, p = 0.004). Seedlings

were removed from the media and imaged at 11DAG. Measurements were taken using the Smart
Root plugin in ImageJ. For boxplots, upper and lower boundaries of the box indicate the

interquartile range (IQR), a black line within the box marks the median, and whiskers represent
the min and max excluding outliers. Open circles represent outliers. Brackets and stars indicate
significance. (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001) Scale bar represents 5mm.
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3.2.5 The reduction of primary root growth in response to

a stronger lower layer of medium is the result of a

reduction in the length of the elongation zone and

not reduced cell division

As a reduction in root length was found in response a lower layer of hard gel, I

further examined how this might relate to changes in cell division and elongation.

Primary roots of 7DAG seedlings were stained with propidium iodide to stain cell

walls and imaged using confocal microscopy to reveal cell organisation within the

root.

In roots responding to a barrier, meristem length does not significantly differ to the

control (Fig. 3.7 A,C), however, elongation zone length is significantly decreased

(Fig. 3.7 B,D). Elongation zone decreased from a median of 467 µm (IQR = 132) in

the control to 362 (IQR = 123) in roots encountering a lower, hard layer of Phytagel.

This indicates that while there may be an impact on cell elongation, cell division may

remain unchanged. To further examine the effect on cell elongation, the reporter

CYCB1;2:GUS was again used as a marker for dividing cells within the meristem.

Total number of dividing cell remains unchanged in response to a barrier (Fig. 3.8

A,B), with a median of 57 (IQR = 30.5) dividing cells in roots grown without a

barrier and 64 (IQR = 20) divided cells counted in roots encountering a barrier. The

ratio of dividing cells between left and right was calculated as previously described,

to examine whether there was any change in the distribution of cell division in

response to bending. The ratio of dividing cells on the left and right side of the

root did not differ in response to a barrier (Fig. 3.8 C). Taken together these results

suggest that cell division is unaltered when roots encounter and grow along a lower

layer of hard Phytagel, with a decrease in root length arising as a result of decreased

cell elongation instead.
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Figure 3.7: The effect of impeding root growth using a harder layer of Phytagel on the root
meristem and elongation zone. A) Primary root tip stained with propidium iodide at 7DAG.
Arrowheads indicate quiescent centre and approximate end of the meristematic zone. B) The

elongation zone of primary roots stained with propidium iodide. Arrow heads indicate
approximate start and end of the elongation zone C) Meristem Length at 7DAG (t-test, p = 0.79).
D) Elongation zone length at 7DAG (t-test, p = 0.003). For boxplots, upper and lower boundaries
of the box indicate the interquartile range (IQR), a black line within the box marks the median,

and whiskers represent the min and max excluding outliers. Open circles represent outliers.
Brackets and stars indicate significance.(NS = not significant, * < 0.05, ** < 0.01, *** < 0.001)
Scale bar indicates 50 µm. Seeds were sown in either a single layer of 0.3% Phytagel or a split gel
system consisting of a 0.5mm layer of 0.3% Phytagel and a lower layer of 1.2% Phytagel. Images

and measurement representative of at least 8 samples.
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Figure 3.8: proCYCB1;2::CYCB1:2:GUS line indicating cell division in roots impeded by a
lower layer of hard Phytagel media. A) Typical GUS staining pattern of CYCB1;2:GUS in roots
grown in either a single layer of Phytagel (control) or a split layer system consisting of a lower,
harder layer to impede growth B)Number of dividing cells recorded as cells stained blue in

CYCB1;2:GUS line C) Ratio of number of dividing cells between the left and right side of the
meristem. Ratio was calculated as exp(|(log(left/right))|). For boxplots, upper and lower

boundaries of the box indicate the interquartile range (IQR), a black line within the box marks
the median, and whiskers represent the min and max excluding outliers. Open circles represent
outliers. Stars and brackets indicate significance (NS = not significant, * < 0.05, ** < 0.01) Seeds
were sown in either a single layer of 0.3% Phytagel or a split gel system consisting of a 0.5mm

layer of 0.3% Phytagel and a lower layer of 1.2% Phytagel. Images and measurement
representative of at least 15 samples. Scale bars indicate 50 µm.
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3.2.6 Investigating the short term bending response of a

root to a barrier

The magenta split pot method is useful for studying longer term effects of root growth

along a barrier; however, it is less useful for investigating short term responses to

a barrier i.e. 0-24 hours. It is difficult to control precisely when a root may hit

the barrier. A second method was used to examine the shorter-term effects of the

barrier response, between 0 and 24 hours after encountering a barrier. Seedlings were

grown vertically along the surface of Phytagel. After 6DAG plastic barriers were

placed horizontally directly in front of the growing roots. These acted as a barrier

to vertical growth and allowed the short-term barrier response to be investigated.

Previous studies have shown that roots rapidly bend away from obstacles, forming

a ‘step-like’ growth pattern (Massa and Gilroy, 2003b; Lee et al., 2020). Roots grow

parallel to the obstacle while the root tip maintains contact with the barrier. Two

bends are formed, first in the central elongation zone (approximately 700 µm from

the root tip) and secondly in the distal elongation zone (410 µm from the root tip).

Bending has been reported to occur within the first 20 minutes of contact with the

barrier, with the second bend developing within 180 minutes of contact with the

barrier (Massa and Gilroy, 2003b). I therefore investigated this response using a

similar system to confirm the formation of a ‘step-like’ growth pattern.

Time-lapse imaging of the barrier response reveals the formation of a

step-like growth structure

The barrier response was examined using time lapse imaging for 480 minutes after

encountering a barrier. Plastic barriers were placed horizontally beneath vertically

growing root tips of Col0 seedlings at 6DAG. The root tip was then imaged every

15 minutes to investigate changes in both root tip angle and root growth rate.

Root tip angle (RTA) was measured between the leading edge of the root tip and the

surface of the barrier (Fig. 2.3 B). RTA to the horizontal changes from an average of
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93.8o ± 2.20o (0 hours) to an average angle of 120o ± 1.25o (180-480 mins) (Fig. 3.9

A,B). Bending is detected within the first hour of the root encountering an obstacle,

with a second bend beginning to form between 3 and 4 hours. The rate of bending

(∆RTA/min) is greatest between 15-90 minutes before significantly decreasing over

time (Fig. 3.9 C) Roots grew an average of 0.96mm ± 0.14 along the barrier in 480

minutes (Fig. 3.10 A) and root growth rate was maintained at an average of 2 µm

per min ± 0.04 after an initial but insignificant decrease between 15 and 90 minutes

(Fig. 3.10 B).
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Figure 3.9: Time-lapse imaging of the root bending response. A) Time-lapse images of a Col0
root tip encountering a horizontal barrier at 0-480 minutes after contact with the barrier. B) Root
Tip Angle (RTA) over time from 0-480 minutes after contact with a barrier. Root tip angle was
measured every 15 minutes. C) Bending rate between 15-480 minutes. Bending rate calculated as
change in RTA/time Plastic barriers were placed in front of 6DAG growing roots and root tips
were imaged every 15 minutes. Error bars indicate mean ± SE. Scale bar indicates 0.5mm.
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Figure 3.10: Root growth as measured by time-lapse imaging of roots encountering a barrier. A)
Root growth of the primary root tip between 0-480 minutes after contact with the barrier. Blue
line represents Regression line. B) Root growth rate (µm/min) between 15-480 minutes after

encountering a barrier.Plastic barriers were placed in front of 6DAG growing roots and root tips
were imaged every 15 minutes. Error bars indicate mean ± SE.
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After 24 hours observed step-like growth pattern is maintained and

changes in root hair growth are observed

To examine whether the step-like growth pattern in response to barrier is maintained,

roots were imaged after 24 hours of growth along the barrier and compared to

unimpeded controls. The ’step-like’ growth pattern remained after a 24 hour period

with root tip angle averaging at 137o (± 3.15) (Fig. 3.11 A,B). Root growth was

also measured to examine whether a longer period of contact with the barrier might

have an effect. However, root growth was not significantly altered after 24 hours

when compared to the unimpeded control (Fig. 3.11 C). In addition, no ectopic root

hair formation was observed, with the distance from the root tip to root hair growth

remaining unaltered (Fig. 3.11 D).

Although no ectopic root hair formation was observed, there was an apparent effect

on root hairs in response to a barrier. Root hair growth was significantly altered,

with roots responding to a barrier having significantly longer root hairs after 24

hours. Roots growing vertically and unimpeded had a median root hair length of 69

µm (IQR = 84) which more than doubled in roots encountering a barrier, which had

a median root hair length of 161 µm (IQR = 224). Although root hair elongation is

altered, root hair density (no. of root hairs/cm root) did not differ (Fig. 3.12).
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Figure 3.11: The effect of a horizontal barrier to root tip angle and growth after 24 hours.
A) Typical root tip after 24 hours of growth in the presence or absence of a barrier B) Root tip
angle after 24 hours. Line represents mean and surrounding shading represents ± SE (t-test, p =

<0.001) C) Primary root growth after 24 hours (t-test, p = 0.30). D) Distance of root hair
emergence from the root tip (t-test, p = 0.19). For boxplots, upper and lower boundaries of the
box indicate the interquartile range (IQR), a black line within the box marks the median, and
whiskers represent the min and max excluding outliers. Open circles represent outliers. Plastic
barriers were placed in front of 6DAG growing roots and root tips were imaged in situ after 24

hours. Scale bar indicates 1 mm.
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Figure 3.12: The effect of a horizontal barrier on root hair development after 24 hours.
A) Typical root hair growth after 24 hours in the presence or absence of a barrier. B) Root hair
density (number of roothairs/mm root). Root hairs were counted in an approximate 2mm section
of mature root and exact distance measured to calculate root density. (t-test, p = 0.76) 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. (t-test, p =0.0009) Plastic barriers
were placed in front of 6DAG growing roots and roots were imaged in situ after 24 hours. For
boxplots, upper and lower boundaries of the box indicate the interquartile range (IQR), a black
line within the box marks the median, and whiskers represent the min and max excluding outliers.
Open circles represent outliers. Brackets and stars indicate significance.(NS = not significant, * <

0.05, ** < 0.01, *** < 0.001) Scale bar represents 500 µm.
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The bending response occurs due to an asymmetry in cell elongation

Although root growth rate was found not to alter in response to a barrier, the

bending that occurs suggests an effect on cell elongation. Roots were examined after

6 hours of growth along the barrier to examine whether any change in cell elongation

or meristem degradation could be observed. After 6 hours of growth, roots were

fixed in 4% PFA and tissue was cleared using Clear See (see section 2.4.6). This

allowed for clearer observation of the cell patterning within the root. Root tips

were then stained with calcofluor white before imaging with confocal microscopy.

Measurements of total length, cortical cell number and cortical cell length were taken

for both the left and right side of the root.

The total length and cell number of the meristem was unaffected in roots responding

to the barrier (Fig. 3.13 A-C), confirming that changes in cell division are unlikely

to be involved in the early response to a barrier. Measurements of elongation zone

length also revealed no significant change after 6 hours in response to a barrier (Fig.

3.13 A-C), with average cell length of the first 11 cells similarly remaining unchanged

(Fig. 3.13 D). However, the ratio of the length of the elongation zone between the

two sides of the root significantly increases in response to a barrier, from a median

ratio of 1.01 (IQR = 0.017) to 1.04 (IQR = 0.027) suggesting an asymmetry in cell

elongation(Fig. 3.14 A,B). This is confirmed when looking at the ratio of cell length

between left and right for the first 11 cells of the elongation zone. Mean cell length

of the 11th cell in the elongation zone was 74 µm (± 9.6) in the control and does

appear to change in roots encountering a barrier where average length was 76 µm

(± 9.6). However, when the ratio of cell length across the left and right side of the

root is calculated, there does appear to be a difference between roots grown with

and without encountering a barrier. The average ratio of cell length for the final

8-11 cells significantly increased in response to a barrier, confirming the presence of

asymmetric cell elongation (Fig. 3.14 A,C). This difference appears to be greatest

in the 11th cell, where left/right cell length ratio increases from a mean of 1.06 (±
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0.006) in the control to 1.43 (± 0.18) in roots encountering a barrier.
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Figure 3.13: Meristem and Elongation zone length in root tips 6 hours after encountering a
barrier. A) Primary root tips stained with Calcofluor White and grown in the presence or absence

of a barrier for 6 hours. Lines indicate QC and approximate end of the meristematic and
elongation zones B) Total Cortical cell number in the meristem and elongation zone after 6 hours
C) Length of the meristem and elongation zone after 6 hours. Both cortical cell number (B) and
length (C) measured as the average between the left and right sides of the root tip. D) Mean cell
length of the first 11 cells within the elongation zone. For boxplots, upper and lower boundaries of
the box indicate the interquartile range (IQR), a black line within the box marks the median, and
whiskers represent the min and max excluding outliers. Open circles represent outliers. Plastic

barriers were placed in front of 6DAG growing roots and roots were fixed for imaging after 6 hours
Error bars represent mean ± SE. Scale bars indicate 50 µm.
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Figure 3.14: Asymmetric cell division occurs in the elongation zone in root tips 6 hours after
encountering a barrier. A) Typical elongation zone of primary root tips stained with Calcofluor
White and grown in the presence or absence of a barrier for 6 hours. Cells of the elongation zone

used for measurements are outlined and highlighted in orange. B) Ratio of meristem and
elongation zone length between the left and right side of the root tip. C) 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. Plastic barriers were placed in front of 6DAG growing roots and roots were
fixed for imaging after 6 hours. For boxplots, upper and lower boundaries of the box indicate the
interquartile range (IQR), a black line within the box marks the median, and whiskers represent
the min and max excluding outliers. Open circles represent outliers. Error bars represent mean ±

SE. Scale bar indicates 50 µm.
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3.3 Summary

Work in this chapter has focused on characterising the changes that occur to root

growth in response to a barrier using a variety of methods, and how these changes

might be related to the processes of cell division and elongation. Early methods

used focused on the long-term effect on root growth. Roots grown horizontally along

dialysis membranes have previously been shown to reduce in length in response to a

barrier (Okamoto et al., 2008; Jacobsen, 2016). It was demonstrated that this change

was most likely due to a change in cell elongation rather than cell division. Although

both the length of the meristem and elongation zone change, the number of dividing

cells as shown by the CYCB1;2:GUS reporter remains the same. Subsequent growth

assays were tested that allowed for vertical growth of the root to be established

either during or before encountering barriers to growth. Establishment of vertical

growth allows for the effect of gravitropism to be taken into account, as the response

to barriers is likely to be a result of an interaction between touch and gravity sensing

(Massa and Gilroy, 2003b). When Arabidopsis is grown in gels of increasing density,

root growth is significantly reduced. Although this may better mimic the effect of

increasing density of soils, it is difficult to determine whether the reduction in root

growth is due to a mechanical stress or instead to a reduction in water and oxygen

availability.

A third ‘split gel layer’ method was investigated that allowed for vertical establish-

ment of root growth through an upper layer of medium before encountering a lower

layer of gel that acts as a barrier to growth. In the presence of this gel barrier, root

growth in 7DAG seedlings was significantly reduced, with an increased concentra-

tion of Phytagel in the lower layer causing a greater effect. In addition, ectopic

formation of root hairs was observed with root hair growth occurring closer to the

root tip. Further investigation again suggests that this is due to a reduction of cell

elongation, as the elongation zone but not meristem decreases in length in response

to a barrier and cell division remains unchanged. The results in this chapter also
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demonstrated the effect of a barrier on the growth of lateral roots. Whilst lateral

root length and number of lateral roots is significantly reduced, the density of lateral

roots is increased, suggesting an attenuation of lateral root elongation as opposed

to emergence.

To investigate the short-term response of a root to a barrier (between 0-24 hours of

growth), plastic barriers were placed in front of vertically growing roots. This allows

for more control over the timing of contact with a barrier and similar methods have

previously been used to investigate the bending/ obstacle avoidance response (Massa

and Gilroy, 2003b; Monshausen et al., 2009; Lee et al., 2020). After encountering

a barrier, the root tip bends rapidly from the vertical to an average angle of 120o,

within 120 minutes. Two bends are formed, with initial bending being detected

within the first 40 minutes of contact with a barrier. Growth rate, however, is

unaffected. The work in this chapter has described how the step-like growth of the

root occurs due to asymmetric cell division. After 6 hours of growth the ratio of

cell length between the right and left side of the root is significantly increased in the

final cells of the elongation zone. This is likely to correspond the ‘second’ bend that

occurs, however, further study is needed to determine if asymmetric cell elongation

occurs during the initial bending of the root tip.

After 24 hours the step-like growth pattern can still be observed, however, root

growth remains the same as controls. In addition, an increase in root hair elongation

can be observed whilst root hair number remains the same.

Overall the results in this chapter have demonstrated both the long term and short

term effects of root growth along a barrier. The shortened root phenotype and

ectopic root hair formation observed in the dialysis membrane and split layer studies

suggest a role of ethylene signalling, as these are characteristic of an ethylene induced

phenotype. This is further supported by the increase in root hair elongation observed

at 24 hours. The horizontal barrier assay demonstrates the immediate bending

response that occurs in the root tip. The occurrence of an asymmetry in cell

division points towards a possible role of auxin signalling, as has been demonstrated



3.3. Summary 108

extensively in the gravitropic bending response (Friml et al., 2002c; Ottenschläger

et al., 2003; Blancaflor and Masson, 2003).



Chapter 4

RNA-Seq analysis investigating

the effect of a barrier to vertical

root growth on gene expression
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4.1 Introduction

The transcriptome is the complete set of transcripts or RNA, and their quantity,

expressed by an organism. The term ‘transcriptome’ can also describe the RNA

transcripts of an individual cell, tissue type or organ. By investigating the tran-

scriptome of an organism, we can determine the transcriptional structure of genes

including splicing patterns and other post-transcriptional modifications as well as

quantifying the changing expression levels of these transcripts in response to different

environments or during different developmental stages (Wang et al., 2009). In May

2008, a series of papers were published that introduced a novel method for mapping

and quantifying the transcriptome using high throughput next generation sequencing

(NGS) technology. This method, termed RNA Sequencing (RNA-Seq), had clear

advantages over previous existing methods (Cloonan et al., 2008; Lister et al., 2008;

Mortazavi et al., 2008; Nagalakshmi et al., 2008; Wilhelm et al., 2008). Before NGS,

hybridisation techniques were widely used, which involve incubating fluorescently

tagged cDNA sequences with microarrays of known gene sequences. The level of

fluorescence is then used to determine the level of gene expression. There are a

number of advantages to using RNA-Seq over microarray analysis, chiefly the ability

of RNA-Seq to sequence the whole transcriptome, meaning it does not rely on prior

knowledge about gene sequences. This allows for identification of microRNAs and

alternatively spliced transcripts, as well as making it possible to use on species where

there is little previous existing data (Wang et al., 2009). Microarray analysis often

has additional problems caused by cross hybridisation and noise, which are avoided

when using RNA-Seq, making analysis of results more straightforward (Chee-Seng

et al., 2010).

RNA-Seq involves isolating RNA from a tissue which is then converted to a library

of cDNA fragments. Libraries are constructed by generating double stranded cDNA

from the RNA template using reverse transcription with random hexamers or oligo

(dT) primers. Fragments are generated either before reverse transcription (RNA
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hydrolysis or nebulization) or after (DNase I treatment or sonication). Sequencing

adaptors are subsequently added to each cDNA fragment and the sequence of each

fragment obtained using high throughput sequencing technologies. Sequences can be

obtained from one end (single-end sequencing) or both ends (paired-end sequencing)

of the fragment and reads are typically 30-400bp. After sequencing, reads are aligned

to a reference genome or transcript, or assembled de novo by overlapping sequences,

resulting in a transcription map consisting of the transcriptional structure and/or

level of expression for each gene (Lister et al., 2008; Nagalakshmi et al., 2008).

This chapter describes the data generated from an RNA-Seq experiment conduc-

ted to investigate changes in gene expression of Arabidopsis roots in response to

encountering a barrier. This chapter will provide a general overview of gene expres-

sion changes that occur in the root in response to a barrier and describe how these

changes might overlap with other stress responses. This chapter will also focus on

investigating hormonal signalling pathways that may be involved in the response to

a barrier and the changes in root growth that occur. This chapter will first describe

the generation of the list of differentially expressed genes (DEGs) and alternatively

spliced (DAS) genes. Gene ontology (GO) analysis is used to provide a general over-

view of the data before further investigation using the bioinformatics tool described

in 2.8.2. The chapter also describes how the data generated here has been compared

to other studies to determine how expression may change in specific cell types and

in relation to other studies on touch in plants. Finally, the remainder of the chapter

describes hypotheses for the molecular signalling events that may occur during the

barrier response.
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4.2 Generation of the list of differentially

expressed genes (DEGs) through RNA-Seq

The aim of the RNA-Seq experiment was to document changes in gene expression in

the primary root when encountering a barrier to growth in order to better understand

the signalling pathways that are likely to be involved. The horizontal barrier assay

(described in section 2.3.3) was used as it allows for more precise timing of the root

tip encountering a barrier, which is required for investigating the short-term response

of roots to a barrier. Plastic barriers were placed in front of vertically growing roots

and samples were taken at 6 hours and 30 hours after barrier placement. At 6 hours,

the early response to a barrier can be seen with the formation of a step-like growth

pattern occurring within this time frame. At 30 hours after barrier placement, further

changes are observed, such as an increase in root hair length. Documenting changes

in transcription at these time-points allows for further investigation into the signalling

events that might contribute to these changes in growth and development over time.

RNA-Seq analyses were performed on three independent biological replicates for the

control and barrier treatments at each time-point. Full growth conditions, library

preparation and the steps conducted to process the data are described in methods

sections 2.5, 2.8.1 and 2.8.2.

Principal component analysis was carried out to visualise sample-to-sample distances,

in order to determine the variability between samples (4.1, A). In addition, a heatmap

of the 50 most highly expressed genes was performed with clustering across samples

to visualise variation between samples (4.1, B). Both confirm variation between

groups of biological repeats is greater than variation between biological repeats. A

P-Value of < 0.05 and Log2 fold change (log2fc ) of > 0.5 or < -0.5 were selected to

identify differentially expressed genes (DEGs) between barrier and control conditions

at each time-point (4.2). In total there were 1941 upregulated and 406 downregulated

genes at 6 hours after barrier placement. Fewer genes were differentially expressed

at 30 hours, with 852 upregulated and 607 downregulated genes (4.2). A full list of
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differentially expressed genes can be found in the supplementary files listed Appendix

II. 372 genes are differentially expressed at both 6 hours and 30 hours, however, only

10 genes are upregulated at both time-points and there is no overlap between the

downregulated genes (4.8). This suggests that the regulation of gene expression

changed overtime. The greater number of differentially expressed genes at 6 hours,

particularly of upregulated genes, suggests that transcriptional response to a barrier

is stimulated in the early hours of the response and decreases over time.

To verify data from the RNA-Seq experiment, qRT-PCR was carried out on two

DEGs, one differentially expressed at 6 hours and one at 30 hours . The genes RPL2

and IF2/IF5 were selected as they show significant changes in expression in response

to a barrier. RPL2 has a log2fc of –2.44 at 6 hours and IF2/IF5 has a log2fc of –2.36

at 30 hours. qRT-PCR analysis of these genes confirmed a decrease in expression of

RPL2 and IF2/IF5 at 6 and 30 hours respectively (4.3).
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Figure 4.1: A) Principal component analysis (PCA) plot visualising sample-sample distances.
Polygons represent sample groups. PCA performed on regularized logarithm (rlog) transformed
data using the R software package DEseq2 (Love et al., 2014) B) Clustered Heatmap of rlog
transformed count data for the top 50 most highly expressed genes across all samples. Rows

correspond to genes and column names refer to individual samples. Rows and columns aggregated
using kmeans clustering by the R package pheatmap (Kolde, 2019).
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A

B C

Figure 4.2: Genes differentially expressed in roots encountering a barrier compared with controls
after 6 h and 30 h treatment identified through RNA-Seq. A) Differentially Expressed Genes

(DEGs) as estimated by the R software package DEseq2 (Love et al., 2014). Red dots represent
significant DEGs, black dots non-significant. P-value < 0.05 and a log2 fold change (log2fc) > 0.5
or < - 0.5. B) Significant DEGs seperated into up and downregulated genes at the two barrier
response timepoints. C) Venn diagram of the overlap of common DEGs between treatments.
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Figure 4.3: Relative normalised counts of RPL2 6 hours (A) and IF2/IF5 30 hours (B) after
barrier placement, determined by qRT-PCR. Normalised against PEX4 (AT5G25760). Error bars

show mean ± SE.

4.3 General Overview of Data

4.3.1 Gene Ontology (GO) analysis of DEGs

A gene ontology (GO) enrichment analysis was carried out on the list of DEGs in

order to interpret the biological function of genes upregulated and downregulated at

each timepoint. Enrichment analysis will find which GO terms are over-represented

(or under-represented) using annotations for a given set of genes, revealing the

biological processes being regulated. Initially, gene enrichment analysis was carried

out using the online tool Agrigo (Du et al., 2010; Tian et al., 2017), the results

of which were then visualised using the online tool REVIGO (Supek et al., 2011).

REVIGO summarises the GO terms and reduces functional redundancies allowing

the visualization of the data in easy to interpret formats. Semantically similar

GO terms are grouped together into clusters and a single identifying term is used

to represent each cluster, reducing the initial long list of GO terms into a format

that is easier to interpret (Supek et al., 2011). Treemaps were generated using

data from REVIGO, for genes upregulated and downregulated at each timepoint

(Figures 4.4 to 4.7). Each rectangle represents a cluster of GO terms, which are

grouped further, based on colour, into a supercluster. This overview of data allows
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for the identification of possible pathways and processes that are involved in the root

response to a barrier.

The treemaps suggest a strong difference in the biological processes that are involved

in the root response at 6 hours and 30 hours after placement of a barrier, with very

little overlap between GO terms. This corresponds with the observation that there

are only six genes upregulated at both 6 and 30 hours and no overlap in the observed

downregulated genes. At 6 hours, the treemaps suggest a strong upregulation in

genes involved in ‘response to stress’, which represents the largest supercluster

of GO terms. There appears to be a strong upregulation of genes known to be

involved in the response to biotic stress, with enrichment of GO terms relating to

‘defense response’, ‘immune response’, ‘response to another organism and ‘response

to biotic stimulus’ (Fig.4.4). Also identified was an enrichment in genes involved in

‘signalling’, ‘protein phosphorylation’, ‘cell communication, ‘secondary metabolism’

and ‘localization’, suggesting a diverse range of processes are being upregulated

in the early stages of the barrier response. An upregulation in genes involved in

secondary metabolism is consistent with a general stress response, as plants often

mitigate environmental stress by altering secondary metabolism (Austen et al., 2019).

In addition, there is a supercluster of genes involved in ‘ageing’, although these are

most likely to relate to developmental changes occurring in the root, as enriched

terms within the cluster include ‘root system development’ and ‘plant epidermis

development’. This suggests that genes involved in developmental changes observed

at later timepoints during the response are already being upregulated. The over

representation of genes involved in cell wall organisation or biogenesis suggests that

changes to the cell wall are important for the barrier response. Finally, GO terms

that relate to reactive oxygen species (ROS) are also enriched, including ‘hydrogen

peroxide catabolism’ and ‘reactive oxygen species metabolism’. ROS is known to

be important to many stress responses and the over representation of genes related

to ROS suggest a role for ROS signalling in the early response to a barrier. In

contrast, there is a downregulation of genes involved ‘purine nucleotide biosynthesis’,
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‘ribosome biogenesis’ and ‘protein-chromophore linkage’ (Fig.4.5). This suggests a

downregulation of genes involved in processes that involve high amounts of cellular

energy, such as translation. At 30 hours, the treemaps show the upregulation of genes

involved in very different biological processes to those upregulated at 6 hours. The

main superclusters of enriched GO terms in genes upregulated at 30 hours include

those relating to mRNA splicing, cellular respiration and ribonucleoprotein complex

biogenesis (Fig.4.6). This suggests a switch from the response at 6 hours, with genes

involved in high energy processes being upregulated. In contrast to the response

at 6 hours, genes involved in processes such as ‘cell communication’, ‘signalling’,

and ‘response to stimulus’ are shown by the treemap to be downregulated at 30

hours Fig.4.7. This suggests the initial transcriptional response to a barrier changes

overtime, once the initial changes in root growth occur.
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Figure 4.4: Treemap output from REVIGO (Supek et al., 2011) of genes identified as
significantly upregulated 6 hours after encountering a barrier. P-value < 0.05 and a log2 fold

change (log2fc) > 0.5 or < -0.5. Each rectangle represents a gene ontology (GO) term cluster and
each colour represents a supercluster of related clusters. Sizes of rectangles reflect the –log10

P-value of each cluster.
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Figure 4.5: Treemap output from REVIGO (Supek et al., 2011) of genes identified as
significantly downregulated 6 hours after encountering a barrier. P-value < 0.05 and a log2 fold
change (log2fc) > 0.5 or < -0.5. Each rectangle represents a gene ontology (GO) term cluster and

each colour represents a supercluster of related clusters. Sizes of rectangles reflect the –log10
P-value of each cluster.
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Figure 4.6: Treemap output from REVIGO (Supek et al., 2011) of genes identified as
significantly upregulated 30 hours after encountering a barrier. P-value < 0.05 and a log2 fold

change (log2fc) > 0.5 or < -0.5. Each rectangle represents a gene ontology (GO) term cluster and
each colour represents a supercluster of related clusters. Sizes of rectangles reflect the –log10

P-value of each cluster.
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30hr Downregulated Gene Ontology 
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4.3.2 Comparison of differential gene expression between 6

hours and 30 hours

As previously noted, of the 372 genes that are differentially expressed at both 6 hours

and 30 hours, only ten of those are upregulated at both time points and there are

none that are downregulated at both timepoints (4.8, A). The overlap is therefore

accounted for by genes that are upregulated at six hours and downregulated at 30

hours and vice versa (4.8, B). This is consistent with previous studies that have

identified dynamic changes in transcriptomic changes to stress responses (Kreps

et al., 2002; Kilian et al., 2007; Lin et al., 2017) It has been suggested that these

changes may represent the plant switching from shared stress responses to more

stress-specific responses (Kreps et al., 2002; Kilian et al., 2007). Of the genes

upregulated at both time points, the majority are either upregulated more strongly

at six hours or undergo similar levels of fold change at both time points (4.9 A).

Five of these genes have GO biological process annotations, the majority of which

are related to defence and stress responses (4.9 B).

Gene onotology analysis was performed on the DEGs that overlap between 6 hours

and 30 hours to identify which biological processes are undergoing dynamic changes

during the barrier response. Treemaps show that genes upregulated at 6 hours and

downregulated at 30 hours are mainly involved in processes related to phosphoryla-

tion, defence response and response to stimulus (Fig.4.10 A). This could indicate

an attenuation of earlier stress responses in favour of more a more specific barrier

related response. Figure 4.11 shows the genes involved in ‘stimulus response’ that

differ most strongly in expression between 6 and 30 hours. These genes are associated

with a number of stress response processes, particularly the defence response. There

are also some genes related to hormone signalling that exhibit strong differences

in regulation at 6 hours and 30 hours. These include ACC SYNTHASE 5 (ACS5)

which experiences a fold change of over 2.5 at 6 hours but is downregulated by a fold

change of –1 at 30 hours. Other hormone related genes include GRDP2, involved
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in auxin signalling, and a receptor kinase (LECRK-V1.3 ) involved in abscisic acid

activated signalling. This suggests there may be an upregulation in gene activity

related to hormone signalling and responses at 6 hours which is later downregu-

lated at 30 hours, possibly due to the response becoming more specific over time.

Genes downregulated at 6 hours and upregulated at 30 hours are mainly involved in

processes related to ’peptide biosynthesis’, ’protein-chromophore’ linkage, ’cellular

respiration’ and ’ribonucleoprotein complex biogenesis’ (Fig.4.10 B). This suggests

processes previously downregulated early within the response due to the high levels

of cellular energy required are upregulated again as the stress response becomes more

specific. Those genes identified within the ‘peptide biosynthesis’ supercluster that

exhibit the strongest difference in regulation between 6 hours and 30 hours are listed

in figure 4.12 B. Many of these genes encode ribosomal proteins in the mitochon-

dria and chloroplasts. This change in regulation over time suggests an attenuation

of respiration and photosynthesis during the early barrier response which is then

reversed.
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Figure 4.8: A) Venn diagram of DEGs at 6 hours and 30 hours seperated into upregulated genes
and downregulated genes. B) Venn diagram of DEGs upregulated at 6 hours vs genes

downregulated at 30 hours and genes downregulated at 6 hours vs genes upregulated at 30 hours.
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A

B

Figure 4.9: DEGs upregulated at both 6 hours and 30 hours. A) Barchart of log fold changes
(log2fc of genes that are upregulated in response to a barrier at both timepoints.B) List of genes
upregulated at both 6 hours and 30 hours, with Primary Gene Symbol and GO biological process

annotations provided where possible



4.3. General Overview of Data 125

REVIGO Gene Ontology treemap

cellular

respiration

hydrogen

transport

proton

transport

cellular amide

metabolic process

cellular nitrogen compound

biosynthetic process

generation of

precursor

metabolites

and energy
organonitrogen compound

metabolic process

peptide biosynthetic process

purine

nucleoside

triphosphate

biosynthetic

process

cellular protein

metabolic process

protein−chromophore

linkage

protein metabolic process

cellular

component

biogenesis

ribonucleoprotein

complex biogenesis

cellular

process

cellular respiration

peptide biosynthesis

protein−chromophore linkage

ribonucleoprotein complex biogenesis

6hr Down and 30hr Upregulated Gene Ontology

defense response to bacterium

phosphorus metabolic process

phosphorylation
defense response to bacterium

phosphorylation

response to stimulus

6hr Up and 30hr Downregulated Gene Ontology
A

B
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A) Line graph showing change of expression between 6 hours and 30 hours of genes identified by

GO analysis as relating to ’stimulus response’. B) List of genes upregulated at 6 hours and
downregulated at 30 hours relating to ’stimulus response’. Top 10 genes with the greatest different

in log2fc between 6 and 30 hours are plotted and listed.
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4.3.3 Differential alternative splicing analysis

Alternative splicing is a gene regulatory process that generates multiple transcripts

from the same gene, increasing diversity of the proteome and regulating mRNA levels

(Marquez et al., 2012; Zhang et al., 2017). Pre-cursor mRNA splicing is carried out by

a large complex of molecules termed the spliceosome. The spliceosome recognises pre-

mRNA sequences, splice sites, removes the non-coding introns and joins the flanking

exons. Alternative splicing occurs when the spliceosome differentially selects splice

sites. The core spliceosome consists of five small nuclear ribonucleoproteins (snRPs,

U1, U2, U4, U5 and U6). A number of other RNA binding proteins are involved in the

regulation of splicing, pre-dominantly serine/ arginine-rich (SR) proteins and hetero-

geneous nuclear ribonucleoproteins (hnRNPs). These proteins bind to regulatory

elements on exons and introns to activate or repress splicing. Alternative splicing

events may result in an altered form of a protein, localisation and/or translation

of an mRNA splice variant, or the targeted degradation of specific splice variants.

Alternative splicing therefore increases the coding capacity of the genome whilst also

providing another mean of regulating gene expression (Laloum et al., 2018).

RNA splicing is a widespread mechanism in eukaryotes and previous studies have

suggested a role for alternative splicing in response to a variety of stress conditions,

such as cold, drought, heat, high salinity and pathogen infection (Filichkin et al.,

2015, 2018; Thatcher et al., 2016; Jiang et al., 2017; Calixto et al., 2018; Laloum et al.,

2018). In addition, it has been reported that genes encoding regulators of splicing

also experience altered patterns of alternative splicing in response to environmental

stresses (Palusa et al., 2007; Zhang et al., 2013; Calixto et al., 2018). Gene ontology

analysis of the list of DEGs highlighted an over representation of genes upregulated

at 30 hours that are involved in mRNA-splicing (Fig.4.7). I therefore performed

analyses to examine whether changes to alternative splicing occurred during the

barrier response. Differential alternative splicing (DAS) analysis was carried out

using the interactive 3D RNA-Seq online App (Calixto et al., 2018; Guo et al., 2019).
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Analysis by 3D-RNA Seq is carried out by integrating the expression analysis tool,

Limma (Law et al., 2014; Ritchie et al., 2015). DAS are determined by comparing

the expression changes between individual transcripts to the gene level between

conditions (Guo et al., 2019). Genes may be classed as only DAS when the overall

gene expression level does not change, but where a significant change occurs in the

expression level of at least one transcript. Genes are both differentially expressed

and DAS if both the gene level of expression and the expression level of at least one

transcript changes (Fig. 4.13, Guo et al. (2019)).

Figure 4.13: Differential Alternative Splicing analysis and definitions used by 3D RNA-SEQ
(Guo et al., 2019). DAS are determined by comparing the expression changes between individual
transcripts to the gene level between conditions. Genes may be classed as only DAS when the
overall gene expression level does not change, but where a significant change occurs in the

expression level of at least one transcript. Genes are both differentially expressed and DAS if both
the gene level of expression and the expression level of at least one transcript changes.
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DAS analysis by 3D-RNA Seq revealed the number of genes that are alternatively

spliced differs greatly between the 6hr and 30 hr timepoints. At 6 hours, there are

only 12 DAS genes compared with 2991 DAS genes at 30 hours (Fig. 4.14), with 10

of those being alternatively spliced at both timepoints (4.14 B, Table 4.1). There are

6 genes that are both differentially expressed and alternatively spliced at 6 hours,

compared to 122 genes that are both differentially expressed and alternatively spliced

at 30 hours (Fig. 4.14 C,D). A full list of DAS genes at both timepoints can be

found in the supplementary files listed in Appendix III. Gene ontology analysis of

the DAS at 30 hours reveals a varied range of biological processes (Fig. 4.15). The

largest superclusters of GO terms in DAS genes 30 hours included processes involved

in post-translational protein modifications, metabolism and abiotic stress response.

Gene ontology analysis of DEGs at 30 hours suggested a decrease in expression of

genes related to signalling and stimulus response, with an increase in expression of

genes related to transcription, translation and respiration (Fig. 4.15). It is therefore

possible that alternative splicing events 30 hours are important for regulating the

balance between these processes.

Consistent with the increase in DAS genes at 30 hours, a number of genes related to

alternative splicing were identified using Gene ontology analysis as being upregulated

at 30 hours. These include genes directly involved in the spliceosome (Fig. 4.16),

revealed by KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway mapping,

a database of pathway maps. Genes are mapped based on their KEGG orthology

identifier. The KO (KEGG Orthology) database is a database of molecular functions

represented in terms of functional orthologs. A functional ortholog is manually

defined in the context of KEGG molecular networks, namely, KEGG pathway maps.

When a pathway map is drawn, each box is given a KO identifier (called K number)

and experimentally characterized genes and proteins in specific organisms are used

to find orthologs in other organisms (Kanehisa et al., 2016; Kanehisa and Sato,

2020). Genes associated with spliceosome components that are upreguated at 30

hours include small nuclear ribonucleoproteins and other spliceosome related proteins,



4.3. General Overview of Data 131

RNA helicases and splicing factors (Fig. 4.16). This includes SUPERSENSITIVE

TO ABA AND DROUGHT 1 (SAD1), an U6 snRNA-associated Sm-like protein,

which is involed in the response to ABA and osmotic stress as well as affecting

splicing transcripts associated with high salinity stress (Xiong et al., 2001; Cui et al.,

2014). DEFECTIVELY ORGANISED TRIBUTARIES 2 (DOT2), alternatively

named as MERISTEM DEFECTIVE (MDF) increases in expression by a log2fc

of 0.7 in response to a barrier. DOT2/MDF is identified in the KEGG pathway

mapping as a U4/U6.U5 tri-snRNP-associated protein, through the yeast homologue

snu66. Mutants in MDF have a loss of meristematic activity as well as decreased

expression of PIN proteins (Casson et al., 2009). Taken together this suggests there

may be an effect on hormone signalling at 30 hours due to DAS.

Overall analysis of DAS genes suggests that differential alternative splicing does not

play large role in the early response of the Arabidopsis root to a barrier, however, it

appears to play an extensive role later on in the response. This suggests alternative

splicing may be used later in the response to control long term physiology and

metabolism after the initial stress response is reduced.
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Locus
ID Primary Gene Symbol Gene Description

AT1G19835 TRICHOME CELL
SHAPE 1 (TCS1)

TCS1 encodes a coiled-coil domain protein
that binds to microtubules and co-localizes
with the cortical microtubules.

AT1G64060 RESPIRATORY BURST
OXIDASE PROTEIN F
(RBOH F)

Interacts with AtrbohD to fine tune the
spatial control of ROI production and hy-
persensitive response to cell in and around
infection site.

AT1G66150 TRANSMEMBRANE
KINASE 1 (TMK1)

receptor-like transmembrane kinase I
(TMK1)

AT2G27350 OTUBAIN-LIKE DEUBI-
QUITINASE 1 (OTLD1)

Encodes an otubain-like histone deubiquit-
inase involved in chromatin modification
and regulation of plant gene expression.

AT2G35050 kinase superfamily protein
AT3G09040 MITOCHONDRIAL RNA

EDITING FACTOR 12
(MEF12)

Pentatricopeptide repeat (PPR) superfam-
ily protein

AT3G16460 JACALIN-RELATED
LECTIN 34 (JAL34)

Mannose-binding protein

AT4G08850 MDIS1-INTERACTING
RECEPTOR LIKE
KINASE2 (MIK2)

MIK1 encodes a receptor kinase that forms
a complex with MDIS1/MIK2 and binds
LURE1,the female pollen guidance chemi-
attractant.

AT4G24690 NEXT TO BRCA1 GENE
1 (NBR1)

Encodes NBR1, a selective autophagy sub-
strate.

AT4G32150 VESICLE-ASSOCIATED
MEMBRANE PROTEIN
711 (VAMP711)

AtVAMP711 is a member of
Synaptobrevin-like AtVAMP7C, v-SNARE
protein family.

Table 4.1: Genes identified by analysis with 3D RNA-Seq to be differentially alternatively
spliced (DAS) at both 6 hours and 30 hours
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4.3.4 Identification of DEGs in root tip tissues

Previous studies examining the root transcriptome have revealed the expression

patterns of different cell types within the root and allowed for the definition of

numerous cell type/tissue marker genes (Birnbaum et al., 2005; Bruex et al., 2012;

Efroni et al., 2015; Li et al., 2016). More recently, advances in single-cell RNA

sequencing (scRNA-Seq) has led to the ability to obtain transcriptomic data for

thousands of individual cells at a time, producing data sets for genes differentially

expressed between different cell types (Ryu et al., 2019; Zhang et al., 2019; Jean-

Baptiste et al., 2019). I therefore compared lists of DEGS to lists of previously

identified marker genes, and genes shown to be differentially expressed in different

cell types in order to examine any changes in expression of root cell/tissue specific

genes in response to a barrier.

I first compared our list of DEGs to identify genes expressed in specific root cells

using data obtained from Efroni et al. (2015). Cell markers are identified by Efroni

et al. (2015) using a ‘Spec’ score, which represent the amount of information each

transcript provides for determining cell identity. For our analysis, genes with a spec

score of greater than 0.5 in each tissue type were selected, to identify genes expressed

within those tissues. Each gene was then labelled as being expressed in the tissue

with the highest Spec score. I then compared this marker list with lists of DEGs

with a log2fc of > 1 or < -1 to identify any highly differentially expressed genes

associated with expression in specific cell types.

340 genes were identified from analysis with the Spec data set at 6 hours, the majority

of which were upregulated, compared with only 18 at 30 hours (Fig.4.17). At 6 hours,

the majority of genes were identified as markers for Trichoblasts, root hair cells of

the mature epidermis, with the second greatest number of identified genes markers

for protoxylem. There are also a number of marker genes for the cortex, protophloem

and columella (Fig. 4.17). GO enrichment analysis was performed on the list of root

markers identified at 6 hours to examine the biological function of these differentially
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expressed marker genes (Fig. 4.18). GO analysis revealed an over representation

of genes involved in ‘plant organ development’, including trichoblast development,

plant epidermal cell differentiation and root hair elongation, consistent with the

large number of trichoblast markers identified. There was also an over presentation

in processes relating to reactive species metabolic processes, further highlighting the

potential role of ROS signalling in the root’s response to a barrier.
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To further identify DEGs that may be expressed in specific root tissues, I compared

the DEG list with data obtained from Ryu et al. (2019) a recent high throughput

scRNA-Seq study of the transcriptome of the Arabidopsis root. Ryu et al. (2019)

obtained the transcriptomes of over 10,000 Arabidopsis root cells and used root cell

type-specific markers to define eight major root cell type clusters. Differentially

expressed genes were identified for each cluster. I compared the list of DEGs to

those identified between the different cell type clusters identified by Ryu et al. (2019)

to further investigate how gene expression in specific root cell types may change

in response to a barrier. In this case, only genes at 6 hours overlapped with the

data set of root cell type DEGs from Ryu et al. (2019), the majority of which

are upregulated at 6 hours. Again, the majority of these were genes differentially

expressed in clusters relating to epidermal hair cells (Fig. 4.19, epidermis (H)). GO

enrichment analysis also identified over-representation of genes involved in trichoblast

differentiation, confirming the previous analysis with the marker genes identified by

Efroni et al. (2015). In addition, analysis identified processes relating to ‘response

to nitrate’ and ‘transition metal ion transport’, suggesting a potential overlap with

the response to nutrients and metals (Fig. 4.20). 14 genes were identified that are

differentially expressed in the cell cluster relating to the root cap. These genes are of

particular interest, as the root cap will be the first portion of the root to encounter

a barrier and remains in direct contact with the barrier during the bending response.

Columella marker genes identified with comparison to Efroni et al. (2015) and root

cap genes identified by comparison with Ryu et al. (2019) and are listed in tables 4.2

and 4.3. Of the root cap genes and columella expressed genes identified, a number

are already known to be involved in response to stress. For example, AT5G24070

(PER61) encodes a peroxidase superfamily protein, that is likely to be involved in

response to oxidative stress and hydrogen peroxide catabolism. Again this points

to a possible role of ROS signalling, particularly at the root tip. Two genes related

to the cold response, JACLIN-RELATED LECTIN 33 and JACALIN-RELATED

LECTIN 34, are also among the identified root cap genes, along with a number of
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mannose-binding lectin superfamily proteins. A role for jacalin-related lectins in the

defence response has previously been reported (Weidenbach et al., 2016; Esch and

Schaffrath, 2017) and recently overexpression of a rice jacalin related lectin has been

shown to enhance resistance to ionizing radiation in Arabidopsis (Jung et al., 2019).

In addition, two root cap expressed late embryogenesis abundandant (LEA) protein

like proteins are upregulated at 6 hours. A role in stress tolerance has been proposed

for LEA and LEA like proteins, with their expression shown to be induced by abiotic

stress conditions and their overexpression shown to enhance stress tolerance (Hughes

and Galau, 1989; Welin et al., 1994; Xu et al., 1996; Mowla et al., 2006). Further

work is needed to determine whether these proteins are directly involved in the

response to a barrier or whether they are indicative of a general stress response that

occurs at 6 hours.
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Locus ID
Primary
Gene
Symbol

Gene
Description GO Biological Process

AT1G67850 lysine ketoglutarate
reductase trans-
splicing protein
(DUF707);

biological process unknown

AT3G10320 MUCI21 MUCI21 is a GT61
protein required for
the production of
highly branched xy-
lan in seed coat mu-
cilage.

mucilage biosynthetic process

AT3G50740 UGT72E1 UGT72E1 is an
UDPG:coniferyl
alcohol glucosyl-
transferase. The
enzyme is thought
to be involved in
lignin metabolism.

lignin metabolic process, response to
toxic substance

AT4G10350 NAC070 NAC domain pro-
tein. SMB, BRN1,
and BRN2 act to
regulate root cap
maturation, in a
partially redundant
fashion.

root cap development, plant-type sec-
ondary cell wall biogenesis , positive reg-
ulation of gene expression

AT4G15280 UGT71B5 UDP-glucosyl
transferase 71B5

AT4G26880 Stigma-specific
Stig1 family protein

biological process unknown

AT5G24070 Peroxidase super-
family protein

hydrogen peroxide catabolic process,
oxidation-reduction process, response to
oxidative stress, response to stress

AT5G42580 CYP705A12 a member of the
cytochrome P450
family

oxidation-reduction process

AT5G50260 CEP1 Encodes a papain-
like cysteine pro-
tease involved in ta-
petal programmed
cell death and pol-
len development.

proteolysis involved in cellular protein,
catabolic process, pollen development,
plant-type hypersensitive response, de-
fense response to fungus, programmed
cell death involved in cell development,
anther wall tapetum development

Table 4.2: Genes indentified as being upregulated at 6 hours in root cap (columella) cells in
response to a barrier through comparison with cell marker data from Efroni et al., (2015)
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Locus ID
Primary
Gene
Symbol

Gene
Description GO Biological Process

AT1G52050 Mannose-binding
lectin superfamily
protein

biological_process_unknown

AT1G52060 Mannose-binding
lectin superfamily
protein

biological_process_unknown

AT1G78340 GSTU22 Encodes gluta-
thione transferase
belonging to the
tau class of GSTs.

toxin catabolic process, glutathione
metabolic process

AT3G04330 Kunitz family tryp-
sin and protease in-
hibitor protein

AT3G16420 PBP1 The PBP1(PYK10-
binding protein 1)
assists the PYK10
(beta-glucosidase
complex) in its
activity

regulation of hydrolase activity, protein
folding

AT3G16450 JAL33 Mannose-binding
lectin superfamily
protein

response to cold, response to zinc ion

AT3G16460 JAL34 Mannose-binding
protein

response to cold

AT4G37160 sks15 SKU5 similar 15 oxidation-reduction process, iron ion
homeostasis, iron ion transport

AT5G23840 MD-2-related lipid
recognition domain-
containing protein

biological_process_unknown

AT5G24070 Peroxidase super-
family protein

hydrogen peroxide catabolic process,
oxidation-reduction process, response to
stress, response to oxidative stress

AT5G26280 TRAF-like family
protein

biological_process_unknown

AT5G54370 Late embryogenesis
abundant (LEA)
protein-like protein

biological_process_unknown

AT5G60530 late embryogenesis
abundant protein-
related / LEA
protein-like protein

biological_process_unknown

Table 4.3: Genes identified as being upregulated at 6 hours in root cap cells in response to a
barrier through comparison with single cell expression data from Ryu et al., (2019)
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4.4 Comparison of results with other studies

investigating touch responses of plants

A number of previous studies have identified genes involved in touch responses, from

waving and skewing in roots (Yuen et al., 2005; Qi and Zheng, 2013; Shih et al.,

2014; Schultz et al., 2017) to genes induced in leaf tissues in response to touch, wind

and rain-like conditions (Braam and Davis, 1990; Xu Wei et al., 1995; Lee et al.,

2005). In addition, previous studies have investigated the transcriptomic changes in

root tissues responding to gravity/mechanical stimulation (Kimbrough et al., 2004;

Lee et al., 2005). I therefore investigated whether any of these previously identified

touch related genes are differentially regulated in the root response to a barrier, and

whether there is any overlap in the transcriptomic changes previously reported in

response to touch and gravity.

Individual genes reported to be involved with either touch responses, or root waving

and skewing responses, were collated and compared with the list of DEGs identified

at 6 hours and 30 hours (Table 4.4). Of the 37 genes identified from previous studies,

13 were found to be differentially expressed in our dataset. The majority of genes

were upregulated either at 6 hours or 30 hours, with only KNAT1 being differentially

expressed at both timepoints. As might be expected, the majority of DEGs from

our study were identified as being involved in responses relating to waving, skewing

or touch responses in the root (Table 4.4, Fig. 4.21). In particular, a number of

genes identified by Schultz et al. (2017) as being highly likely to be involved in

root skewing were also identified as being differentially regulated in our study. Our

analysis did, however, identify an upregulation of TCH1 at 30 hours, one of four

touch induced genes identified by (Braam and Davis, 1990). TCH1 (or CAM1 )

encodes a calmodulin and its expression is induced in response to water spray, sub

irrigation, wind and touch. TCH genes have previously been reported to increase

in expression rapidly, 10 minutes to an hour after touch stimulation (Braam and

Davis, 1990). However, our study indicated an increased expression of TCH1 at
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30 hours but not at 6 hours. Further investigation into gene expression at earlier

timepoints would be needed to determine whether any of the other TCH genes are

upregulated rapidly in the root within the first hour of the response. Genes strongly

upregulated at 6 hours include MIOX4, ASN1 and DIN2, identified by Schultz et al.

(2017) as highly likely to be involved in root skewing. All three have been reported

to be involved in response to abiotic stress. MIOX4 has been shown to influence

root growth under stress conditions (Alford et al., 2012), ASN1 is expressed in

the root under phosphate starvation (Lin et al., 2011) and DIN2 is upregulated

in the root under salt stress (Dinneny et al., 2008). Genes previously linked to

hormone signalling during the response to mechanical stimulus include FERONIA

(FER), NONEXPRESSER OF PR GENES 1 (NPR1) and KNOTTED-LIKE FROM

ARABIDOPSIS THALIANA 1 (KNAT1) all of which are differentially expressed

at 6 hours. The receptor like kinase FERONIA has been reported to regulate Ca2+

signalling in mechanically stimulated Arabidopsis (Shih et al., 2014). NPR1, a

salicylic acid receptor, has been linked to the control of root waving through salicylic

acid signalling (Zhao et al., 2015). KNAT1 has been shown negatively modulate

root skewing, possibly through regulating auxin transport (Qi and Zheng, 2013), and

is downregulated in the root at 6 hours after encountering a barrier. The differential

expression of these genes suggests similar signalling events pathways to root skewing

and waving may be occurring during the barrier response.
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Locus ID Gene Symbol Reference
AT5G37780 TCH1 Braam and Davis (1990)
AT5G37770 TCH2 Braam and Davis (1990)
AT2G41100 TCH3 Braam and Davis (1990)
AT5G57560 TCH4 Xu Wei et al. (1995)
AT4G35920 MCA1 Xu Wei et al. (1995)
AT3G51550 FER Shih et al. (2014)
AT4G31800 WRKY18 Shih et al. (2014)
AT2G38470 WRKY33 Lee et al. (2005), Shih et al. (2014)
AT1G43700 VIP1 Tsugama et al. (2018)
AT4G08150 KNAT1 Qi and Zheng (2013)
AT4G29830 VIP3 Jensen et al. (2017)
AT1G24460 TNO1 Roy and Bassham (2017)
AT2G06050 OPR3 Chotikacharoensuk et al. (2006)
AT5G37770 CML24 Wang et al. (2011)
AT2G26300 GPA1 Weerasinghe et al. (2009)
AT4G34460 AGB1 Weerasinghe et al. (2009)
AT3G04080 APY1 Yang et al. (2015)
AT3G47450 AtNOA1 Zhao et al. (2015)
AT1G64280 NPR1 Zhao et al. (2015)
AT5G62500 END Binding 1B Squires and Bisgrove (2013)
AT1G11000 MLO4 Bidzinski et al. (2014)
AT1G11001 MLO11 Bidzinski et al. (2014)
AT1G11002 XLG3 Pandey et al. (2008)
AT1G11004 RHD3 Yuen et al. (2005)
AT1G11005 RHA1 Fortunati et al. (2008)
AT4G14060 AT4G14060 Schultz et al. (2017)
AT4G26260 MIOX4 Schultz et al. (2017)
AT4G24890 PAP24 Schultz et al. (2017)
AT3G47340 ASN1 Schultz et al. (2017)
AT2G25150 AT2G25150 Schultz et al. (2017)
AT5G02020 SIS Schultz et al. (2017)
AT5G66780 AT5G66780 Schultz et al. (2017)
AT3G28310 AT3G28310 Schultz et al. (2017)
AT3G60140 DIN2 Schultz et al. (2017)
AT4G35770 STR15/SEN1 Schultz et al. (2017)
AT3G48740 SWEET11 Schultz et al. (2017)
AT4G10310 HKT1 Schultz et al. (2017)

Table 4.4: Genes identified through a literature search as reported to be involved in plant
touch/thigmotropic responses



4.4. Comparison of results with other studies investigating touch
responses of plants 148

A

LogFC

KNAT1

END Binding 1B

TCH1

AT5G66780

HKT1

NPR1

FER

WRKY33

DIN2

ASN1

MIOX4

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0 2.5
LogFC

G
en

e

6hr
30hr

END Binding 1B

TCH1

AT5G66780

HKT1

NPR1

FER

WRKY33

DIN2

G
en

e

6hr
30hrGe

ne

B

Figure 4.21: Trascriptomic changes in the root response to a barrier of genes previously
identified in the literature as relating to touch responses A) List of DEGs found in response to a
barrier that have previously been identified in the literature as relating to touch responses. Blue =
6 hr DEG, Yellow = 30 DEG, Green = 6 hr/30 hr DEG. B) Log2fc changes of touch related genes.
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As the barrier response is likely to involve signalling pathways relating to both

touch and gravity responses (Massa and Gilroy, 2003b), it was investigated whether

any DEGs overlap with those reported to change expression in response to gravity.

A previous study identified the transcriptomic changes that occur in response to

gravity stimulation and mechanical stimulation within the first hour of the response

(Kimbrough et al., 2004). Kimbrough et al. (2004) imposed gravity stimulation

through reorientation of Arabidopsis seedlings at 135o and mechanical stimulation

through movement of the seedlings back and forth. Compared with the transcrip-

tomic changes reported in Kimbrough et al. (2004) in response to both mechanical

and gravity stimulation, there is an overlap of 243 genes differentially expressed at

6 hours after encountering a barrier (Fig. 4.22). 6 genes were found to overlap with

those reported to change in response to mechanical stimulus only and 12 overlapped

with those found to be regulated in response to gravity only (Fig. 4.22). The overlap

with the barrier response at 30 hours was reduced, overlapping with the data from

Kimbrough et al. (2004) by 103 genes (Fig. 4.22). Gene ontology analysis of the

genes overlapping at 6 hours, revealed an enrichment in genes involved in processes

relating to oxidation-reduction process, response to stimulus and stress and response

to nitrogen containing compounds (Fig. 4.22). Other studies have demonstrated that

gravistimulation lead to a general stress response, through analysis at the proteomic

and metabolic level (Millar and Kiss, 2013; Schenck et al., 2013). Overlap with data

from Kimbrough et al. (2004) supports a role for both touch and gravity related

signalling during the barrier response.
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Figure 4.22: Overlap of transcriptomic changes in response to a barrier with genes identified by
Kimbrough et al. (2004) as differentially expressed in response to gravity and stimuli. A) Venn

diagram showing ovlerlap of DEGs identified at 6 and 30 hours after barrier placement with DEGs
identified by Kimbrough et al. (2004) in response to gravity and mechanical stimuli. B) Gene
ontology analysis of genes that overlap at 6 hours with the data from Kimbrough et al. (2004).

Bars are grouped by representative or ’parent’ GO term.
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4.5 Overlap with other stress responses

4.5.1 Pathogen response

Previous studies have shown that plants responding to mechanical stimulus activate

defence related pathways and, in some cases, mechanical stimulus can increase

resistance to pathogens (Lee et al., 2005; Chehab et al., 2012; Benikhlef et al., 2013;

Tomas-Grau et al., 2018). Gene ontology analysis of DEGs upregulated at 6 hours

supports this, revealing an enrichment in genes involved in response to stress, in

particular the defence response, response to biotic stimulus and the immune response

(Fig. 4.4). Following on from this, KEGG pathway mapping was carried out on the

list of DEGs at six hours to investigate whether there were any genes that are known

to be directly involved in defence related pathways. Of the genes upregulated at 6

hours, 41 were identified by KEGG pathway mapping to be involved in signalling

pathways related to plant pathogen interaction (Fig. 4.23). Of these genes identified,

many are involved in signalling pathways related to calcium and reactive oxygen

species. These included genes encoding 11 calmodulin or calcium binding proteins

(CAM/CML), 6 calcium dependent protein kinases (CDPK) and 8 respiratory burst

oxidase related proteins (RBOH). Together these formed the majority of the genes

identified as being involved in plant-pathogen interactions. This suggests, the overlap

with defence responses in the barrier response may be due, at least in part, to

signalling events related to calcium and reactive oxygen species. KEGG pathway

mapping also identified three WRKY transcription factors (WRKY25, 29 and 33 )

that are involved in plant immune responses, in which they are targets of MAP

kinases (Eulgem and Somssich, 2007; Popescu et al., 2009; Rushton et al., 2010).

However, roles for WRKY25 and WRKY33 have been reported for many other

stress responses, including salt, cold and heat stress (Li et al., 2009; Jiang and

Deyholos, 2009; Rushton et al., 2010). Upregulation of these transcription factors

at 6 hours suggests they may also play a role in the signalling events involved in the

root response to a barrier and touch responses in general.
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Figure 4.23: A) KEGG Pathway mapping of genes upregulated at 6 hours and identified as
being involved in ’plant-pathogen’ interaction. (Kanehisa et al. (2016), see Kanehisa and Sato
(2020) for current version of mapping tools). Genes present within the data set are highlighted
with colours corresponding to KEGG Orthology (molecular function) definition Kanehisa et al.

(2016). B) Log2fc of genes identified as being involved in the plant spliceosome. Colours
correspond to where they are highlighted within the pathway (A) and their KEGG Orthology

(molecular function) definition.
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4.5.2 Abiotic stress response

Further investigation into stress related genes upregulated at 6 hours revealed signi-

ficantly enriched GO terms relating to ‘response to salt stress’, ‘response to osmotic

stress’ and ‘response to oxidative stress’ (Fig. 4.24). These include a number of

transcription factors known to be involved in osmotic stress and oxidative stress

signalling. (Table 4.5). The most highly upregulated of these is HEAT SHOCK

TRANSCRIPTION FACTOR A2 (HSFA2), which has previously been reported to

be significantly increased under several stress conditions and in response to hydro-

gen peroxide (Nishizawa et al., 2006). In addition, a member of the dehydration-

responsive element-binding (DREB) family transcription factors, DRE-BINDING

PROTEIN 2A (DREB2A), is upregulated at 6 hours. Members of the DREB2 class

of DREB genes are known to be involved in drought stress responses in the root

Nakashima et al. (2000).

Locus ID

Primary

Gene

Symbol

LogFC

6hr
Gene Description

AT1G14200 1.500 RING/U-box superfamily protein

AT1G32640 MYC2 0.700 Encodes a MYC-related transcriptional activ-

ator with a typical DNA binding domain of a

basic helix-loop-helix leucine zipper motif. Its

transcription is induced by dehydration stress,

ABA treatment and blue light via CRY1.

AT1G57560 MYB50 0.658 Member of the R2R3 factor gene family.

AT2G22430 HB6 0.521 Encodes a homeodomain leucine zipper class I

(HD-Zip I) protein that is a target of the pro-

tein phosphatase ABI1 and regulates hormone

responses in Arabidopsis.

AT2G26150 HSFA2 2.168 member of Heat Stress Transcription Factor

(Hsf) family. Involved in response to misfolded

protein accumulation in the cytosol.
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AT2G30250 WRKY25 1.258 member of WRKY Transcription Factor;

Group I. Located in nucleus. Involved in re-

sponse to various abiotic stresses - especially

salt stress.

AT2G38470 WRKY33 0.800 Member of the plant WRKY transcription

factor family. Involved in response to various

abiotic stresses - especially salt stress.

AT2G46680 HB-7 0.557 encodes a putative transcription factor that

contains a homeodomain closely linked to a

leucine zipper motif. Is transcriptionally regu-

lated in an ABA-dependent manner and may

act in a signal transduction pathway whichme-

diates a drought response.

AT3G01470 HB-1 0.677 Encodes a homeodomain leucine zipper class I

(HD-Zip I) transcriptional activator involved

in leaf and hypocotyl development.

AT3G19580 ZF2 1.362 Encodes zinc finger protein. mRNA levels are

upregulated in response to ABA, high salt,

and mild desiccation. The protein is localized

to the nucleus and acts as a transcriptional

repressor.

AT3G28210 PMZ 0.942 Encodes a putative zinc finger protein (PMZ).

AT3G50260 CEJ1 1.038 Encodes a member of the DREB subfamily A-5

of ERF/AP2 transcription factor family. The

protein contains one AP2 domain. Involved in

defense and freezing stress responses.

AT3G61890 HB-12 1.035 Encodes a homeodomain leucine zipper class

I (HD-Zip I) protein. Loss of function mutant

has abnormally shaped leaves and stems.

AT4G17500 ERF-1 0.959 Encodes a member of the ERF (ethylene re-

sponse factor) subfamily B-3 of ERF/AP2

transcription factor family (ATERF-1). The

protein contains one AP2 domain.
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AT5G05410 DREB2A 1.778 Encodes a transcription factor that specifically

binds to DRE/CRT cis elements (responsive to

drought and low-temperature stress). Belongs

to the DREB subfamily A-2 of ERF/AP2 tran-

scription factor family (DREB2A). Microar-

ray and RNA gel blot analyses revealed that

DREB2A regulates expression of many water

stress inducible genes.

AT5G39610 NAC6 0.653 Encodes a NAC-domain transcription factor.

Positively regulates aging-induced cell death

and senescence in leaves. This gene is upregu-

lated in response to salt stress in wildtype It

was also upregulated by ABA, ACC and NAA

treatment

AT5G67450 ZF1 1.300 Encodes zinc-finger protein. mRNA levels are

elevated in response to low temperature, cold

temperatures and high salt. The protein is

localized to the nucleus and acts as a tran-

scriptional repressor.

Table 4.5: Transcription factors upregulated in response to a barrier at 6 hours that were
identified by GO analysis to be involved in osmotic/salt stress response
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Further supporting a link between the barrier response and osmotic stress signalling,

there was an induction of genes previously shown to be involved in the response

pathway to salt stress and osmotic stress (Figs. 4.25 and 4.26). SALT OVERLY

SENSITIVE 1 (SOS1) encoding a transporter of NA2+ and essential for plant tol-

erance to salt, is upregulated by a log2fc of 0.68 at 6 hours. Also upregulated is

PROTEIN KINASE SOS2-LIKE 5 (PIKS5), a SOS2-like protein kinase (Fig. 4.25).

The majority of upregulated genes related to osmotic stress signalling pathways, are

those involved in abscisic acid and calcium signalling pathways. CPK32, CAMB25,

CAM9 and CRCK1 are all calcium and calmodulin binding proteins with a pos-

sible role in osmotic stress responses identified through gene ontology analysis (Fig.

4.26). A highly upregulated gene linked to osmotic stress response, is SLAH4, a

homologue of SLAC1. SLAC1 and its homologues are anion channels essential for

anion homestasis in plants, with SLAC1 required for stomatal closure (Negi et al.,

2008). In roots, SLAH channels are involved in control nitrate and chloride loading

of the root xylem (Hedrich and Geiger, 2017), indicating a potential role for SLAH4

in controlling ion homeostasis in the root in response to stress. There is also an

upregulation at six hours of PP2CA, a negative regulator of ABA signalling, which

would seem to contradict the overlap with osmotic stress signalling. This suggests

that components of osmotic stress signalling induced by the barrier response may

be independent of ABA signalling.

Oxidative stress occurs as a result of accumulation of ROS, especially hydrogen

peroxide and often occurs secondary to other stress responses, in particular osmotic

and salt stress (Das and Roychoudhury, 2014; Farnese et al., 2016). An upregulation

of NADPH oxidases, such as RBOHD and RBOHF, is seen at 6 hours (Fig. 4.26),

suggesting an increase in the levels of hydrogen peroxide may be occurring. In

addition, a number of peroxidases are upregulated at six hours (including ATGPX2,

APX5, PER7, PER57 and PRX66 ). This indicates a possible over-accumulation of

ROS which requires balancing. Overall evidence from the data suggests an overlap

with osmotic and salt stress signalling, which is potentially independent of ABA.
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There is also an indication that oxidative stress may be occurring during the barrier

response as a result of an accumulation of ROS.

Locus ID
Primary
Gene
Symbol

LogFC
6hr Gene Description

AT1G30870 PER7 2.092 Peroxidase superfamily protein
AT2G31570 GPX2 0.804 glutathione peroxidase GPx
AT2G37130 1.053 Peroxidase superfamily protein
AT2G38390 0.667 Peroxidase superfamily protein
AT2G39040 1.129 Peroxidase superfamily protein
AT3G01190 1.243 Peroxidase superfamily protein
AT4G26010 1.699 Peroxidase superfamily protein
AT4G35970 APX5 0.855 Encodes a microsomal ascorbate peroxidase

APX5. Ascorbate peroxidases are enzymes
that scavenge hydrogen peroxide in plant cells.

AT4G37520 0.674 Peroxidase superfamily protein
AT4G37530 1.161 Peroxidase superfamily protein
AT5G14130 0.899 Peroxidase superfamily protein
AT5G17820 PER57 1.633 Peroxidase superfamily protein
AT5G24070 2.276 Peroxidase superfamily protein
AT5G51890 PRX66 1.321 encodes peroxidase involved in the lignification

of tracheary elements (TE) in roots
AT5G64100 1.261 Peroxidase superfamily protein
AT5G64110 1.930 Peroxidase superfamily protein

Table 4.6: Genes identified by RNA-Seq encoding Peroxidase family proteins that are
upregulated during the barrier response at 6 hours
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Figure 4.24: Abiotic stress related GO terms identified by GO analysis of genes upregulated at 6
hours A) Output from AgriGO (Du et al., 2010; Tian et al., 2017) after selecting for GO terms
relating to abiotic stress responses. B) Bar chart showing number of DEGs with a GO annotation

relating to abiotic stress compared with all known annotated genes.



4.5. Overlap with other stress responses 159

Figure 4.25: Transcriptomic changes in the salt stress signalling pathway after 6 hours of barrier
treatment. Red box indicates a gene within the pathway that is differentially expressed and a red
asterix represents where a homolog is differentially expressed. Figure adapted from Zhu (2016).
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Figure 4.26: Transcriptomic changes in the osmotic stress signalling pathway after 6 hours of
barrier treatment.Red box indicates a gene within the pathwat that is differentially expressed and
a red asterix represents where a homolog is differenitally expressed. Figure adapted from Zhu

(2016).
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4.6 The role of hormone signalling - evidence

from RNA-Seq data

Work in Chapter 3 demonstrated changes in root growth in response to sustained

mechanical impedance. Barrier response results in step-like growth pattern which

has been proposed to be the interaction of touch and gravity signalling (Massa and

Gilroy, 2003b). These processes are mediated by the action of different hormones.

In addition, overlap with stress responses was identified through GO analysis, which

are themselves known to be regulated by a number of hormones. Therefore RNA-

Seq data was investigated to identify possible hormone signalling pathways that are

activated in response to a barrier and whether these change between 6 and 30 hours.

After Gene Ontology analysis, a search of GO terms was carried out to find whether

any DEGs within the data set are known to be related to hormone responses. The

greatest number of GO terms relating to hormone responses were enriched in genes

upregulated at 6 hours (Fig. 4.27). Analysis identified genes upregulated at six

hours involved response to stimulus and/metabolic process for abscisic acid, salicylic

acid, jasmonic acid, ethylene, auxin, cytokinin and gibberellin. The hormone GO

terms with the greatest enrichment in DEGs were response to abscisic acid (79),

salicylic acid (67) and jasmonic acid (64) stimulus. There is however, a large amount

of overlap in genes identified by each GO term, with the majority of genes identified

at 6 hours as responding to two or more different hormones (Fig. 4.27). At 30 hours,

only genes identified as responding to abscisic acid were upregulated, at much lower

numbers than at six hours. The majority of genes relating to hormones signalling at

30 hours are downregulated, consistent with the observation that many stress related

genes are also downregulated after 30 hours (Fig.4.27 ). It therefore appears that the

majority of hormone related signalling may occur early on in the response, reducing

and possibly becoming more specific over time. Further analysis was subsequently

carried out to examine whether any components of hormone signalling pathways are

differentially expressed.
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Figure 4.27: Hormone signalling and metabolic/biosynthesis related GO terms identified by GO
analysis of genes differentially expressed in response to a barrier. A) Bar chart showing numbers
of DEGs identified by each GO term. Bars are grouped by the hormone the GO term relates to.
B) Venn diagram showing overlap of genes between GO terms relating to response to auxin,
cytokinin, abscisic acid (ABA), ethylene, salicylic acid (SA) and jasmonic acid (JA) stimulus.
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4.6.1 Auxin

GO analysis identified an enrichment of terms relating to auxin response and auxin

biosynthesis in the 6 hour upregulated and downregulated data sets, as well as the

30 hours downregulated data set. KEGG pathway mapping revealed differentially

expressed genes associated with the auxin signalling pathway at both 6 hours and 30

hours. At 6 hours PHYTOCHROME-ASSOCIATED PROTEIN 2 (PAP2), a mem-

ber of the AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) family, is downregulated.

At 30 hours, three AUX/IAA genes are differentially expressed; IAA30 and PAP2

are upregulated while IAA14 is downregulated (Fig. 4.28 AUX/IAA proteins act

as transcriptional repressors and are targeted for degradation in response to auxin

(Ulmasov et al., 1997; Tan et al., 2007). Expression levels of AUX/IAA genes change

themselves in response to auxin (Abel and Theologis, 1996) and each member has

distinct expression profiles in terms of expression levels and specificity (Overvoorde

et al., 2005). In addition, there are changes in expression of members of the SMALL

AUXIN UP-REGULATED RNA (SAUR) gene family. At six hours, SAUR36 is

downregulated whereas SAUR55 is upregulated. In contrast, SAUR36 is upregulated

at 30 hours. Changes of expression in AUX/IAA and SAUR proteins in response to

a barrier indicate a role for auxin signalling during the response that changes over

time. Additional investigation is needed to investigate whether AUX/IAA or SAUR

genes are more rapidly expressed at earlier time-points during the response.

KEGG Pathway mapping also identified three genes involved in auxin conjugation

that are upregulated at 6 hours (GH3.17, BRU6 and DFL1 ) and two downregulated

at 30 hours (GH3.17 and DFL2, Fig 4.28). These members of the GRETCHEN

HAGEN GH3 protein family are involved in IAA conjugation to amino acids and their

expression has previously been shown to be regulated by free auxin (Staswick et al.,

2005). Upregulation of GH3 family genes at 6 hours and subsequent downregulation

at 30 hours suggests a role for auxin conjugation during the barrier response, possibly

as a way of controlling free auxin levels in the root.
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The list of DEGs was also examined to identify any genes involved in auxin transport.

Further investigation of genes identified by GO analysis as involved in response to

auxin stimulus lead to the identification of three ATP-Binding Cassette (ABC) family

genes that are upregulated at 6 hours (ABCB1, ABCB4 and ABCG37 ). A role for

ABCB family proteins in auxin efflux has been demonstrated, with ABCB1 and

ABCB4 involved in auxin transport in the root with a possible role in regulating

the gravitropic response (Geisler et al., 2005; Wu et al., 2007; Lewis et al., 2007).

ABCB37 has been linked to transport of the IAA precursor IBA (Indole 3-Butyric

Acid) out of the root (Růžička et al., 2010). Upregulation of these genes at 6 hours

suggests changes in auxin transport and distribution are likely to occur during the

barrier response.
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Aux/IAA
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Figure 4.28: KEGG Pathway mapping of genes differentially expressed at 6 and 30 hours in
response to a barrier and identified as being involved in the auxin signalling pathway. (Kanehisa
et al. (2016), see Kanehisa and Sato (2020) for current version of mapping tools.) Genes present
within the data set are highlighted with colours corresponding to KEGG Orthology (molecular

function) definition (Kanehisa et al., 2016).
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4.6.2 Cytokinin

GO analysis identified 16 genes that involved in response to cytokinin stimulus and

5 involved in cytokinin metabolic processes (Fig. 4.27). Cytokinin has a key role

in regulating cell division and differentiation to regulate root meristem function

through interactions with auxin signalling (Moubayidin et al., 2009). It is therefore

possible the changes in auxin signalling and transport discussed in the previous

section, may result in changes in expression of genes involved in cytokinin signalling.

KEGG pathway mapping identified four DEGs at 6 hours that are involved in

cytokinin signalling (HK3, AHP6, ARR2, ARR17 ) and one at 30 hours (ARR3 )

(Fig. 4.29). Cytokinin signal transduction occurs through a phosphorelay system

between a histidine kinase (HK) receptor an authentic histidine phosphotransferase

(AHP) intermediate and downstream response regulators (RRs) (Hwang and Sheen,

2001; Kieber and Schaller, 2018). At six hours the gene encoding the cytokinin

receptor HISTIDINE KINASE 3, is upregulated, as are two RRs, ARR7 and ARR17.

Consistent with an upregulation in componentsAHP6 is downregulated at six hours.

AHP6 is a “pseudo- histidine phosphotransfer protein, the expression of which

is promoted by auxin, and has been shown to inhibit cytokinin signalling during

vascular development and lateral root initiation (Mähönen et al., 2006; Moreira

et al., 2013b,a). Type-A RRs represent the most highly upregulated gene at 6 hours

(ARR17, log2 FC 2.87) and the only upregulated cytokinin signalling gene at 30 hours

(ARR3, log2fc 1.215). Type-A RRs act as negative-feedback regulators of cytokinin

signalling and their expression is induced directly by Type-B RRs (Brandstatter and

Kieber, 1998; D’Agostino et al., 2000; Taniguchi et al., 2007). Type A RRs have

also been shown to be required for proper root apical meristem functioning through

post-transcriptional regulation of PIN auxin efflux carriers (Zhang et al., 2011).

More experimental work could determine whether changes in cytokinin signalling

are required to maintain meristem function during the barrier response.
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Figure 4.29: KEGG Pathway mapping of genes differentially expressed at 6 and 30 hours in
response to a barrier and identified as being involved in the cytokinin signalling pathway.

(Kanehisa et al. (2016), see Kanehisa and Sato (2020) for current version of mapping tools.) Genes
present within the data set are highlighted with colours corresponding to KEGG Orthology

(molecular function) definition (Kanehisa et al., 2016).

4.6.3 Abscisic Acid (ABA)

A large number of genes upregulated at 6 hours were identified by Gene Ontology

analysis as being related to the response to abscisic acid signalling. In addition, the

only hormone related genes identified as being upregulated at 30 hours were those

involved in ‘response to abscisic acid stimulus’. However, KEGG pathway mapping

identified relatively few genes involved in the ABA signalling pathway. At odds with

the large number of ABA responsive genes upregulated at 6 hours, the only differen-

tially expressed signalling component at 6 hours is PROTEIN PHOSPHATSE 2C

(PP2C) which is upregulated (Fig. 4.30). PP2Cs are considered negative regulators

of ABA signalling, so an increase in expression of PP2CA may point to a decrease

in ABA signalling (Raghavendra et al., 2010; Antoni et al., 2011). It is possible this

increase in PP2CA expression represents a negative feedback loop of ABA signalling,

as has been shown for ABI1 and ABI2, members of the PP2C family whose phos-

phatase activity increases in response to ABA (Merlot et al., 2001). At 30 hours there
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is an increase in expression of PYR1, which encodes an ABA receptor. PYR/PYL

are positive regulators of ABA signalling, sequestering PP2Cs and preventing them

from inactivating ABA signalling (Raghavendra et al., 2010; Antoni et al., 2011).

An increase in expression of PYR1 indicates a possible increase in ABA signalling.

It is therefore possible that ABA is involved in the longer-term response as well as

the short-term response to a barrier. More work is needed to understand how ABA

signalling is controlled in response to a barrier, whether it is essential for the barrier

response, and how the dynamics of ABA signalling may change over time.

PP2C

PYR/PYL

6hr

30hr

6hr 30hr

KEGG Orthology IDKEGG Orthology ID

Figure 4.30: KEGG Pathway mapping of genes differentially expressed at 6 hours in response to
a barrier and identified as being involved in the abscisic acid (ABA) signalling pathway.

(Kanehisa et al. (2016), see Kanehisa and Sato (2020) for current version of mapping tools.) Genes
present within the data set are highlighted with colours corresponding to KEGG Orthology

(molecular function) definition (Kanehisa et al., 2016).

4.6.4 Ethylene

A role for ethylene signalling in the root response to barriers or mechanical stress

has previously been demonstrated in maize (Sarquis et al., 1991), tomato (Santisree

et al., 2011) and Arabidopsis (Okamoto et al., 2008). Ethylene signalling has also

been shown to be required for root waving and bending (Buer et al., 2003; Yamamoto

et al., 2008). Gene ontology analysis revealed some evidence for ethylene signalling,

with 45 genes relating to ‘response to ethylene stimulus’ and 26 genes relating to
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‘ethylene biosynthetic process’ being upregulated at 6 hours (Fig. 4.27). KEGG

pathway mapping identified upregulation at 6 hours of ETHYLENE INSENSTIVE

LIKE 2 (EIL2), a component of the ethylene signalling pathway (Fig. 4.31). EIN3

and EIN3-LIKE (EIL) transcription factors are considered key transcriptional reg-

ulators of the ethylene response (Chao et al., 1997; Guo and Ecker, 2004; Alonso

and Stepanova, 2004). EIL2 transcript level is low throughout plant tissues, with

moderate expression seen in the root apical meristem and pollen under normal con-

ditions, suggesting function is limited to specific spatiotemporal conditions (Dolgikh

et al., 2019). The upregulation of EIL2 at 6 hours indicates a possible involvement

of ethylene signalling. In Arabidopsis, transcriptional targets of EIN3 and EIL genes

include the ETHYLENE RESPONSE FACTOR (ERF) genes (Solano et al., 1998).

At 6 hours, two ERF genes, ERF1A and ERF4 are upregulated at 6 hours. ERF

genes have previously been reported to increase in response to stress, with ERF4

being upregulated in response to salt (Seo et al., 2010).

EIN3

6hr

KEGG Orthology ID

Figure 4.31: KEGG Pathway mapping of genes differentially expressed at 6 hours in response to
a barrier and identified as being involved in the ethylene signalling pathway. (Kanehisa et al.

(2016), see Kanehisa and Sato (2020) for current version of mapping tools.) Genes present within
the data set are highlighted with colours corresponding to KEGG Orthology (molecular function)

definition (Kanehisa et al. (2016)).

In addition to an upregulation at 6 hours of genes involved in ethylene signalling,

there is an upregulation of genes involved in ethylene biosynthesis. Ethylene is
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synthesised from the amino acid methionine through conversion to an ethylene

precursor, 1-aminocyclopropane-1-carboxylic acid (ACC) (Adams and Yang, 1979;

Yang and Hoffman, 1984). The process involves the enzymes 1-aminocyclopropane-

1-carboxylase synthases (ACS) and ACC oxidases (ACO). At 6 hours, ACS5 is

upregulated by a logFC of 2.52, suggesting an increase in the production of ethylene

in response to a barrier (Fig. 4.32). In addition, an ACC oxidase, ETHYLENE

FORMING ENZYME (EFE) is also upregulated at 6 hours. However, there is also

and increase in expression of negative regulator of ethylene biosynthesis, ETO1-

LIKE 2 (ELO2). ETO1/ELO negatively regulate ACC synthase levels, by aiding

with their degradation (Christians et al., 2009). An increase in ELO2 indicates

there may be a negative feedback on ethylene signalling beginning to occur at 6

hours. At 30 hours, ACS5 and ELO1 are both downregulated indicating a possible

decrease in ethylene biosynthesis and the mechanisms required to regulate it. The

upregulation in ethylene biosynthesis may therefore be fast and transient during the

barrier response, but more work is needed to determine whether it is essential and

how it might relate to other signalling events.



4.6. The role of hormone signalling - evidence from RNA-Seq data 170

Methionine

SAM

ACC

Ethylene

ACC Synthase

SAM synthase

ACC Oxidase

ATP

PPi + Pi

S-methyl-5'thioadenosine H

O
L-ascorbate
H

2

+

2H 0
L-dehidro-ascorbate
CO
HCN

2

2

+ETO1/EOL

Figure 4.32: Genes differentially expressed at 6 hours in response to a barrier and identified as
being involved in the ethylene biosynthesis pathway. Components of the pathway with an
identified DEG are highlighted red (ACC Synthase), orange (ACC Oxidase) and yellow

(ETO1/EOL1).
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4.6.5 Jasmonic Acid (JA) and Salicylic Acid (SA)

Both Jasmonic acid (JA) and Salicylic acid (SA) signalling have been linked to plant

responses to pathogens/ the plant immune response. SA appears to be the major

defence hormone against biotrophic pathogens, whereas JA is produced in response

to wounding and necrotrophic microbes (Spoel et al., 2007). Gene ontology analysis

of DEGs upregulated at six hours identified enriched GO terms relating to response

to biotic stress and KEGG pathway mapping identified overlap with genes involved

in defence responses (Fig. 4.4, Fig. 4.23). In addition, an upregulation of genes

relating to response to JA stimulus and SA stimulus was identified at 6 hours, with

downregulation of genes known to respond to these hormones occurring at 30 hours

(Fig. 4.27). Crosstalk between the two hormones during defence responses has been

reported, with both an antagonistic and synergistic relationship occurring depending

on the relative concentration of each hormone (Mur et al., 2006; Li et al., 2019).

Genes involved in both signalling pathways are upregulated at six hours (Figs. 4.33

and 4.34). NPR3, a nuclear receptor for SA, is upregulated at 6 hours. However,

NPR3 is a repressor of transcription and its activity is inhibited by SA (Ding et al.,

2018). Conversely, TGACG (TGA) MOTIF-BINDING PROTEIN 10 (TGA10) is

upregulated six hours, suggesting an activation of transcription by SA. It is possible

that TGA10 transcription is activated independently of SA signalling, as has been

suggested by Noshi et al. (2016). Noshi et al. (2016) found TGA10 acted independ-

ently of SA signalling during the response to bacterial PAMP flg22 and thatTGA10

expression was not influenced by SA. Alternatively, SA mediated signalling may

be a response that occurs much earlier than 6 hours within the barrier response.

Although genes responding to SA stimulus are upregulated at 6 hours, the addi-

tional upregulation of NPR3 indicates a decrease in SA signalling, possibly through

negative feedback.
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Figure 4.33: KEGG Pathway mapping of genes differentially expressed at 6 hours in response to
a barrier and identified as being involved in the salicylic acid (SA) signalling pathway. (Kanehisa
et al. (2016), see Kanehisa and Sato (2020) for current version of mapping tools.) Genes present
within the data set are highlighted with colours corresponding to KEGG Orthology (molecular

function) definition (Kanehisa et al., 2016).
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Figure 4.34: KEGG Pathway mapping of genes differentially expressed at 6 hours in response to
a barrier and identified as being involved in the jasmonic acid (JA) signalling pathway. (Kanehisa
et al. (2016), see Kanehisa and Sato (2020) for current version of mapping tools.) Genes present
within the data set are highlighted with colours corresponding to KEGG Orthology (molecular

function) definition (Kanehisa et al., 2016).
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KEGG pathway mapping provides similarly conflicting evidence for JA signalling dur-

ing the barrier response. JASMONATE-ZIM-DOMAIN PROTEIN (JAZ) proteins

act as transcriptional repressors and are targeted for degradation upon perception

of JA by the CO1 receptor (Chini et al., 2007; Thines et al., 2007; Yan et al., 2018;

Oblessuc et al., 2020). At 6 hours, JAZ4 is upregulated, suggesting a repression of

JA signalling. However, the transcription factor MYC2 is upregulated, indicating an

activation of JA signalling (Fig. 4.34. JA is known to be involved in crosstalk with

many other plant hormones with the core JAZ-MYC signalling component playing a

key role (reviewed in Li et al. (2019) and Jang et al. (2020)). Changes in expression

of components of the JA signalling pathway may occur during the barrier response

as a result of extensive crosstalk with other hormones. Again, at 30 hours, genes

relating to the response to JA stimulus are downregulated.

Overall, there is some evidence for the involvement of SA and JA signalling during

the response to a barrier. However, in both cases it may represent a transient

signalling response that occurs only during the early hours of the root response to a

barrier.

4.6.6 Calcium

Calcium signalling has long been reported as an early signalling event to touch stimuli

in plants (Knight et al., 1991, 1992; Braam, 1992; Trewavas and Knight, 1994; Fasano

et al., 2002; Nakagawa et al., 2007; Tsugama et al., 2018). In addition, a role for

calcium signalling has been shown during the root response to gravity (Fasano et al.,

2002; Toyota et al., 2008; Salmi et al., 2011; Toyota and Gilroy, 2013)). Calcium

signalling in response to mechanical stimulus is thought to stimulate downstream

signalling events involving reactive oxygen species (Monshausen et al., 2009) and

plant hormones (Shih et al., 2014; Lee et al., 2020; Ding et al., 2020). Changes in

cytosolic Ca2+ levels have been linked to rapid signalling activity throughout the

plant, with a Ca2+ wave coupling local sensing of a stimulus (e.g. wounding, salt or
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touch) to adaptive responses across the whole plant (Gilroy et al., 2016). Calcium

fluctuations are perceived by calcium sensors, proteins that bind calcium changing

their conformation and functions, that initiate further downstream responses (Tuteja

and Mahajan, 2007; Liese and Romeis, 2013; Ranty et al., 2016). Components of

calcium signalling upregulated during the barrier response at 6 hours were identified

through overlap with other stress responses (4.23, 4.5.2). These included CALCIUM

DEPENDENT PROTEIN KINASES (CPK16, CPK19, CPK23, CPK25, CPK31

and CPK32 ) and calmodulin/calcium binding proteins (CAM9, CML23, CML25,

CML37)). Further investigation using GO analysis identified proteins relating to

‘calcium ion transport’, ‘calcium ion homeostasis’, ‘calcium ion binding’ and ‘calcium

mediated signalling’ (Fig. 4.35). These were upregulated at 6 hours, with some

genes involved in ‘calcium ion transport’ being downregulated at 30 hours. This

suggests calcium signalling is likely to play a role in the early response to a barrier

and changes in Ca2+ levels have been shown to change in the epidermis and cortex

of root bending in response to a barrier (Monshausen et al., 2009). Further work is

needed to see whether there are any changes in cytosolic Ca2+ at the root tip, in

particular the columella cells, as a root encounters a barrier and how long this signal

may last.
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Figure 4.35: Calcium homeostasis and signalling related GO terms identified by GO analysis of
genes differentially expressed in response to a barrier. Bar chart shows number of genes identified

with the identified GO annotation.
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4.6.7 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) have been proposed to act much like calcium as a

rapid wave like signal during stress responses, mediated by RESPIRATORY BURST

OXIDASE HOMOLOG D (RBOHD) activation along its path (Miller et al., 2009;

Gilroy et al., 2014, 2016). ROS waves have been shown to be triggered by different

types of stress, and is thought to integrate with additional signalling pathways to

convey specificity (Suzuki et al., 2013; Gilroy et al., 2016; Devireddy et al., 2018;

Fichman and Mittler, 2020). However, accumulation of ROS can occur from multiple

sources, which are grouped into three major categories. Metabolic background ROS,

produced through processes such as respiration and photosynthesis, ROS produced

through metabolic imbalances caused by changes in environmental conditions and

active ROS production which is regulation through specific enzymes (see Vaahtera

et al. (2014) for a review). GO analysis showed enrichment in terms relating to

ROS metabolism. At six hours there was an upregulation in genes relating to ‘re-

active oxygen species metabolism’ and ‘hydrogen peroxide catabolism’. (Fig. 4.4)

In addition, genes identified in root tissues through comparison with tissue mark-

ers show enrichment for terms relating to ROS, suggesting ROS signalling and/or

accumulation is occurring at the root tip (Figs. 4.18 and 4.20). The upregulation

of genes identified as involved in ‘response to oxidative stress’ provides additional

evidence for an accumulation of ROS (Fig. 4.24). NADPH oxidases, also known

as respiratory burst oxidase homologs, are key ROS producing enzymes in plants

and act as molecular ‘hubs’ during ROS-mediated signalling (see Hu et al. (2020)

for review). They are also important for developmental processes, for example root

hair development (Foreman et al., 2003; Jones et al., 2007). Six NADPH oxidase

genes are upregulated at 6 hours (Table 4.7), consistent with an enrichment of genes

regulating to ROS metabolic processes. These include RBHOD and RBOHF, which

have been shown to be involved in a number of abiotic and biotic stress responses

(Xie et al., 2011; Liu et al., 2015; Morales et al., 2016; Wang et al., 2019). In addi-

tion, ROOT HAIR DEFECTIVE 2 (RHD2), is upregulated at six hours, and has
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previously been linked to have a role involving calcium signalling during root touch

responses (Monshausen et al., 2009). Enrichment of hydrogen peroxide metabolic

process is consistent with the upregulation of peroxidases (Table 4.6), previously

discussed as having a role in the response to oxidative stress (4.5.2). ROS levels

are regulated through this balance of production and scavenging, and a list of the

main ROS-scavenging genes has been identified by Mittler et al. (2004). These were

compared with data from 6 hours to examine whether there is any other evidence for

an increase in ROS scavenging activity. 20 ROS scavenging genes were upregulated

at 6 hours with only one gene being downregulated (Fig. 4.36). Although this

indicates changes in ROS levels may be occurring in response to a barrier, due to the

complex nature of ROS production it is difficult to determine from gene expression

data alone the exact nature of these changes.

Transcriptomic changes in response to ROS have previously been documented and

transcriptomic footprint of genes expression after treatment with ROS has been

created by Gadjev et al. (2006). Comparison of this footprint with the data obtained

for response to a barrier allowed further examination of whether there is an activation

of ROS signalling pathways. At 6 hours, 32 upregulated genes overlap with the data

from Gadjev et al. (2006) for genes regulated under a general response to ROS (Fig.

4.37, A). Additional analysis with data from Gadjev et al. (2006) found DEGs at

6 hours that are known to be regulated in response to specific ROS species (Fig.

4.37, B). The greatest number of genes at six hours, appear to be upregulated in

response to singlet oxygen (Fig. 4.37, B), with very few genes downregulated. The

large number of ROS transcriptomic footprint genes upregulated at six hours further

indicates an elevation of ROS signalling/responses when a root encounters a barrier.

Overall, the data suggest an accumulation of ROS and upregulation of genes involved

in maintaining the balance of ROS, in addition to an upregulation of genes whose

expression is known to be altered in response to ROS. However, further experimental

work is needed to identify the precise role of ROS production and signalling during

the barrier response, due to its complex nature.
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Locus ID
Primary
Gene
Symbol

LogFC
6hr Gene Description

AT1G09090 RBOHB 0.608 NADPH-oxidase AtrbohB plays a role in seed
after-ripening. Major producer of superoxide
in germinating seeds. AtrbohB pre-mRNA is
alternatively spliced in seeds in a hormonally
and developmentally regulated manner.

AT1G64060 RBOHF 0.608 Interacts with AtrbohD gene to fine tune the
spatial control of ROS production and hyper-
sensitive response to cell in and around infec-
tion site.

AT4G11230 RBOHI 0.694 NADPH-oxidase RbohI is expressed highly in
seeds and roots. Mutants have inreased sens-
itivity to osmotic stress suggesting a role in
mediating cellular response to stress in roots.

AT5G07390 RBOHA 1.063 respiratory burst oxidase homolog A
AT5G47910 RBOHD 0.743 NADPH/respiratory burst oxidase protein D

(RbohD).Interacts with AtrbohF gene to fine
tune the spatial control of ROI production and
hypersensitive response to cell in and around
infection site.

AT5G51060 RHD2 1.145 RHD2 (along with RHD3 and RHD4) is re-
quired for normal root hair elongation. Has
NADPH oxidase activity. Gene is expressed in
the elongation and differention zone in tricho-
blasts and elongating root hairs. Required for
the production of reactive oxygen species in
response to extracellular ATP stimulus. The
increase in ROS production stimulates Ca2+

influx.

Table 4.7: NADPH-oxidase genes identified through RNA-Seq that are upregulated during the
barrier response at 6 hours.
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Figure 4.36: ROS Scavengers differentially expressed at 6 hours. A) Venn diagram of common
genes between ROS scavengers identified by Mittler et al. (2004) and DEGs regulated at 6 hours
in response to a barrier. B) 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 log2fc

identified with P-value <0.05.
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Figure 4.37: Genes differentially expressed at 6 hours in response to a barrier that relate to
Reactive Oxygen Species (ROS) response A) Venn diagram showing common genes between genes
differentially expressed at 6 hours in response to a barrier and genes identified as a general ROS
transcriptomic footprint (Gadjev et al., 2006). B) Bar chart showing number of genes identified
from the RNA-Seq data set at 6 hours identified by Gadjev et al. (2006) as relating to specific

reactive oxygen species responses.
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4.7 Summary

The work in this chapter aimed to better understand the transcriptomic changes that

occur in vertically growing Arabidopsis roots during the response to a horizontal

barrier. RNA-Sequencing was carried out and a list of DEGs identified between

unimpeded control roots and those encountering a barrier at two different timepoints

after barrier placement (6 hours and 30 hours). Gene ontology analysis provided an

overview of the data, identifying biological processes enriched with upregulated and

downregulated DEGs at each timepoint.Additional bioinformatic tools and literature

searches were used to further understand the data. Gene expression was found to

differ substantially between 6 and 30 hours, with many genes upregulated at 6 hours

subsequently downregulated at 30 hours. Differential alternative splicing analysis

identified a large number of DAS genes at 30 hours and very few DAS genes at 6

hours. Comparison with data from the literature identified genes that are expressed

in specific root cell types/tissues, with further GO analysis providing insight into

the biological processes these genes are involved in. Analysis of significant GO terms

and mapping of the list of DEGs to KEGG pathways identified an overlap of the

barrier response with other stress responses, notably the response to pathogens and

osmotic/salt stress. Further work in this chapter aimed to investigate the possible

regulation of hormone signalling pathways in response to barrier.

Data from the RNA-Seq experiment suggest that in response to barrier there is a large

upregulation of hormone responsive genes at 6 hours, which decreases substantially at

30 hours. This includes genes relating to auxin, cytokinin, ABA, ethylene, jasmonic

acid and salicylic acid. The regulation of hormone signalling pathway appears to be

particuarly complicated at 6 hours, with likely crosstalk occuring between multiple

signalling pathways. As well as signalling, evidence was found for changes in Auxin

transport and conjugation at six hours, with the upregulation of ABC family genes

and GH3 family genes at 6 hours. In addition, there appears to be a possible increase

in ethylene biosynthesis at 6 hours, with the upregulation of genes involved in the
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biosynthesis pathway. Substantial evidence exists for changes in ROS levels, hinting

to a possible role of ROS as an early signalling event. Overall the data suggests

signalling events and stress responses occur rapidly in response to a barrier, within

the first 6 hours, which are then substantially reduced within 30 hours.



Chapter 5

The effect of mechanical

impedance on root hormone levels

and responses
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5.1 Introduction

The previous chapter described the use of RNA-Seq to investigate gene expres-

sion changes occurring in the root in response to encountering a barrier to growth.

Bioinformatic analysis of differentially expressed genes identified changes in genes

involved in a number of hormone signalling pathways, including auxin, cytokinin,

ABA, ethylene, jasmonic acid and salicylic acid, which are upregulated at 6 hours

after encountering a barrier. In addition, there are changes in expression at 6 hours

of genes involved in auxin transport and conjugation as well as ethylene biosynthesis.

Substantial evidence from RNA-Seq analysis also points to a role for ROS as an

early signalling event. Evidence from RNA-Seq suggests that initial upregulation of

hormone signalling responses are subsequently downregulated in the root 30 hours

after encountering a barrier. However, analysis of phenotypic changes in the root

in response to a barrier shows that the step like growth pattern is maintained 24

hours after initial contact with a barrier. This suggests some changes in hormone

signalling and transport, in particular auxin, may still be necessary to maintain the

barrier response over time.

The work in this chapter aims to investigate the roles hormone signalling, transport

and biosynthesis play in the root response to a barrier, focusing on the role of

Auxin, Ethylene and ROS. The use of mutants and chemical inhibitors was used to

manipulate signalling pathways and synthesis in order to investigate their roles in

the root response to a barrier. Confocal microscopy and fluorescent markers/ dyes

were used to visualise localisation and expression of signalling components. These

techniques were used together to examine the mechanisms that may be involved in

root response to a barrier. Both the early response, between 0 and 6 hours and the

later response at 24 hours was investigated, to determine how the role of signalling

components might change over time.
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5.2 Auxin

Analysis of RNA-Seq data showed an increase in expression of genes related to auxin

responses at 6 hours (Chapter 4, section 4.6.1). In addition there was an upregulation

of genes involved in auxin conjugation and transport. Previous work has identified

a role for auxin in the response of roots to continuous mechanical stimulation by

a dialysis membrane (Okamoto et al., 2008; Jacobsen, 2016). Recently, changes in

auxin distribution have been shown to occur in bending roots responding to a barrier

(Lee et al., 2020). Research in this section aims to further investigate the role of

auxin during the root response to a barrier.

5.2.1 Preliminary analysis of PIN protein expression using

the dialysis membrane assay

It has previously been demonstrated that the response of roots to continuous mech-

anical stimulation through horizontal growth along a dialysis membrane requires

auxin (Okamoto et al., 2008). Experiments using this system have shown roots

exhibit reduced root growth as well as changes to auxin distribution in the root tip

(Okamoto et al., 2008; Jacobsen, 2016). It was therefore examined whether there

are any changes to the expression or location of PIN proteins involved in the trans-

port of auxin during the response of the root to continuous mechanical stimulation.

Seedlings were transferred to plates covered with a dialysis membrane 3 days after

germination (DAG) and orientated either vertically or horizontally. qRT-PCR was

then used to examine changes in PIN1 and PIN2 expression four days after continu-

ous horizontal growth along a dialysis membrane. Changes in PIN protein expression

was observed in roots growing horizontally along the dialysis membrane compared

with vertically grown controls. Relative PIN1 expression decreased significantly

from 2.35 (± 0.19) to 1.72 (± 0.12), and PIN2 expression increased significantly

from 3.15 (± 0.17) to 3.96 (± 0.16) (Fig. 5.1, t.test < 0.05). This suggests that

PIN gene expression is regulated during the root response to mechanical impedance,
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and this occurs even after four days of growth along a barrier. The decrease in

PIN1 expression indicates a decrease in the acropetal transport of auxin towards the

root tip whereas the increase in PIN2 expression suggests an increase in basipetal

transport of auxin towards the elongation zone.
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Figure 5.1: Expression of PIN1 and PIN2 in primary roots four days after continuous
mechanical impedance by a dialysis membrane. Bar charts show relative normalised transcript
level of PIN1 6 hours PIN2 determined by qRT-PCR in roots after 4 days of horizontal growth

along a dialysis membrane after barrier placement. Normalised against a reference gene,
AT1G13320. Values show mean ± SE. Three biological repeats and three technical repeats used.
Brackets and stars indicate significance with independent samples t test, P-value < 0.05 (NS =

not significant, * < 0.05, ** < 0.01, *** < 0.001)
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5.2.2 PIN1 is internalised in response to continuous

mechanical stimulation by a dialysis membrane

Confocal microscopy was used to further investigate PIN1 protein localisation in

response to continuous mechanical impedance. Seedlings of the reporter line proPIN1-

::PIN1:GFP were transferred to dialysis membrane plates 3DAG and imaged using

laser scanning confocal microscopy after four days of continuous horizontal growth

along the dialysis membrane. PIN1:GFP fluorescence was observed in the basal side

of stele cells in the root tip (Fig. 5.2, A). Fluorescence was measured at both the

cell membrane and cytosol to examine whether the level of PIN1 changes at the cell

membrane during the response to mechanical impedance. Whilst PIN1 fluorescence

does not change at the cell membrane, there is a significant increase in fluorescence in

the cytosol from a median of 16.3 (IQR = 2.5) to 20.8 (IQR = 2.7) (Figure 5.2 A,B; t-

test p = 0.048). The ratio of cell membrane to cytosol fluorescence was subsequently

calculated to investigate whether there was an increase in fluorescence in the cytosol

relative to the cell membrane, indicating an increase in PIN1 protein internalisation.

The median ratio of cell membrane:cytosol fluorescence decreased significantly from

1.97 (IQR = 0.34) to 1.65 (IQR = 0.05) in roots growing horizontally along a barrier

(Figure 5.2 C, t.test p = 0.032). This further indicates an increase in fluorescence in

the cytosol and therefore an internalisation of PIN1 proteins.
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Figure 5.2: PIN1 internalisation in response to continuous mechanical stimulation by a dialysis
membrane. A) proPIN1::PIN1:GFP (Green) line was transferred to vertically or horizontally

orientated dialysis membrane plates at 3DAG and imaged at 7DAG after staining with propidium
iodide (Magenta) to reveal cell structure. Scale bar indicates 50 µm. B) Measured fluorescence of

at the cell membrane and within the cytosol. C) Ratio of cell wall/cytosol fluorescence. For
boxplots, upper and lower boundaries of the box indicate the interquartile range (IQR), a black
line within the box marks the median, and whiskers represent the min and max excluding outliers.
Open circles represent outliers. Brackets and stars indicate significance with independent samples

t test (P-value <0.05) NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.2.3 Investigating the role of auxin signalling and

transport during the short term response to a barrier

Further investigation of the signalling components involved in the response to a

barrier focused on the short term response between 0 and 24 hours of growth using

the horizontal barrier assay (described in Methods section 2.3.3) which was used

to investigate gene expression changes in the RNA-Seq experiment (Chapter 4)

Seedlings were grown vertically for 6 days to establish vertical growth of the primary

root. Plastic barriers were inserted below the root tip of primary roots to investigate

the bending response of the root to a barrier and the signalling components involved.

5.2.4 The effect of a barrier on the root tip angle of auxin

mutants

To further examine the role of auxin during the barrier response at 24 hours after

encountering a barrier, the barrier response of mutants in auxin signalling (axr1 )

and transport (aux1 and eir1 ) was examined. The aux1 mutant has impaired auxin

influx (Pickett et al., 1990) and eir1 a mutant of PIN2 has reduced auxin efflux

capability (Roman et al., 1995). The axr1 mutant is auxin insensitive and encodes

a protein related to auxin signal-mediated ubiquitination of repressor Aux/IAA

(Leyser et al., 1993; Del Pozo et al., 2002).

Plastic barriers were placed in front of primary roots of seedlings 6 days after

germination (DAG) and root tips were imaged at 24 hours. Root tip angle (RTA)

was measured to examine whether mutants in auxin signalling and transport are

able to establish bending at the root tip in response to a barrier. Root tip angle

in response to a barrier after 24 hours was found to be significantly affected by

genotype (ANOVA, < 0.001), however, the response differed between mutants (Fig.

5.3). Root tip angle (RTA) did not differ significantly between Col-0 and axr1, with

Col-0 having an average RTA of 130 (± 4.21) and axr1 an average angle of 139
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(± 4.9). However, RTA did differ significantly between Col-0 and the two auxin

transport mutants, aux1 and eir1. RTA was greater, with aux1 having an average

RTA of 170 (± 3.7) and eir1 having an average RTA of 162 (± 1.61). This increase

in root tip angle towards the horizontal suggest that auxin transport, both influx

and efflux, is essential for establishment of the secondary bending of the root tip in

response to a barrier.

Col0 

Col0 +/- SE

aux1 

eir1

+/- SEaux1 

eir1 +/- SE

axr1 

+/- SEaxr1 

A B

Col0

aux1

eir1

axr1

a

a
b

b

Figure 5.3: The response of axr1, aux1 and eir1 to a barrier. A) Plastic barriers were placed in
front of primary roots of seedlings 6 days after germination (DAG) and root tips were imaged at
24 hours after encountering a barrier. Scale bar indicates 0.5 mm. B) Graph indicating the angle
of primary root tips to the horizontal barrier. Lines indicate mean and surrounding shaded area

indicates ± SE. Letters indicate significance with a Tukey Pairwise comparison P < 0.05
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5.2.5 Timelapse imaging of aux1 and eir1 between 0 and

8 hours after barrier placement

To examine the role of auxin transport during initial early hours of the bending

response, time-lapse imaging was used to investigate changes in root tip angle and

growth of aux1 and eir1 between 0 and 8 hours after encountering a barrier. Com-

pared with results obtained from previous time-lapse imaging of Col-0, root tip

angle (RTA) was significantly different between Col-0, aux1 and eir1 (Fig. 5.4).

Col-0 RTA changes from a mean of 93.8o (± 2.2) to 121.3o (± 6.4) after 8 hours

whereas eir1 changes from an average of 93.3o (±1.6) to 155.4o (± 3.9). The aux1

mutant changes from a mean of 95.o (± 2.8) at 0 hours to 167.6o (± 5.3) after 8

hours. Therefore, both eir1 and aux1 display root tip angles that are closer to the

horizontal than Col-0, and this difference can be observed during the early hours of

the barrier response. Difference in RTA appears around 210 minutes where average

Col-0 RTA is 123.8o (± 2.6) and remains constant from this time point. However,

at 210 minutes, average eir1 RTA 133o (±5.5) and average aux1 RTA is 138.4o (±

3.4), with both continuing to increase. Initial bending between 0 and 210 minutes

appears the same between Col-0 and auxin mutants (Fig. 5.4)

Root growth was also measured between 0 and 8 hours for eir1 and aux1 to examine

whether there are any changes in root growth along a barrier in mutants with

impaired auxin transport. Root growth is significantly different between Col-0 and

aux1, but does not differ significantly with eir1. Col-0 grew an average of 0.96

mm (± 0.13) between 0 and 8 hours after encountering a barrier whereas aux1 on

average grew 1.3 mm (± 0.05). Growth of eir1 was on average greater than Col-0

but also very variable and as such did not differ significantly from Col-0 (Fig. 5.5

A). Growth rate did not change in either aux1 or eir1 in response to a barrier over

time(ANCOVA, p > 0.05), however, it was significantly higher than Col-0 in aux1.

Growth rate of Col-0 was on average 1.98 µm/ min (± 0.04) whereas growth rate of

aux1 was 2.7 µm/min (± 0.04) and in eir1 was 2.33 µm/min (± 117) (Fig. 5.5 B)
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This suggests that auxin transport via AUX1 and PIN2 is not required to maintain

root growth rate in response to a barrier, however, impairing auxin transport via

AUX1 may result in increased root growth overall during the barrier response.
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Figure 5.4: Timelapse imaging of aux1 and eir1 between 0 and 8 hours after barrier placement.
Plastic barriers were placed in front of 6 day old growing roots and root tips were imaged every 15
minutes. A) Root Tip Angle (RTA) over time from 0-480 minutes after contact with a barrier.

Root tip angle was measured every 15 minutes. Letters indicate significance with a Tukey Pairwise
comparison based on all data points within the curve, P < 0.05 B) Time-lapse images of a Col-0,
aux1 and eir1 root tip encountering a horizontal barrier at 0-8 hours after contact with the barrier.

Lines and dots indicate mean with shaded area indicating ± SE. Scale bar indicates 0.5 mm.
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Figure 5.5: Growth of axr1, aux1 and eir1 during the barrier response. Root growth as
measured by time-lapse imaging of roots encountering a barrier. A) Root growth of the primary
root tip between 0-480 minutes after contact with the barrier. Letters indicate significance with a
Tukey Pairwise comparison, P < 0.05 B) Root growth rate (µm/min) between 15-480 minutes
after encountering a barrier.Plastic barriers were placed in front of 6 day old growing roots and
root tips were imaged every 15 minutes. Lines and dots indicate mean with shaded area indicating

± SE.
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5.2.6 The effect of chemical inhibition of auxin transport

on the root response to a barrier

To further investigate the role of auxin transport during the root response to a barrier,

seedlings were grown in media supplemented with the auxin transport inhibitor N-1-

naphthylphthalamic acid (NPA). Seedlings were grown in the presence of 2.5 µM and

10 µM NPA. As NPA was dissolved in DMSO in for incorporation into the growth

media, seedlings were grown on media supplemented with 10 µM DMSO without

NPA as a control. Root tips were imaged at 6 hours and 24 hours after barrier

placement to examine whether the effect differs at these timepoints. Root tip angle

and root growth were measured at both time points to assess the effect of NPA on

initial bending and maintenance of bending and growth.

The effect of NPA on Root tip angle (RTA)

At six hours after barrier placement, mean RTA of Col-0 growing on 10 µM DMSO

was 132o (±2.9). RTA of seedlings grown with 2.5 µM of NPA was greater, at 144o

(± 6.24) however, this difference was not significant. Seedlings grown with 10 µM had

a significantly higher RTA than Col-0 (161o ± 4.4)(Fig. 5.6 A,B) At 24 hours mean

RTA at both NPA concentrations was greater than the control. Control seedlings

encountering a barrier had an RTA of 140o (±3.3). Seedlings grown on 2.5 µM NPA

had an increased mean RTA of 159o (±6.5) and seedlings grown on 10 µM NPA had

a similar RTA of 161o (± 4.4) (Fig. 5.6 C,D). These results provide further evidence

that auxin transport is essential for correct bending in response to a barrier.
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Figure 5.6: A) The effect of NPA of Root tip angle during the barrier response Plastic barriers
were placed in front of primary roots of seedlings 6 days after germination (DAG) and root tips
were imaged at 6 hours (A) and 24 hours (C) after encountering a barrier. Scale bar represents 0.5
mm. B) Graph indicating the angle of primary root tips to the horizontal barrier at 6 hours. D)
Graph indicating the angle of primary root tips at 24 hours. Lines indicate mean and surrounding
shaded area indicates ± SE. Letters indicate significance with a Tukey Pairwise comparison P <

0.05
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Root growth

At six hours, root growth of seedlings grown on 10 µM DMSO did not differ sig-

nificantly between seedlings encountering a barrier (median = 0.93, IQR = 0.355)

and the non-impeded control (median = 1.28, IQR = 0.717). Seedlings grown in the

presence of 2.5 µM and 10 µM showed a slight increase in root growth in response

to a barrier, however, this was not significant (Fig. 5.7) Seedlings grown on media

without NPA at 24 hours had a median growth of 4.10 mm (IQR = 1.71) in the

presence of a barrier and 4.69 (IQR = 1.71) without, however, this difference was not

significant. Root growth at 24 hours was significantly reduced in seedlings grown in

the presence of 2.5 µM, and 10 µM NPA (ANOVA, p < 0.001). In seedlings grown

without the presence of a barrier, root growth was reduced by half when grown in

the presence of 2.5µM (median = 2.05, IQR = 1.77) and 10 µM NPA (median = 2.21,

IQR = 1.36). At 24 hours, the presence of a barrier did not significantly affect root

growth in seedlings grown on NPA, however, seedlings grown on both 2.5 µM and

10 µM NPA has reduced root growth overall (Fig. 5.7). This suggests that although

perturbing auxin transport has a negative affect on root growth, auxin transport

is not required for maintaining root growth during the first 24 hours of the barrier

response.
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Figure 5.7: The effect of NPA on primary root growth during the barrier response. Plastic
barriers were placed in front of 6 day old vertically growing roots and root tips were imaged in
situ after 6 and 24 hours. Primary root growth after 6 and 24 hours. For boxplots, upper and
lower boundaries of the box indicate the interquartile range (IQR), a black line within the box
marks the median, and whiskers represent the min and max excluding outliers. Open circles
represent outliers. Letters indicate significance with a Tukey Pairwise comparison P < 0.05

Root hair density and length

Previous experiments identified that roots growing along a barrier have increased root

hair length (Chapter 3, Fig. 3.12). Root hair growth and density was examined in

roots 24 hours after barrier placement in the presence of 10 µM NPA to examine the

effect of perturbing auxin transport on root hair growth and development. Contrary

to previous experiments, root hair density increased when seedlings encountered

a barrier. In seedlings grown on media with only 10 µM DMSO, median density

increased from 24.0 (IQR = 9.12) root hairs per mm in the control to 33.6 (IQR

= 9.29) root hairs per mm when growing along a barrier (Fig. 5.8 A,B) In the

presence of 10 µM NPA root hair density (root hairs/mm) increased between the

control (Median = 36.4, IQR = 6.65) and barrier (43.2, IQR = 10.9) treatments,

however, this was not significant. When grown on DMSO control media, root hair

length did not differ significantly between the control (Median = 82.7um, IQR =
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36.7) and barrier (Median = 83.4µm , IQR = 47.6) treatments. In the presence of 10

µM NPA, root hair length did not increase significantly when grown along a barrier,

with roots grown without a barrier having a median root length of 103µm (IQR

= 62.2) and roots grown with a barrier having a median root hair length of 81.2

µm(IQR = 27.9) (Fig. 5.8 A,C) This suggests that altering auxin transport may

affect root hair development, and possibly growth. However, the altered results of

root hair growth in seedlings grown on DMSO compared with previous experiment

on regular media suggest the addition of DMSO may also be having an effect on

root hair growth.
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Figure 5.8: The effect of NPA on root hair density and length in response to a barrier. Plastic
barriers were placed in front of 6 day old vertically growing roots and roots were imaged in situ
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Brackets and stars indicate significance with a Tukey Pairwise comparison. (NS = not significant,

* < 0.05, ** < 0.01, *** < 0.001)
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5.2.7 Confocal imaging of DR5rev::3xVENUS-N7 reveals

changes in auxin levels at the root tip in response to

a barrier

The reporter line DR5rev::3xVENUS-N7 was used to examine changes in auxin at

the root tip 6 hours after encountering a barrier. The pDR5rev promoter is auxin

responsive and fused to three tandem copies of a rapidly folding YFP (VENUS), al-

lowing for visualisation of auxin distribution using imaging with confocal microscopy

(Brunoud et al., 2012). Seedlings were removed from plates 6 hours after encountering

a barrier and stained with propidium iodide before imaging. DR5rev::3xVENUS-N7

fluorescence was measured in the stele, columella, quiescent centre and lateral root

cap in roots grown with and without a barrier. In the stele, mean fluorescence

significantly increased from 3.97 ± 072 in the control to 7.34 ± 1.29 in response

to a barrier (Fig. 5.9 A, B). Fluorescence in the lateral root cap also increased

significantly from a mean of 8.49 ± 1.96 in the control to 14.3 ± 1.79 in response to

a barrier. Although fluorescence appeared to increase in the columella, from 38.1 ±

3.46 to 45.5 ± 3.9, this increase was not significant. The ratio of fluorescence in the

lateral root cap across both sides of the root was calculated to examine whether there

is a redistribution of auxin during the barrier response. Fluorescence was measured

separately on the left and right lateral root cap. The ratio was calculated using the

formula exp(|(log(left/right))|) to prevent any bias in assigning the left and right

side of the root(Fig 5.9 C). The ratio of fluorescence in the lateral root cap across

the root did not change significantly, suggesting at six hours after encountering a

barrier there is no asymmetric distribution of auxin at the root tip.
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Figure 5.9: Confocal imaging of DR5rev::3xVENUS-N7. Barriers were placed in front of
vertically growing roots 6 days after germination (DAG). Roots were imaged 6 hours after
placement of a barrier and stained with propidium iodide before imaging. A) Relative mean

fluorescence measured using imageJ in the Stele, Columella/Quiescent Centre (QC) and Lateral
Root Cap (LRC) B) Representative fluorescence of DR5rev::3xVENUS-N7 in root tips. Yellow =
Venus, Magenta = propidium idodide. C) Ratio of measured fluorescence across the left and right
LRC. Ratio was calculated using the formula exp(|(log(left/right))|) to account for any bias in
assigning left/right side of the root. Scale bar shows 50 µm. Black circles and error bars represent
mean ± SE. Coloured circles represent distribution of individual data points. Lines and stars show

significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001)
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5.2.8 Confocal imaging of the auxin reporter R2D2 to

further examine changes in auxin during the barrier

response

The R2D2 (Ratiometric version of 2 D2’s) is an auxin reporter which combines

RPS5A-driven DII fused to 3xVenus and RPS5A-driven mDII fused to ntdTomato

on a single transgene (Liao et al., 2015). Auxin accumulation is visible as a reduction

of the Venus signal relative to the dTomato signal. Therefore, changes in auxin

accumulation can be measured as a change in the ratio of fluorescence between the

channels. R2D2 fluorescence was first examined in roots responding to a barrier at

6 hours, to confirm the increase in auxin detected using the DR5:Venus reporter

and examine whether the more sensitive R2D2 reporter may detect changes in auxin

redistribution. To measure the ratio of mDII-ndTomato/DII-m3xVenus fluorescence,

individual images of each channel were processed in imageJ using the image calculator

plugin to generate a greyscale image of mDII-ndTomato (Tomato) divided by DII-

m3xVenus (Venus) (see Methods, 2.4.7). The resulting root image was divided into

a left and right side and mean grey value measured using ImageJ to obtain the

ratio. At six hours, the ratio Tomato/Venus fluorescence increased from a mean of

1.14 ± 0.27 to 2.30 ± 0.21 in response to barrier (Fig. 5.10 A,B). This increase in

fluorescence ratio indicates an increase in auxin levels, due to a decrease in Venus

fluorescence relative to Tomato. To find out whether an asymmetric distribution of

auxin can be detected using R2D2, it was examined whether this change In auxin

level as measured by the ratio of Tomato/Venus fluorescence differed between the

two sides of the root. This was achieved using the formula previously described by

dividing the measured mean grey fluorescence of the ratiometric image left side over

the right side. Left/Right auxin level increased significantly from 1.1 ± 0.04 to 1.27

± 0.06 (Fig. 5.10 C,D). This indicates an asymmetric distribution of auxin level,

which was undetected using analysis with the DR5:Venus auxin reporter.
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Figure 5.10: Confocal imaging of the R2D2 auxin reporter in roots responding to a barrier at 6
hours. Plastic barriers were placed in front of the roots of 6 day old seedlings. After 6 hours roots
were removed and imaged. A) R2D2 fluorescence at the root tip, Green = DII-m3xVenus, Magenta
= mDII-ndTomato. B) Ratio of mDII-ndTomato/ DII-m3xVenus fluorescence. C) Ratiometric

image of mDII-ndTomato/ DII-m3xVenus fluorescence produced in imageJ using image calculator.
Calibration bar shows mean grey value of the image. D) Ratio of auxin level across the left and
right sides of the root tip. Ratio was calculated using the formula exp(|(log(left/right))|) to

account for any bias in assigning left/right side of the root. Scale bar shows 50 µm. Black circles
and error bars represent mean ± SE. Coloured circles represent distribution of individual data

points. Lines and stars show significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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The step-like growth pattern in roots responding to a barrier is maintained over

time and can still be observed 24 hours after barrier placement. To investigate

whether changes in auxin levels and distribution are retained after 24 hours, seedlings

expressing R2D2 were imaged 24 hours after barrier placement. Seedlings were

imaged at both the root tip and further up at the transition zone between the

meristem and elongation zone. At the root tip, there was appears to be an increase

in auxin level in roots encountering a barrier, as shown by an increase in the ratio of

Tomato/Venus fluorescence (Fig. 5.11 A, D-J). Tomato/Venus fluorescence increased

from 0.56± 0.09 in the control to 1.7± 0.49, however, this increase was not significant

(t.test, p = 0.052). At the transition zone, Tomato/ Venus fluorescence did not

change significantly (Fig. 5.11 A, K-P). The ratio of auxin level across the left and

right side of the root was calculated to investigate whether there is any observable

asymmetric distribution of auxin. At the root tip, there was no change in left/right

auxin level, suggesting the distribution of auxin is even across both sides of the root

tip (Fig. 5.11 B). At the transition zone, there was an increase in left/right auxin

level from 1.14 (± 0.04) in the control to 1.4 (± 0.12) in barrier responding roots,

however, this is not statistically significant (Fig. 5.11 C, t.test, p = 0.07). More

work is needed to confirm how auxin levels change across time and whether changes

in auxin distribution that occur early on in the response are maintained long term.
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Figure 5.11: Confocal imaging of the R2D2 auxin reporter in roots responding to a barrier at 24
hours. Plastic barriers were placed in front of the roots of 6 day old seedlings. After 24 hours roots
were removed and the imaged. A) Ratio of mDII-ndTomato/ DII-m3xVenus fluorescence in the
root tip and transition zone. B) Ratio of auxin level across the left and right sides of the root tip.
C)Ratio of auxin level across the left and right sides of the transition zone. Ratio was calculated
using the formula exp(|(log(left/right))|) to account for any bias in assigning left/right side of

the root. D,E and H,I) R2D2 fluorescence at the root tip (D,E) and transition zone (H,I) Green =
DII-m3xVenus, Magenta = mDII-ndTomato. F, J) Ratiometric image of mDII-ndTomato/

DII-m3xVenus fluorescence produced in imageJ using image calculator. Root tip (F) and trasition
zone (J) Calibration bar shows mean grey value of the image. Scale bar shows 50 µm. Black circles
and error bars represent mean ± SE. Coloured circles represent distribution of individual data

points. Lines and stars show significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.2.9 Investigating changes in Auxin levels between 0-4

hours after barrier placement

Timelapse imaging of auxin transport mutants demonstrated changes in root tip

angle compared with the control occurred within 240 minutes (4 hours) (Section

5.2.5. Fig. 5.4). This suggests changes in auxin levels and distribution may occur at

earlier time points during the response. Auxin distribution was therefore investigated

in roots at 0 hours (before barrier placement) to 4 hours after barrier placement

to examine what early changes in auxin distribution occur. Seedlings were fixed

using 4% paraformadelhyde in order to view auxin distributions occurring at set

time points, every hour between 0 and 4 hours. Samples underwent tissue clearing

with ClearSee in order to better visualise root cell architecture under the microscope

(See Methods section 2.3, (Kurihara et al., 2015)).

There was a significant increase in Tomato/Venus fluorescence between 0 and 4 hours,

indicating an increase in auxin at the root tip (Fig. 5.12 A,B; ANOVA p = 0.001).

Tomato/Venus ratio increased from 2.24 ± 0.3 at 0 hours, to 3.12 (± 0.35) at 1 hour,

however, this increase was not statistically significant according to post-hoc testing

(TUKEY, p = 0.3). Tomato/Venus ratio was 2.86 (± 0.34) at 2 hours and 3.11 (±

0.24) at 3 hours, indicating auxin levels did not increase during this time. At 4 hours

there was a significant increase Tomato/Venus ratio to 4.42 (± 0.34), indicating an

increase in auxin (Fig. 5.12 B).

Tomato/Venus fluorescence was measured separately in the cortex and epidermis/-

lateral root cap in both the left and right side of the roots to examine whether any

changes in auxin distribution across the root occur between 0 and 4 hours. There

appears to be a small increase in Left/Right auxin level in the root as whole across

the 0 to 4 hour time points, from 1.03 ± 0.009 at 0 hours to 1.07 ± 0.02 at 4 hours,

however, this is not significant (Fig. 5.12 C, ANOVA, p = 0.4). Similarly, Left/Right

auxin appears to increase in the cortex between 0 and 4 hours, from 1.04 (± 0.015)

to 1.09 (± 0.026), but again this increase is not significant (ANOVA, p = 0.14).
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There is a slightly significant change in left/right auxin level in the LRC/Epidermis

across time (ANOVA, p = 0.03), most noticeably between 2 hours (1.02 ± 0.008)

and 4 hours (1.08 ± 0.009) (Fig. 5.12). Whilst this provides some evidence of

changes in auxin distribution and dynamics across the root occurring at early time

points during the response, more work is needed to determine when and where these

changes occur.
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Figure 5.12: Confocal imaging of R2D2 in roots responding to a barrier between 0-4 hours.
Barriers were placed in front of root tips 6 days after germination (DAG). Seedlings were removed
from media and fixed in 4% paraformaldehyde at 0,1,2,3, and 4 hours after encountering a barrier.
After fixation was cleared using ClearSee. Roots were stained with Calcofluor White prior to

imaging. A) R2D2 fluorescence at the root tip at 0-4 hours with accompanying ratio metric image
of generated from mDII-ndTomato/ DII-m3xVenus fluorescence using ImageJ, For confocal images
Green = DII-m3xVenus, Magenta = mDII-ndTomato, Blue = Calcolflour white. For ratiometric
images calibration bar indicates mean grey value. B) Ratio of mDII-ndTomato/ DII-m3xVenus

fluorescence C) Ratio of auxin level across the left and right sides of the root tip. Scale bar shows
50 µm. Black circles and error bars represent mean ± SE. Coloured circles represent distribution
of individual data points. Letters indicate significant difference after post-hoc TUKEY test, P <

0.05.
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5.2.10 Investigating changes in PIN2:GFP level and

distribution during the early barrier response

There is evidence that changes in auxin distribution occur during the root response

to a barrier, and that these changes occur within the first 6 hours after encountering

a barrier. Experiments investigating the response of auxin transport mutants, in

particular eir1, point to a role for PIN proteins and other auxin transport proteins

during the barrier response. Therefore, it was investigated whether there are any

changes in the levels of PIN2 at the root tip in response to a barrier. Fluorescence of

proPIN2::PIN2:GFP was examined in the root tip 3hours and 6 hours after barrier

placement, to examine whether PIN2 changes in expression or location in order to

facilitate changes in auxin distribution. Seedlings expressing proPIN2::PIN2:GFP

were fixed 3 hours and 6 hours after barrier placement and PIN2:GFP fluorescence

examined using confocal microscopy. At 3 hours there appears to be a small decrease

in fluorescence between control and barrier treatments, from a mean of 6.55 (± 1.32)

to 5.72 (± 0.77), however, this decrease is not significant (Fig. 5.13 A,B; t.test, p

= 0.6). The ratio of fluorescence across the left and right sides of the root was also

measured to determine whether changes in PIN2:GFP fluorescence may be altered

on either side of the root. The ratio of fluorescence does not differ significantly

between barrier and control treatments, suggesting that the level of PIN2 remains

constant across both sides of the root (Fig.5.13 C). At six hours results are similar,

mean fluorescence does not differ between the control (4.16 ± 1.15) and barrier (4.07,

± 1.22), suggesting there is no change in overall PIN2 expression in the root tip

at the timepoint (Fig.5.14 A, B). Although there appears to be a small increase in

left/right fluorescence between the control (1.06, ± 0.12) and barrier (1.1, ± 0.05),

this is not significant (Fig. 5.14 D; t.test, p = 0.5).

To examine whether PIN2 may be removed from the cell membrane and internalised,

fluorescence was measured in both the apical cell membrane and cytosol, in the

cortex and epidermal cells of the root tip. The level of membrane fluorescence over
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cytosol fluorescence (membrane:cytosol ratio) was calculated to determine whether

changes in PIN2 internalisation may occur in response to a barrier. A decrease

in membrane/cytosol fluorescence would indicate an increase in fluorescence in the

cytosol relative to the cell membrane and therefore increased PIN2 internalisation.

At 3 hours, Membrane/cytosol level did not differ in cells of the cortex between the

control (8.07, ± 1.9) and barrier (7.1, ± 0.98) treatments (Fig. 5.13 D) In epidermal

cells, there appears to be a decrease in membrane over cytosol fluorescence from

9 (± 2.6) to 5.75 (± 0.63), however, this is statistically not significant (t.test, p =

0.27). There may some redistribution of PIN2 proteins at 3 hours away from apical

cell membranes but more investigation is needed. At 6 hours, there is no significant

difference in the membrane/cytosol fluorescence in either the cortex or epidermis

(Fig. 5.14 D).
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Figure 5.13: Confocal imaging of PIN2:GFP in roots responding to a barrier at 3 and 6 hours.
Barriers were placed in front of seedlings 6 days after germination (DAG) and seedlings were fixed

3 hours after encountering a barrier with 4% PFA. After fixation was cleared using ClearSee.
Roots were stained with Calcofluor White prior to imaging. A) Images of proPIN2::PIN2:GFP 3
hours after barrier placement. Green = GFP, Blue = Calcofluor White. Scale bar shows 50 µm.
B) Mean measured fluorescence of proPIN2::PIN2:GFP at the root tip. C) Ratio of PIN2:GFP

level across the left and right sides of the root tip. Ratio was calculated using the formula
exp(|(log(left/right))|) to account for any bias in assigning left/right side of the root. D) Ratio of
cell membrane/ cytosol fluorescence in cells of the cortex and epidermis. Black circles and error
bars represent mean ± SE. Coloured circles represent distribution of individual data points. Lines

and stars show significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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Figure 5.14: Confocal imaging of PIN2:GFP in roots responding to a barrier after 6 hours.
Barriers were placed in front of seedlings 6 days after germination (DAG) and seedlings were fixed

6 hours after encountering a barrier with 4% PFA. After fixation was cleared using ClearSee.
Roots were stained with Calcofluor White prior to imaging. A) Images of proPIN2::PIN2:GFP 6
hours after barrier placement. Green = GFP, Blue = Calcofluor White. Scale bar shows 50 µm.
B) Mean measured fluorescence of proPIN2::PIN2:GFP at the root tip. C) Ratio of PIN2:GFP

level across the left and right sides of the root tip. Ratio was calculated using the formula
exp(|(log(left/right))|) to account for any bias in assigning left/right side of the root. D) Ratio of
cell membrane/ cytosol fluorescence in cells of the cortex and epidermis. Black circles and error
bars represent mean ± SE. Coloured circles represent distribution of individual data points. Lines

and stars show significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.2.11 Auxin summary

Collectively, these data suggests that auxin plays a key role during the barrier

response, particular to establish bending at the root tip. The transport of auxin

plays a key role during the barrier response as shown by a much higher root tip angle

established during bending of the auxin transport mutants aux1 and eir1. Results

from chemical inhibition of auxin transport also suggest a role for auxin during

changes in root hair development in response to a barrier. In addition, there are

observable changes in the level of auxin at the root tip. However, more work is needed

to fully investigate where and when changes in the location of auxin transporters,

such as AUX1, PIN proteins and ABCB proteins, occur during the bending response

to a barrier.

5.3 Ethylene

Data from RNA-Seq of roots responding to a barrier demonstrated an increase of

expression in genes relating to ethylene responses, as well as genes directly involved

in ethylene signalling and biosynthesis (Chapter 4, section 4.6.4). Previous studies

have demonstrated a role for ethylene in root thigmotropic responses, such as waving

and bending (Buer et al., 2003). Ethylene is also required for the bending of roots

in response to stronger growing medium (Yamamoto et al., 2008) and during the

response of roots to mechanical impedance (Okamoto et al., 2008). Therefore, it

was investigated using ethylene signalling mutants as well as chemical inhibition of

ethylene signalling and biosynthesis to examine whether ethylene is required for the

phenotypic changes observed in the root during the barrier response.
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5.3.1 The effect of a barrier on the root tip angle of

ethylene signalling mutants

To examine the role of ethylene signalling in the root response to a barrier, the

response of ethylene signalling mutants was examined. Root tip angle (RTA) of the

ethylene receptor mutant etr1 and ethylene signal transduction mutant ein2 was

measured at 24 hours after barrier placement. RTA of etr1 mutants responding to a

barrier was significantly higher than Col-0 (Fig. 5.15 ANOVA, p < 0.001, TUKEY

pairwise comparison, p = 0.004). Mean Col-0 RTA in roots growing along a barrier at

24 hours was 129o ± 4.55 compared with an RTA of 147o ± 2.72 in the etr1 mutant.

In the ein2 mutant, mean RTA was lower (closer to vertical) than Col-0, at 116o

± 4.36, however, post-hoc analysis indicated this difference was not significant (p

= 0.053). This further indicates that ethylene signalling, particularly perception of

ethylene, may play a role in the barrier response, including the correct establishment

of root tip angle during bending.
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Figure 5.15: The response of etr1 and ein2 to a barrier. A) Plastic barriers were placed in front
of primary roots of seedlings 6 days after germination (DAG) and root tips were imaged at 24

hours after encountering a barrier. Scale bar indicates 0.5 mm. B) Graph indicating the angle of
primary root tips to the horizontal barrier. Lines indicate mean and surrounding shaded area
indicates ± SE. Letters indicate significance with a Tukey Pairwise comparison P < 0.05.
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5.3.2 Timelapse imaging of etr1 between 0 and 8 hours

after barrier placement

Timelapse imaging was used to further investigate the bending of etr1 mutants in

response to a barrier, between 0-8 hours after first encountering a barrier. Compared

with results obtained with previous time-lapse imaging of Col-0, RTA of etr1 was

significantly altered after 8 hours of growth along the barrier (Fig. 5.16; ANCOVA,

p < 0.001). In etr1 mutants, mean RTA changed from 95.0o ± 2.1 to 147.6o ± 11.7

compared with Col-0 mean root tip angle of 121.3o ± 6.4. Root tip angle appears

to change more rapidly with the etr1 mutant in response to a barrier, with a visible

difference from Col-0 occurring around 45-60 minutes. At 60 minutes, mean RTA of

etr1 is 122.9o ± 3.40, 15.6 degrees higher than the root tip angle of Col-0 (107.3o ±

5.53). The RTA of etr1 also reduced again toward the vertical between 195 and 270

minutes, reaching 117.6o ± 9.9 at 270 minutes before increasing again to 150o ± 12.9

at 360 minutes(Fig. 5.16 A). This may be due to the root changing the direction of

growth (Fig. 5.16 B).

Root growth was also greater in the etr1 mutant, with mean growth 1.7 mm ± 0.23

after 8 hours compared with a mean growth of 0.96 ± 0.14 in the Col-0 wildtype.

There is an increase in mean growth rate of etr1 from 2.24 µm/min ± 0.4 at 15

minutes to 4.82 µm/min at 90 minutes which subsequently decreases. Growth rate

across the total 8 hours does not alter significantly in either etr1 or Col-0 (ANCOVA,

p = 0.44).
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Figure 5.16: Timelapse imaging of etr1 between 0 and 8 hours after barrier placement Plastic
barriers were placed in front of 6 day old vertically growing roots and root tips were imaged every
15 minutes. A) Root Tip Angle (RTA) over time from 0-480 minutes after contact with a barrier.
Root tip angle was measured every 15 minutes. B) Time-lapse images of a Col-0 and etr1 root tip

encountering a horizontal barrier at 0-8 hours after contact with the barrier. Lines and dots
indicate mean with shaded area indicating ± SE. Scale bar indicates 0.5 mm. Stars and brackets

indicate significance after a t.test (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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Figure 5.17: Growth of etr1 between 0 and 8 hours after barrier placement. Root growth as
measured by time-lapse imaging of roots encountering a barrier.A) Root growth of the primary
root tip between 0-480 minutes after contact with the barrier. B) Root growth rate (µm/min)

between 15-480 minutes after encountering a barrier.Plastic barriers were placed in front of 6 day
old vertically growing roots and root tips were imaged every 15 minutes. Lines and dots indicate
mean with shaded area indicating ± SE. Letters indicate significance after a t.test (NS = not

significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.3.3 The effect of chemical inhibition of ethylene

biosynthesis and signalling on the root response to a

barrier

To further examine the role of ethylene during the barrier response, seedlings were

grown in the presence of chemical inhibitors of ethylene biosynthesis and signalling.

Aminoethoxyvinylglycine (AVG) is an inhibitor of 1-aminocyclopropane-1-carboxylic

acid (ACC) synthase, a key enzyme involved in ethylene biosynthesis. Seedlings were

grown on media supplemented with 10 µM AVG to examine the effect of inhibiting

ethylene biosynthesis on the barrier response of roots. In addition, chemical inhibition

of ethylene signalling was used. Silver ions are known to inhibit ethylene signalling

by acting as a competitive inhibitor of ethylene receptors. Seedlings were grown

on media supplemented with 10 µM silver thiosulphate (STS) solution, in order to

further examine the effect of inhibiting ethylene perception on the barrier response.

Roots were imaged at both 6 hours and 24 hours after barrier placement to examine

how inhibition of ethylene signalling and biosynthesis might affect the response within

the first few hours and after root growth along the barrier had been established.

Root tip angle (RTA)

At 6 hours after barrier placement, roots grown on control media encountering a

barrier had a mean RTA of 124o ± 2.31. The mean RTA of roots grown in the

presence of 10 µM AVG was 130o ± 2.53 and in the presence of 10 µM STS mean

RTA was 131o ± 2.7 (Fig. 5.18 A,B) Although mean RTA of seedlings grown in the

presence of AVG and STS was higher, this was not statistically significant (ANOVA,

p = 0.08). This suggests ethylene biosynthesis is not required for correct bending

during the early barrier response. The results of roots grown on STS contradict

earlier experiments using etr1 mutants, where RTA was affected within 1 hour. It

may be that a greater concentration of STS is required to block ethylene signalling

to the point where root bending is significantly affected during the early barrier
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response. At 24 hours, control seedlings encountering a barrier had a mean RTA

of 140o ± 1.84. In the presence of 10 µM AVG, roots encountering a barrier had a

significantly higher mean RTA of 152o ± 2.06 (Fig. 5.18 C,D; ANOVA, p < 0.001;

TUKEY comparison p = 0.003). At 24hours after encountering a a barrier, seedlings

grown on 10 µM STS had a mean RTA of 135o ± 3.55, which was not statistically

different from the control (TUKEY, p > 0.05).
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Figure 5.18: A) The effect of aminoethoxyvinylglycine (AVG) and silver thiosulphate (STS) on
Root tip angle during the barrier response. Plastic barriers were placed in front of primary roots
of seedlings 6 days after germination (DAG) and root tips were imaged at 6 hours (A) and 24

hours (C) after encountering a barrier. Scale bar represents 0.5 mm. B)Graph indicating the angle
of primary root tips to the horizontal barrier at 6 hours. D) Graph indicating the angle of primary
root tips at 24 hours. Lines indicate mean and surrounding shaded area indicates ± SE. Letters

indicate significance with a Tukey Pairwise comparison P < 0.05.
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Root growth

Root growth was examined in seedlings responding to a barrier and grown on media

containing 10 µM AVG and 10 µM STS to examine whether inhibition of ethylene

biosynthesis or signalling has an effect on the maintenance of primary root growth

during the first 24 hours of the barrier response. Primary root growth was measured

at 6 hours and 24 hours, in seedlings grown with and without the presence of a barrier.

As observed in previous experiments, primary root growth of control seedlings at

6 hours was not altered in the presence of a barrier. Seedlings grown without a

barrier had a median root length of 1.52 mm (IQR = 0.4) and seedlings encountering

a barrier had a median root growth of 1.6 mm (IQR = 0.4). Roots grown in the

presence of 10 µM AVG did not alter in primary root length between control and

barrier conditions, as did seedlings grown in the presence of 10 µM STS (Fig. 5.19

A). At 24 hours, root growth remained unchanged between seedlings grown with

and without a barrier. Median root growth at 24 hours of seedlings grown without a

barrier was 5.78 (IQR = 1.32) and in the presence of a barrier was 6.1 mm (IQR =

1.6). Seedlings grown on media containing AVG had shorter roots, but root growth

did not differ significantly between seedlings grown with and without a barrier.

Median root length on 10 µM AVG was 5.09 mm (IQR = 1.03) without and a barrier

and 4.97 (IQR = 1.79) in the presence of a barrier. In the presence of 10 µM STS,

root growth was not significantly affected and did not differ significantly between

control and barrier seedlings (Fig. 5.19 A). These results suggest that ethylene

biosynthesis and signalling are not required for the maintenance of root growth

during the first 24 hours of the barrier response.
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Figure 5.19: The effect of chemical inhibition of ethylene biosynthesis and perception root
growth during the barrier response. Plastic barriers were placed in front of 6 day old vertically
growing roots and root tips were imaged in situ after 6 and 24 hours. A) Primary root growth
after 6 and 24 hours. B) Distance of root hair emergence from the root tip. Brackets and stars

represent significance with a Tukey Pairwise comparison where P < 0.05. For boxplots, upper and
lower boundaries of the box indicate the interquartile range (IQR), a black line within the box
marks the median, and whiskers represent the min and max excluding outliers. Open circles

represent outliers.
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Root hair emergence

The growth of root hairs closer to the root tip can be an indication of a response

to ethylene and has previously been reported as a characteristic of the response of

roots to mechanical impedance (Goss and Russell, 1980; Hanbury and Atwell, 2005;

Okamoto et al., 2008). The distance of root hair emergence from the root tip was

therefore investigated in seedlings grown on media containing 10 µM AVG and STS

to examine whether inhibition of ethylene biosynthesis or signalling might affect root

hair emergence.

At 6 hours, there was no significant difference in the distance of root hair emergence

from the root tip in seedlings encountering a barrier, compared with the control.

There was similarly no significant change in the location of root hair emergence in

response to a barrier of seedlings grown in the presence of AVG and STS (Fig. 5.19 B).

At 24 hours, the distance of root hair emergence from the root tip in seedlings grown

without chemical inhibition was significantly affected by the presence of a barrier.

The median distance of root hair emergence from the root tip was 1.42 mm (IQR =

0.3) in root growing vertically and without a barrier, compared with 1.1mm (IQR =

0.26) in roots encountering a barrier. By contrast, roots growing on media containing

10 µM AVG showed a small increase in the distance of root hair emergence from the

root tip, with a median distance of 1.13 (IQR = 0.52) in the control and 1.42 mm

(IQR = 0.59) when encountering a barrier. This increase is however, insignificant.

Root grown on media containing 10 µM STS also show no significant difference in

the location of root hair emergence between control and barrier treatments (Fig.

5.19 B). These results suggest there may be role for both ethylene biosynthesis and

signalling in determining the distance of root hair emergence from the root tip. This

may be due to a decrease in the size of the meristem or elongation zone, causing the

differentiation zone to occur closer to the root tip.



5.3. Ethylene 226

Root hair density and length

Root hair density and root hair length were measured in roots responding to a barrier

in the presence of 10 µM AVG and STS to examine the effect of inhibiting ethylene

biosynthesis and signalling on the development of root hairs. Previous experiments

provided evidence that roots encountering a barrier may increase in both the density

and length of root hairs. Root hair density and length was measured at 24 hours

after placement of a barrier, in roots grown on media containing 10 µM AVG or

10 µM STS. Seedlings grown without the presence of chemical inhibitors showed

an increase in root hair density in response to a barrier. Median root hair density

(root hairs/mm) increased significantly from 18.2 hairs/mm (IQR = 3.89) to 26.4

hairs/mm (IQR = 7.62). Root hair density was significantly affected by chemical

treatment, with seedlings grown on 10 µM AVG or 10 µM STS showing a reduction

in root hair density (ANOVA, p < 0.001), however, root hair density did not change

between control and barrier treatments (Fig. 5.20 A,B) Median root hair density of

seedlings grown on media containing 10 µM AVG was 3.18 (IQR = 2.75) without a

barrier and 2.68 (IQR = 1.52) in the presence of a barrier. For seedlings growing on

10 µM STS, root hair density was greater at 7.03 (IQR = 7.93 ) without a barrier

and 9.09 (IQR = 6.36) in the presence of a barrier, however, this difference was

not significant. These results suggest both ethylene biosynthesis and signalling are

essential for formation of root hairs, and that ethylene may play a role in changes

in root hair development in response to a barrier.

Root hair length significantly increased in response to a barrier when seedlings

were grown without the presence of chemical inhibitors. Seedlings growing without

a barrier had a median root hair length of 79.4 µm (IQR = 25.8) and seedlings

growing along a barrier had a median root hair length of 251 µm (IQR = 120). Like

root hair density, root hair length was significantly affected in seedlings growing on

media with 10 µM AVG or 10 µM STS (ANOVA, p = < 0.001). Median root hair

length for seedlings growing on 10 µM AVG was 14.5µm (IQR = 4.61) without a
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barrier and 15.0 µm (IQR = 4.1) with a barrier. In seedlings growing on 10 µM STS

21.9 µm(IQR = 10.5) and 23.2 µm (IQR = 8.38) (Fig. 5.20 A,C). For both AVG

and STS, post hoc statistical analysis showed that root hair length did not change

significantly in the presence of a barrier. This indicates both ethylene biosynthesis

and signalling is essential for root hair elongation, including the control of root hair

elongation in response to a barrier.
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Figure 5.20: The effect of AVG and STS on root hair density and length in response to a barrier.
Plastic barriers were placed in front of 6 day old vertically growing roots and roots were imaged in
situ after 24 hours. A) Typical root hair growth after 24 hours in the presence or absence of a

barrier. Scale bar represents 500 µm B) Root hair density (number of roothairs/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.
Brackets and stars indicate significance with a Tukey Pairwise comparison.(NS = not significant, *

< 0.05, ** < 0.01, *** < 0.001).
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5.3.4 Ethylene summary

Overall, these results suggest that ethylene signalling likely plays a role within the

barrier response. Evidence from analysing the response of ethylene signalling mutants

and chemical inhibition of ethylene perception suggest that ethylene is involved in

bending at the root tip and required for the correct establishment of root tip angle.

It is also likely that ethylene signalling is required to facilitate changes in root hair

growth and development in response to a barrier.

5.4 Reactive Oxygen Species (ROS)

RNA-Sequencing identified an over-representation of upregulated genes classified by

gene ontology (GO) terms as relating to ‘hydrogen peroxide catabolism’ and ‘reactive

oxygen species metabolism’ (Chapter 4, Fig. 4.4.) In addition there were a number of

genes involved in ROS scavenging up regulated in roots at six hours after encountering

a barrier (Fig. 4.36) as well as a large overlap with genes previously identified to be

differentially expressed in response to ROS (Fig. 4.37). A role for ROS signalling

during root responses to mechanical stimuli has previously been suggested and it is

thought ROS may act downstream to calcium signalling (Monshausen et al., 2009).

It is therefore possible that changes in cellular ROS levels occur in response to barrier,

in particular during the early response. The role of ROS signalling during the root

barrier response was therefore examined using analysis of mutants and chemical

inhibitors for ROS productions and scavenging. In addition, changes in levels of

ROS at the root tip were examined using confocal laser scanning microscopy.

5.4.1 The response of NADPH oxidase (RBOH) mutants

to a barrier

NADPH oxidases, also known as respiratory burst oxidase homologs, are enzymes

involved in the production of ROS and thought to act as molecular ’hubs’ during
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ROS-mediated signalling (see Hu et al., 2009). RNA-Seq identified Six NADPH

oxidase genes that were upregulated in roots at 6 hours after encountering a barrier

(Table 4.7). These included RBOHD and RBOHF which have previously been shown

to be involved in both biotic and abiotic stress responses (Miller et al., 2009; Xie

et al., 2011; Liu et al., 2015; Morales et al., 2016; Wang et al., 2019). Therefore,

mutants of atrbohd and rbohf were used to investigate the role of ROS during the

barrier response. In addition, the double mutant atrbohD/F was analysed, as partial

redundancy between RBOHD and RBOHF has previously been reported (Kwak

et al., 2003).

Changes in root tip angle (RTA) of NADPH oxidase mutants in

response to a barrier

Root tip angle was examined in the NADPH oxidase mutants atrbohD and atrbohF,

as well as the double mutant atrbohD/F. Barriers were placed in front of primary

root tips at 6 DAG. Primary root tips were imaged at 6 and 24 hours after barrier

placement and root tip angle (RTA) measured. At 6 hours, RTA of seedlings grown

with a barrier remained constant across the wildtype and rboh mutants. Col-0 had

a mean RTA of 131o ± 2.1, and the mutant atrbohD, and double mutant atrbohD/F

had similar mean RTAs of 130o (± 3.3) and 131o ± 2.3 in the presence of a barrier.

The mutant atrbohF had a slightly higher RTA of 135 ± 2.3, however, this difference

was not significant (Fig. 5.21 A, B). At 24 hours, RTA of seedlings responding to a

barrier stayed the same, with Col-0 having a mean RTA of 130o (± 3.4), atrbohD a

mean RTA of 128o (± 4.2) and atrbohF a mean RTA of 135o (± 3.41). In addition, the

double mutant atrbohD/F also did not change RTA or have a significantly different

RTA to the control, with a mean RTA of 133o (± 2.9) (Fig. 5.21 C,D). These results

suggest that ROS production via NADPH oxidases is not required for correct root

bending in response to a barrier.
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Figure 5.21: A) Changes in root tip angle (RTA) of NADPH oxidase mutants in response to a
barrier. Plastic barriers were placed in front of primary roots of seedlings 6 days after germination
(DAG) and root tips were imaged at 6 hours (A) and 24 hours (C) after encountering a barrier.
Scale bar represents 0.5mm. B) Graph indicating the angle of primary root tips to the horizontal
barrier at 6 hours. D) Graph indicating the angle of primary root tips at 24 hours. Lines indicate

mean and surrounding shaded area indicates ± SE.
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Changes in growth (RTA) of NADPH oxidase mutants in response to a

barrier

Root growth was measured both in roots growing with and without the presence

of a barrier, at six hours after barrier placement. At 6 hours, root growth was

unaffected by the presence of a barrier in Col-0, atrbohD, atrbohF and the double

mutant atrbohD/F (Fig. 5.22 A; ANOVA, p = 0.9). However, root growth did

differ between mutants, and was significantly different between Col-0 and atrbohF

(ANOVA, p < 0.01, TUKEY p = 0.004). Median root growth of Col-0 control and

barrier roots was 1.01 mm (IQR = 0.46) and 1.08 mm (IQR = 0.26), compared with

a smaller median growth of 0.65 mm (IQR = 0.5) and 0.67 mm (IQR = 0.7) in

atrbohF mutants. It appears that although ROS production may affect overall root

growth, there is no evidence so far it is required for maintaining root growth during

the early hours of the barrier response. Contrary to previous experiments, root

growth of Col-0 was significantly affected by barrier treatment. Col-0 roots grown

without a barrier had a median root growth of 4.42 (IQR = 2.3) compared with

those impeded by a barrier, with a reduced median growth of 2.86 (IQR = 1.7). Root

growth of atrbohD, atrbohF and atrbohD/F was not significantly altered between

control and barrier treatments and did not differ significantly between mutants. This

would suggest root growth changes in response to a barrier require ROS production,

however, previous experiments found that root growth was not significantly reduced

at 24 hours in response to a barrier. Therefore, more work is needed to determine

the effect of perturbing ROS production of the growth of primary roots during the

barrier response.

5.4.2 Root hair emergence (RTA) of NADPH oxidase

mutants in response to a barrier

The distance of root hair growth from the root tip was measured in Col-0, atrbohD,

atrbohF and atrbohD/F to examine whether inhibition of ROS production affects
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root hair emergence and growth in response to a barrier. At 6 hours the distance of

root hair emergence from the root tip did not differ significantly in Col-0 between

seedlings grown with and without a barrier. The median distance of root hair

emergence from the root tip was 1.14 mm (IQR = 0.46) in the control and 1.10

mm (IQR = 0.37) in roots encountering a barrier (Fig, 5.22 B). The distance of

root hair emergence from the root tip was similar in atrbohF and the double mutant

atrbohD/F, and for both mutants this was unaffected by a barrier. In the mutant

atrbohD, the location of root hair emergence was significantly affected in response

to a barrier. Median distance of root hair emergence from the root tip was 1.32 mm

(IQR = 0.43) for the control treatment and reduced to 1.02 mm (IQR = 0.28) for

the barrier treatment (Fig. 5.22 B). It is therefore possible that ROS production and

ROS signalling may play a role in root hair emergence and cell differentiation early

within the barrier response. At 24 hours, the median distance of root hair emergence

from the root tip was significantly reduced in Col-0, from 1.24 mm (IQR = 0.35) to

0.78 (IQR = 0.48) in response to a barrier. Both atrbohD and atrbohD/F exhibited

a similar reduction in the distance of root hair emergence from the root tip. atrbohF

exhibited a smaller decrease in the distance of root hair emergence from the root

tip in response to a barrier, from 1.01 mm (IQR = 0.3) to 0.85 mm (IQR = 0.36),

which post hoc testing showed to be insignificant (TUKEY, p > 0.05) (Fig. 5.22 B).

It is therefore possible that perturbing ROS production may affect the distance of

root hair emergence from the root tip. This may be due to a decrease in the size of

the meristem or elongation zone, causing the differentiation zone to occur closer to

the root tip. However, as this affect was not observed in the double mutant, more

investigation is needed to confirm this.
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Figure 5.22: Changes in root growth of NADPH oxidase mutants in response to a barrier.
Plastic barriers were placed in front of 6 day old vertically growing roots and root tips were

imaged in situ after 6 and 24 hours. A) Primary root growth after 6 and 24 hours. B) Distance of
root hair emergence from the root tip. Brackets and stars represent significance with a Tukey
Pairwise comparison where P < 0.05. For boxplots, upper and lower boundaries of the box
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5.4.3 Timelapse imaging of atrbohD/F in response to a

barrier between 0-8 hours

Time-lapse imaging was performed to examine the early response of the atrbohD/F

double mutant to barrier, between 0 – 6 hours after encountering a barrier. Root

tip angle was measured every 15 minutes for 6 hours and compared with previously

obtained time-lapse data for the wildtype Col-0. According to time-lapse data,

atrbohD/F root tip angle differed significantly from Col-0 (ANCOVA, p < 0.001).

At 360 minutes (6 hours) mean RTA of atrbohD/F was 148.8o (± 5.7) compared with

118.9o (± 8.2) in the control. RTA remains similar between Col-0 and atrbohD/F

within the first 60 minutes of encountering a barrier, beginning to differ at 75 minutes.

At 75 minutes the RTA of atrbohD/F is greater at 124.0o (± 6.7) compared with

108.9o (± 4.4) for Col-0 (Fig. 5.23). The double mutant atrbohD/F therefore appears

to bend more quickly than Col-0 before establishing a higher and more horizontal

root tip angle. However, this data contradicts previous experiments examining the

RTA of atrbohD, atrbohF and atrbohD/F at 6 and 24 hours after a barrier placement,

which showed the mutants did not differ from Col-0 in the response to barrier.

Growth was measured between 0 and 360 minutes for the atrbohD/F double mutant

and compared with Col-0. According to time-lapse data, growth was greater in the

atrbohD/F double mutant, which had a mean growth of 1.69 mm (± 0.33) along

the barrier after 360 minutes, compared to 0.73mm (± 0.1) for Col-0 (Fig. 5.24 A;

ANCOVA, p < 0.001). Similar to Col-0, growth rate did not change significantly

over time, appearing unaffected by encountering a barrier (ANCOVA, p = 0.06).

After an initial increase of growth rate from 2.1 µm at 15 minutes to 6.0 µm (± 1.5)

at 105 minutes, growth rate fluctuates slightly in atrbohD/F but remains relatively

consistent over time. According to this data inhibition of ROS may affect bending

rate and growth rate within the first 0-2 hours of the barrier response. However,

time-lapse data up to 360 minutes (6 hours) contradicts previous data which shows

growth is unaffected in the double mutant.
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Figure 5.23: Timelapse imaging of atrbohD/F double mutant in response to a barrier. Plastic
barriers were placed in front of 6 day old vertically growing roots and root tips were imaged every
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Figure 5.24: Growth of atrbohD/F double mutant roots in response to a barrier between 0-6
hours. A) Root growth of the primary root tip between 0-480 minutes after contact with the

barrier. B) Root growth rate (µm/min) between 15-480 minutes after encountering a
barrier.Plastic barriers were placed in front of 6 day old vertically growing roots and root tips
were imaged every 15 minutes. Lines and dots indicate mean with shaded area indicating ± SE.
Scale bar indicates 0.5 mm. Brackets and stars indicate significance after a t-test (NS = not

significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.4.4 The effect of chemical inhibition of NADPH oxidase

and peroxidase activity on the root response to a

barrier

To further investigate the role of ROS signalling during the root barrier response,

chemical inhibitors of enzymes involved ROS production and scavenging. Diphen-

ylene iodonium (DPI) is an inhibitor of NADPH oxidases and other flavoenzymes

(Bolwell and Wojtaszek, 1997). DPI was used to further examine the effect of inhib-

iting ROS production during the barrier response. In addition, salicylhydroxamic

acid (SHAM), an inhibitor of peroxidase activity was used to investigate whether

peroxidase activity is required for the root response to a barrier. SHAM has pre-

viously been used to investigate the role peroxidase activity in stomatal closure

(Khokon et al., 2011), primary root development (Dunand et al., 2007) and root hair

development (Kwasniewski et al., 2013). Seedlings were grown in the presence of

either 10 µM or 50 µM of DPI or SHAM to investigate how they may affect root

growth in response to a barrier. Seedlings were additionally grown on either 10 or 50

µM of DMSO as a control. Roots were imaged at 6 hours and 24 hours after barrier

placement.

Root tip angle (RTA)

At six hours, seedlings grown on 10 µM of DPI encountering a barrier have a higher

RTA compared to the control (10 µm DMSO) and SHAM treatments (Fig. 5.25

A). Mean RTA of seedlings grown in the presence of 10 µM DPI and encountering

a barrier is 130.9 ± 2.5 o compared with 121.5 ± 1.9 o. On 50 µM DPI primary

RTA does not differ significantly from seedlings grown on 50 µM DMSO only when

encountering a barrier (Fig. 5.25 B). In addition, seedlings grown on 50 µM SHAM

don’t differ in RTA from those grown on just 50 µM DMSO when encountering a

barrier. AT 24 hours, there is no difference in RTA between seedlings grown in the

presence of 10 µM DPI or SHAM with those grown on 10 µM DMSO only when
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encountering a barrier (Fig. 5.25, C). However, treatment with 50 µM DPI results in

a lower, more vertical mean root tip angle of 126.9o ± 3.0 compared with an mean

RTA of 139.0o ± 1.6 of seedlings grown on media with 50 µM DMSO only (Fig. 5.25

D).
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Figure 5.25: A) The effect of diphenylene iodonium (DPI) and salicylhydroxamic acid (SHAM)
on root tip angle during the barrier response. Plastic barriers were placed in front of primary

roots of seedlings 6 days after germination (DAG) and root tips were imaged at 6 hours (A) and
24 hours (C) after encountering a barrier. Scale bar represents 0.5 mm. B) Graph indicating the
angle of primary root tips to the horizontal barrier at 6 hours. D) Graph indicating the angle of
primary root tips at 24 hours. Lines indicate mean and surrounding shaded area indicates ± SE.

Letters indicate significance with a Tukey Pairwise comparison P < 0.05.
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Root growth

At six hours, chemical treatment with DPI has a significant effect on root growth

(ANOVA, p < 0.001), however, root growth does not differ between roots growing

with or without a barrier for any treatment (Fig. 5.26). The addition of DPI to the

growth media reduces root growth in both control and barrier conditions compared

with DMSO control media. At 10 µM DPI, median root growth of seedlings from

control and barrier treatments was 1.23 (IQR = 0.46) and 1.25 (IQR = 0.38). This

was significantly different to the primary root growth of seedlings grown on 10 µM

DMSO only, which was a median of 1.52 (IQR = 0.36) and 1.45 (IQR = 0.31) for

the control and barrier treatments respectively. On media containing 50 µM DMSO,

median root growth without a barrier was 1.5 mm (IQR = 0.36) compared with a

median growth of 1.2 mm (IQR = 0.46) on median containing 50 µM DPI. At 24

hours, the addition of a barrier does not affect root growth the DMSO control, SHAM

or DPI treatments. Chemical treatment does reduce root growth in both impeded

and non-impeded roots. For example, at 24 hours median growth of seedlings grown

without a barrier of 50 µM DMSO media was 4.8 mm (IQR = 2.3). Seedlings growing

unimpeded on 50 µM DMSO had a root growth of 1.60 mm (IQR = 1.4), suggesting

high levels of DPI cause much shorter roots. The reduced root growth of DPI may

also contribute the the difference in root tip angle of seedlings grown on 50 µM

DMSO as root growth may be halted or slowed before bending occurs. The results

suggest that although perturbation of ROS production and scavenging significantly

alters root growth, it does not affect the maintenance of root growth in response to

a barrier within the first 24 hours of impedance.
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Figure 5.26: The effect of chemical inhibition of NADPH oxidase and peroxidase activity on
primary root growth in response to a barrier. Plastic barriers were placed in front of 6 day old
vertically growing roots and root tips were imaged in situ after 6 and 24 hours. For boxplots,

upper and lower boundaries of the box indicate the interquartile range (IQR), a black line within
the box marks the median, and whiskers represent the min and max excluding outliers. Open

circles represent outliers.
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5.4.5 Investigating changes in hydrogen peroxide (H2O2)

in response to a barrier using the fluorescent

reporter Hyper

Confocal microscopy was used to examine whether there were any observable changes

in ROS at the root tip in response to a barrier, in particular within the first 6 hours

of the response. A molecular probe for ROS, Hyper, allows for imaging of H2O2.

Hyper consists of a circularly permuted YFP (cpYFP) molecule inserted into the

regulatory domain of the Escherichia coli hydrogen peroxide (H2O2) sensor. Exposure

to H2O2 causes a shift in the excitation peak of the attached cpYFP. Due to this

H2O2-induced change in excitation wavelength, Hyper can be used as a ratiometric

biosensor (Belousov et al., 2006). Hyper fluorescence was used to examine whether

any changes in H2O2 levels occur at the root tip in response to barrier, focusing on

the root response within the first 6 hours after encountering a barrier.

5.4.6 Changes in Hyper fluorescence in unfixed roots after

responding to a barrier

Seedlings expressing the hydrogen peroxide reporter Hyper were imaged between

3-5 hours after placement of a barrier. Root tips were imaged after staining with

propidium iodide to reveal cell structure. During this initial experiment, only YFP

fluorescence excited at 488 nm was measured and used as an initial indication for

hydrogen peroxide levels. Fluorescence was measured across the whole root tip, as

well as in the quiescent centre (QC), columella cells, border cells and lateral root

cap. YFP fluorescence of hyper increased slightly in the root tip as a whole, however,

this increase was not significant (Fig. 5.27 A, F). However, YFP fluorescence in the

border cells increased from a measured mean value of 41.6 (± 6) to 104 (±18. 8 ),

indicating an increase in hydrogen peroxide may occur in the outermost columella

cells in response to a barrier (Fig. 5.27 A, D). In the lateral root cap, QC an
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Columella, there was no significant change in fluorescence (Fig. 5.27 A,B,C,E). The

ratio of fluorescence across the left and right lateral root cap was calculated to see if

there is any asymmetric distribution of hydrogen peroxide in the root tip. The ratio

of left/right fluorescence did not differ between the barrier and control treatments

indicating there was no asymmetric distribution of Hyper signal and therefore H2O2.



5.4. Reactive Oxygen Species (ROS) 244

Quiescent Centre Total

Border Cells Columella (1-4)

Control Barrier

0

50

100

150

200

0

50

100

150

200

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Centre Total

Cells Columella (1-4) Lateral Root Cap

Barrier Control Barrier

Control Barrier

Timepoint

Quiescent Centre Total

Border Cells Columella (1-4)

Control Barrier Control Barrier

Con

0

50

100

150

200

0

50

100

150

200

Timepoint

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Quiescent Centre

Control Barrier

0

0

50

100

150

200

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
n

Quiescent Centre Total

Border Cells Columella (1-4)

Control Barrier Control Barrier

0

50

100

150

200

0

50

100

150

200

Timepoint

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Quiescent Centre Total

Border Cells Columella (1-4) Lateral Root Cap

Control Barrier Control Barrier

Control Barrier

0

50

100

150

200

0

50

100

150

200

Timepoint

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Quiescent Centre

Border Cells

Control Barrier

0

50

100

150

200

0

50

100

150

200

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Quiescent Centre

Border Cells

Control Barrier

0

50

100

150

200

0

50

100

150

200

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Quiescent Centre Total

Border Cells Columella (1-4) Lateral Root Cap

Control Barrier Control Barrier

Control Barrier

0

50

100

150

200

0

50

100

150

200

Timepoint

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Lateral Root Cap

Control Barrier

Quiescent Centre Total

Border Cells Columella (1-4) Lateral Root Cap

Control Barrier Control Barrier

Control Barrier

0

50

100

150

200

0

50

100

150

200

Timepoint

M
ea

su
re

d 
Y

F
P

 F
lu

or
es

ce
nc

e

Quiescent Centre

Border Cells

Control Barrier

0

50

100

150

200

0

50

100

150

200

M
e

a
su

re
d

 Y
F

P
 F

lu
o

re
sc

e
n

ce
M

ea
su

re
d 

F
lu

o
re

sc
en

ce

1.00

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

1.09

1.10

1.11

1.12

1.13

1.14

1.15

Control Barrier
Treatment

L
R

C
 L

e
ft

/R
ig

h
t 

F
lu

o
re

s
c
e

n
c
e

 R
a

ti
o

A 

F

Control Barrier

M
ea

su
re

d 
F

lu
o

re
sc

en
ce

M
ea

su
re

d 
F

lu
o

re
sc

en
ce

M
ea

su
re

d 
F

lu
o

re
sc

en
ce

M
ea

su
re

d 
F

lu
o

re
sc

en
ce

Quiescent Centre Total

Border Cells Columella (1-4) Lateral Root Cap

Control Barrier Control Barrier

Control Barrier

0

50

100

150

200

0

50

100

150

200

Timepoint

M
ea

su
re

d 
Y

F
P

F
lu

or
es

ce
nc

e

Control Barrier

B

C

D E

G

***

Figure 5.27: Changes in Hyper ((Belousov et al., 2006)) fluorescence in unfixed roots after
responding to a barrier. Barriers were placed in front of seedlings 6 days after germination (DAG)

and roots were imaged between 3-5 hours after barrier placement. Roots were removed and
stained with propidium iodide prior to imaging. A) Typical fluorescence of Hyper probe YFP
excited at 488 nm (Green) in roots stained with propidium iodide (magenta). B-E) Measured

fluorescence of Hyper YFP in the Quiescent Centre (B), Columella (C), Border Cells (D), Lateral
Root Cap (E). F) Total measured fluorescence in the root tip. G) Ratio of Hyper fluorescence

across the left and right sides of later root cap. Ratio was calculated using the formula
exp(|(log(left/right))|) to account for any bias in assigning left/right side of the root. Black

circles and error bars represent mean ± SE. Coloured circles represent distribution of individual
data points. For boxplots, upper and lower boundaries of the box indicate the interquartile range
(IQR), a black line within the box marks the median, and whiskers represent the min and max
excluding outliers. Open circles represent outliers. Lines and stars show significance (NS = not

significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.4.7 Investigating changes in Hyper fluorescence in roots

fixed at 3 hours and 6 hours after barrier placement

To examine whether any changes in hydrogen peroxide in the root tip can be observed

at more specific time points after barrier placement, seedlings expressing Hyper were

fixed at 3 hours and 6 hours. Seedlings were fixed with 4% paraformaldehyde and

root tissue was cleared using the Clear See method. For these experiments both the

images were acquired with two channels, one using the 405nm laser excitation (blue

channel) and one at 488 (green channel). Separate TIFF files of each channel were

exported for analysis in ImageJ. Image calculator was used to generate a ratiometric

image of Green channel over Blue channel for analysis. An increase in this ratio

would indicate an increase in hydrogen peroxide. Mean grey value of the ratiometric

images was measured in the border cells, columella cells and lateral root cap for

seedlings fixed at both 3 hours and 6 hours (See Methods 2.4.7).

At 3 hours, analysis of ratiometric images obtained fixed seedlings does not appear

to indicate any change in hydrogen peroxide levels. Green/Blue ratio did not differ

significantly in either the border cells, columella cells or lateral root cap (Fig. 5.28

A-E). Distribution of hydrogen peroxide across the left and right lateral root cap

was examined by dividing the measured value from the left LRC over the right LRC.

However, there was no significant change in the level of hydrogen peroxide across the

left and right side between control and barrier treatment (Fig. 5.28 G). At 6 hours,

the ratio of Green/Blue does not change in either the columella or LRC, however,

there is a significant reduction in Green/Blue ratio from 2.61 (± 0.15) to 2.22 (±

0.06) (Fig. 5.29, A-E). This indicated a reduction in hydrogen peroxide occurring

in the border cells at 6 hours. The distribution of hydrogen peroxide level was

examined across the left and right side of the root in the lateral root cap. Although

there appears to be a small increase in the left/right value from a median of 1.04

(IQR = 0.02) in the control to 1.05 (IQR = 0.02), this increase is not significant (Fig.

5.29, F). Therefore, there does not appear to be a difference in hydrogen peroxide
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levels between the left and right side of the root.

Overall the results indicate that there may be some changes in the level of H2O2 at

the root tip in roots responding to a barrier. However, the results are not conclusive,

particularly as the of Hyper imaging of roots fixed at 3 hours does not reveal any

change in fluorescence. It is likely that any observable changes in ROS levels at the

root tip may occur very rapidly and therefore more work is needed to assess precisely

if and when these changes might occur.
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Figure 5.28: Investigating changes in Hyper fluorescence in roots fixed at 3 hours after
encountering a barrier. Barriers were placed in front of roots 6 days after germination (DAG).
Seedlings were fixed with 4% PFA 3 hours after barrier placement. Tissue was cleared using

ClearSee prior to imaging. YFP of the Hyper probe was excited at 405 (Blue) and 488 (Green)
nm and separate images acquired for both channels. A) Typical location of Hyper fluorescence.

Green = excitation at 488, Blue = excitation at 405. B) Ratio metric images generated of
Green/Blue fluorescence using image calculator in ImageJ and used to measurements of

Green/Blue fluorescence. D-F) Measured fluorescence (mean grey value) of Green/Blue channels
using ImageJ in Border Cells (D), Columella (E), and the Lateral Root Cap (LRC, F). G) Ratio
of Hyper fluorescence across the left and right sides of later root cap. Black circles and error bars

represent mean ± SE. Coloured circles represent distribution of individual data points. For
boxplots, upper and lower boundaries of the box indicate the interquartile range (IQR), a black
line within the box marks the median, and whiskers represent the min and max excluding outliers.
Open circles represent outliers. Lines and stars show significance (NS = not significant, * < 0.05,

** < 0.01, *** < 0.001).
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Figure 5.29: Investigating changes in Hyper fluorescence in roots fixed at 6 hours after
encountering a barrier. Barriers were placed in front of roots 6 days after germination (DAG).
Seedlings were fixed with 4% PFA 3 hours after barrier placement. Tissue was cleared using

ClearSee prior to imaging. YFP of the Hyper probe was excited at 405 (Blue) and 488 (Green)
nm and separate images acquired for both channels. A) Typical location of Hyper fluorescence.

Green = excitation at 488, Blue = excitation at 405. B) Ratio metric images generated of
Green/Blue fluorescence using image calculator in ImageJ and used to measurements of

Green/Blue fluorescence. D-F) Measured fluorescence (mean grey value) of Green/Blue channels
using ImageJ in Border Cells (D), Columella (E), and the Lateral Root Cap (LRC, F). G) Ratio
of Hyper fluorescence across the left and right sides of later root cap. Black circles and error bars

represent mean ± SE. Coloured circles represent distribution of individual data points. For
boxplots, upper and lower boundaries of the box indicate the interquartile range (IQR), a black
line within the box marks the median, and whiskers represent the min and max excluding outliers.
Open circles represent outliers. Lines and stars show significance (NS = not significant, * < 0.05,

** < 0.01, *** < 0.001).



5.4. Reactive Oxygen Species (ROS) 249

5.4.8 Investigating changes in ROS levels using CellRox

Analysis of RNA-Seq results demonstrated that there was an upregulation of genes

previously identified as being differentially expressed in response to other react-

ive oxygen species, in particular superoxide. It was therefore examined whether

changes in other reactive oxygen species can be observed, particularly during earlier

timepoints during the response. CellRox are cell-permanent dyes that are weakly

fluorescent in the reduced state and exhibit photostable fluorescence upon oxidation

by reactive oxygen species. CellRox Deep Red reagent was used to stain roots to

further examine ROS levels in the root. Three hours after barrier placement, seed-

lings were stained for half an hour with CellRox Deep Red reagent and imaged using

a confocal microscope (See Methods 2.4.7) The root tip, meristem and elongation

zone were imaged to measure to fluorescence level of CellRox Deep Red.

CellRox staining of the root tip 3 hours after barrier placement

CellRox Deep Red fluorescence was observed in the outer most columella, border

cells and in the lateral root cap (Fig. 5.30 A, B) Fluorescence was measured in the

columella cells and the left and right sides of the lateral root cap. Mean Fluorescence

did not differ between roots encountering a barrier at three hours in either the

columella cells or lateral root cap (Fig. 5.30 A). In addition, the ratio of fluorescence

over the left and right sides of the LRC was calculated. This did not differ significantly

in roots encountering a barrier compared with the control (Fig. 5.30 C). It therefore

appears that there is no change in ROS detected by CellRox Deep Red fluorescence

at the root tip at 3 hours after encountering a barrier.
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Figure 5.30: CellRox staining of the root tip 3 hours after barrier placement to reveal ROS
levels. Barriers were placed in front of seedlings 6 days after germination (DAG) and seedlings
were removed 3 hours after barrier placement for staining. Seedlings were stained for 30 minutes
with CellRox Deep Red before imaging. A) Measured fluorescence of CellRox Deep Red stain in
the root tip. B) Typical staining pattern of CellRox Deep Red (Red) at the root tip. With and
without bright field image of the root tip for reference. C) Ratio of CellRox Deep Red fluorescence

across the left and right lateral root cap (LRC). Ratio was calculated using the formula
exp(|(log(left/right))|) to account for any bias in assigning left/right side of the root. Scale bar

shows 50 µm. Black circles and error bars represent mean ± SE. Coloured circles represent
distribution of individual data points. Lines and stars show significance (NS = not significant, * <

0.05, ** < 0.01, *** < 0.001).
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CellRox staining of the meristem and elongation zone 3 hours after

barrier placement

CellRox Deep Red fluorescence was also measured in the meristem and elongation

zones. Fluorescence was observed in both the meristematic and elongation zone and

was measured separately on the left and right sides of the root (5.31 A). There is

a significant decrease in cellrox fluorescence in the elongation zone, from a mean

value of 3.33 (± 0.5) in the control to 1.96 (± 0.23) in roots encountering a barrier

(t.test, p = 0.05). This would suggest a decrease in ROS occurring in the elongation

zone in response to a barrier. CellRox fluorescence in the meristem was similar to

the elongation zone with control roots having a mean fluorescence of 2.65 (± 0.28),

however, CellRox fluorescence did not differ between control and barrier treatments

(Fig. 5.31 A,B) The ratio of fluorescence was measured across the left and right

side of the root to examine whether there is any asymmetric distribution of CellRox

fluorescence. Although left/right fluorescence increased slightly in the elongation

zone between the control (1.1, ± 0.023) and barrier (1.14, ± 0.04) treatments, this

increase was not significant. There was also no change in the ratio of fluorescence in

the meristem (5.31 C). This suggests there is no significant change in distribution

of ROS in the meristem or epidermis at 3 hours in response to a barrier.
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Figure 5.31: CellRox staining of meristem and elongation zone 3 hours after barrier placement.
Barriers were placed in front of seedlings 6 days after germination (DAG) and seedlings were

removed 3 hours after barrier placement for staining. Seedlings were stained for 30 minutes with
CellRox Deep Red before imaging. A) Typical staining pattern of CellRox Deep Red (Red) in the
meristem and elongation zone. With and without bright field image of the root tip for reference.
B) Measured fluorescence of CellRox Deep Red stain in the the meristem and elongation zone. C)

Ratio of CellRox Deep Red fluorescence across the left and right side of the meristem and
elongation zone. Ratio was calculated using the formula exp(|(log(left/right))|) to account for
any bias in assigning left/right side of the root. Scale bar shows 50 µm. Black circles and error

bars represent mean ± SE. Coloured circles represent distribution of individual data points. Lines
and stars show significance (NS = not significant, * < 0.05, ** < 0.01, *** < 0.001).
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5.4.9 ROS summary

The work presented here provides some evidence that ROS may be involved during

the root response to a barrier, however, the exact role and timing of ROS signalling

cannot be fully understood. Perturbing NADPH oxidase activity through mutation of

atrbohD and atrbohF suggests that ROS is not required for establishment of bending

and root tip angle in response to a barrier but may play a role in the location of

root hair development. However, time-lapse analysis of atrbohD/F suggests that

root tip angle is affected, with the mutant establishing a more horizontal root tip

angle within the first 6 hours of encountering a barrier. Additionally, inhibition of

NADPH oxidase activity via DPI suggests there may be a role for ROS signalling

during establishment of root tip angle, however, inhibition of SHAM activity suggests

that peroxidase activity is not crucial for the barrier response. Imaging of ROS levels

using fluorescence microscopy provides additional evidence that changes in ROS levels

could occur in the root in response to a barrier, but again these are inconclusive.

Imaging of Hyper suggests there may be changes in H2O2 levels of border cells at

the root tip within 6 hours after placement of a barrier. In addition, analysis of ROS

levels using the dye CellROx deep red points to possible changes in ROS levels in the

elongation zone of roots as early as 3 hours after encountering a barrier. More work

is needed to fully understand how changes in ROS levels contribute to signalling

processes involved in the root response to a barrier and exactly when these changes

occur during the response.

5.5 Summary

Work presented in this chapter aimed to investigate the role of plant hormones

and ROS signalling during the root response to a barrier. Data from both RNA-

Sequencing and previous studies formed the basis of the hypothesis that auxin,

ethylene and ROS were likely to be involved in molecular signalling events controlling

the root response to a barrier. These were investigated experimentally using mutants
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and chemical inhibitors to manipulate signalling pathways as well as fluorescent

reporters to investigate changes to hormone levels in the root.

Results in this chapter provided evidence for a role for both auxin and ethylene

signalling during the root response to a barrier. In particular, there is evidence to

support the importance of auxin transport for facilitating root bending responses

to a barrier. Both analysis of auxin transport mutants and chemical inhibition of

transport by NPA resulted in roots which don’t display the step-like growth patter

observed in the wild type. In addition, changes in the level of auxin at the root tip

could be observed within the first 6 hours of response to a barrier. Similar effects on

the angle of bending at the root tip in response to a barrier were seen in the ethylene

mutant etr1 as well as in seedlings grown in the presence of silver thiosulphate to

inhibit ethylene perception. Results examining root hair growth and development

also pointed to a role for both auxin and ethylene in mediating changes to root hair

growth that occur in response to a barrier.

There is less conclusive evidence for the involvement of ROS signalling during the

barrier response. Analysis of NADPH oxidase mutants suggests that inhibiting ROS

production does not have an effect on the root response to a barrier. However,

timelapse analysis of the double mutant atrbohD/F suggested blocking ROS pro-

duction did cause changes in root tip angle during the first six hours of the barrier

response. Evidence from fluorescence microscopy suggests changes in ROS levels may

occur in the border cells of the root tip, however, more work is needed to confirm

this. In addition it appears that there may be changes in ROS levels within the

elongation zone seen as early as 3 hours. Overall, although these results suggests a

role for auxin, ethylene and possible ROS signalling, more work is needed to examine

exactly when changes in hormone signalling, transport and biosynthesis occur and

how they are integrated to mediate the root response to a barrier.



Chapter 6

Discussion
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6.1 Introduction

As plant roots elongate through the soil environment, they will encounter physical

barriers to their growth and must adapt in order to respond to such obstacles.

Increases to the mechanical strength of soils can occur as a result of soil drying or

compaction from heavy farming machinery (Jin et al., 2013). The effects of soil drying

and compaction can reduce crop yield, meaning there is an agronomic relevance to

understanding the response to roots to mechanical impedance (Whalley et al., 2008;

Potocka and Szymanowska-Pulka, 2018). Currently, the molecular signalling events

that occur during the root response to such barriers and subsequent control of changes

to growth and development are not well understood. The primary objective of the

work described in this thesis has been to examine the role of hormone signalling in

the root response to a barrier, using the model species Arabidopsis thaliana.

In Chapter 3, I examined changes to root growth, including cell division and elong-

ation. I examined both the long term and short term response of the root using a

number of methods based on those previously described in the literature in order to

assess the most appropriate method. Subsequent work then focused on understand-

ing the signalling events governing the observed changes in growth, in particular the

bending response of roots within the first 30 hours of encountering a barrier. In

Chapter 4, I employed RNA-Sequencing to examine changes in gene expression that

occur as the root bends in response to an obstacle. Using data from RNA-Seq and

previous literature, it was hypothesised that ethylene, auxin and reactive oxygen

species are likely to be involved during the barrier response. In Chapter 5 these

hypotheses were tested experimentally, confirming a role for ethylene and auxin sig-

nalling and providing some evidence for the potential involvement of ROS. The aim

of the current chapter is to highlight and discuss important aspects of the research

presented in this thesis and to provide scope for future work to build upon these

results.
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6.2 Root phenotypic responses to continuous

mechanical impedance

The changes to root growth and development that occur in response to a barrier

were examined using a range of methods, in order to assess the most suitable method

for examining both the long term and short term response to a barrier. Long term

responses were measured over a number of days, where roots were mechanically

impeded for a prolonged period. Short term responses focused on the early bending

response of the root to a barrier within the first 24 hours of encountering the obstacle.

6.2.1 Investigating long term root responses to mechanical

impedance through different methods

Characterising the long term response of roots to a barrier focused on methods

that allowed for the growth of primary roots to be measured after experiencing

continuous mechanical impedance. The effect of mechanical impedance on root

growth has been previously examined in Arabidopsis by Okamoto et al. (2008). In

this method, a dialysis membrane is placed over the growth media and seedlings are

grown horizontally along it. Root tips are unable to penetrate the membrane whilst

attempting to grow downwards, and therefore experience continuous mechanical

stimulation. A decrease in root growth in response to growth along a dialysis

membrane has been previously found by Okamoto et al. (2008).

Utilising this method, it was examined whether there are any changes to the size

and activity of the meristem and elongation zone. A reduction in both meristem

and elongation length was observed in the roots mechanically impeded horizontally

grown seedlings (Fig. 3.1, 3.2 A-C). However, there is no observed change in the

number of dividing cells within the meristem (Fig. 3.2 D,E), suggesting the activity

of the meristem is unaffected.

Subsequent experiments utilised different experimental systems to examine the effect
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of mechanical impedance on root growth. These systems utilised changes in the

concentration of the growth medium to increase strength. Increasing the strength

of the medium through which the roots grew resulted in a decrease in primary root

length around 6-7 days after germination (Fig. 3.3). A two layer gel system was then

used to examine the effect of growing roots through a softer layer of media before

hitting an impenetrable layer. When root growth is impeded by a lower layer of

stronger media, primary root length is significantly reduced (Fig. 3.4 A,B) and this

reduction in root length is enhanced when the with an increased concentration of

Phytagel in the lower layer. When growing through an upper layer of 0.3% Phytagel

before encountering a lower layer of 1.2% Phytagel, a significant reduction in root

growth can be observed around 5DAG (Fig. 3.5). Further investigation using the two

layer system examined the effect of the barrier to primary root growth on activity of

the meristem. Results were similar to those from the dialysis membrane experiments.

Meristem activity was examined using the CYCB1;2:GUS reporter to detect dividing

cells and it was found that cell division was unaffected in the roots encountering the

lower, harder layer of Phytagel (Fig. 3.8). In addition, confocal microscopy revealed

that the length of the meristem was unaffected, however, the length of the elongation

zone is shortened. Again, this points to a reduction in root growth occurring as a

result in a reduction in cell elongation and not meristem activity.

A decrease in root growth is a well documented response to compact soil or growth

medium and has been observed in a number of crop species, as well as in exper-

iments with Arabidopsis (Potocka and Szymanowska-Pulka, 2018). Most studies

have examined the effect of compacted soil or sand on root architecture, there are

fewer utilising gel based systems, however, those examining the effect of mechanical

impedance in gel based systems have also reported decreases in the primary root

growth of Arabidopsis (Yamamoto et al., 2008; Okamoto et al., 2008; Yan et al.,

2017, 2018). Okamoto et al. (2008) reported a 2 fold reduction in primary root

length in response to horizontal growth along a barrier. Previous studies utilising

increases in the strength of the growth media to study mechanical impedance have
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also reported similar effects on primary root growth. Yan et al. (2017) reported

a negative correlation between Phytagel strength and root length, with roots also

showing more skewed growth when growing through increased concentrations of

Phytagel.

The reduction in root growth in response to mechanical impedance appears to be

the result of changes to cell elongation as opposed to division. Investigation of

mechanical impedance using both dialysis membrane barriers and a two layer gel

system demonstrated cell division remains unchanged whilst the elongation zone

is shortened. Okamoto et al. (2008) reported a similar result, with meristem size

remaining unchanged while cell length showed a 2 fold reduction. A reduction in cell

elongation as a result of mechanical impedance of the root has also been reported in

other species including lupin (Atwell, 1988; Hanbury and Atwell, 2005), pea (Croser

et al., 1999) and maize (Veen, 1982). However, an effect of mechanical stress on

meristem function has also been reported, although this may depend on the nature

of the mechanical force exerted. Potocka et al. (2011) grew maize roots through

glass tubes in order to exert a radial mechanical force on the root. Under these

conditions, atypical cell divisions occur and there is a reorganisation of root apical

meristem from closed to open. It is therefore important to consider how the direction

of stress on the root may affect development and growth, as in soil conditions the

root experiences both axial and radial pressure to growth.

Although most results suggest that there is no affect on cell division in the meristem,

roots growing horizontally along a dialysis membrane did show a reduction in mer-

istem length and the number of cells in the cortex of the meristem and elongation

zone. This contradicts the results described by Okamoto et al. (2008) who found

there was no difference in the length of the root meristem in response to growth

along a dialysis membrane. Okamoto et al. (2008) examined meristem size at 4DAG

whereas the results presented here examined roots of seedlings 7DAG, therefore this

difference may be due to the length of time over which the root is in contact with the

barrier and the age of the seedlings. A reduction in meristem size could be due to
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changes in cell differentiation causing the transition zone between the meristem and

elongation zone to occur closer to the root tip. Cell differentiation and the location

of the transition zone is tightly regulated via crosstalk between cytokinin and auxin

signalling (Dello Ioio et al., 2007, 2008). Further investigation is needed to determine

whether perturbations in the balance of auxin and cytokinin signalling may lead to

changes in cell differentiation during the long term response of roots to mechanical

impedance, thus impacting both the length of the meristem and elongation zone.

Lateral root growth is affected by the presence of a barrier to primary

root growth

The growth of lateral roots was examined using the two-layer gel system to determine

whether impeding the growth of the primary root affects the the overall architecture

of the root system. In response to growing along a lower layer of hard medium, root

of seedlings 11 DAG displayed a decrease in lateral root length and the number of a

lateral roots, however, there was an increase in lateral root density across the primary

root (3.6). At 11 DAG, primary roots showed an even more pronounced change in

root length, showing a 2.5 fold reduction (3.6 B). As the density of lateral roots

increased, the reduction in number of lateral roots is like to be an artefact of the

large reduction in primary root length. The increase in the density of lateral roots

may represent an increase in lateral root initiation to compensate for the decrease

in primary root growth. It is also possible that an increased density of lateral roots

may enhance anchorage and therefore exploration of the primary root, providing an

advantage in strong soil conditions (Goss, 1977; Richter et al., 2009). An increase

in lateral root emergence has previously been reported to occur on the convex side

of curving roots (Fortin et al., 1989; De Smet et al., 2007). Richter et al. (2009)

reported that mechanically inducing roots to bend enhanced lateral root formation.

As roots encounter the lower, harder Phytagel barrier, they did not penetrate the

lower layer, but instead bent along it. It is therefore possible that the increase in

lateral root density is due to curvature of the root that occurs as it encounters a
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barrier.

Although previous studies have found mechanical impedance to cause an increase in

lateral root density (Veen, 1982; Tsegaye and Mullins, 1994; Konôpka et al., 2009),

there have also been reports of a decrease lateral root number (Goss, 1977; Grzesiak,

2009) and branching density (Cook et al., 1996). Imaging of root architecture changes

over a longer period of time could help determine exactly when and where changes

in lateral root emergence and elongation occur, as well as assist in understanding

the impact of mechanical impedance on lateral root architecture. It has also been

reported that differences in the pore size of growth medium used, for example

compacted soil (Bingham and Bengough, 2003) or glass beads (Goss, 1977), can affect

the elongation of lateral roots. Therefore future work must take into consideration

how examining the effect of lateral root growth in response to mechanical impedance

may differ depending on the growth medium used.

6.2.2 The short term bending response of roots to a

barrier

To investigate the short term response of roots to a barrier, horizontal plastic barriers

were placed directly in front of vertically growing primary roots, a method adapted

from a similar study by Massa and Gilroy (2003b). Using time lapse imaging of the

growing root tip, it was observed that the roots bent upon encountering a barrier

and formed a step-like growth structure consisting of two bends at the root tip.

Bending of the root was detected within the first hour of encountering a barrier,

with a second bend forming between 3 to 4 hours after contact with the barrier

(Fig. 3.9. As the root tip bent, the angle of the leading edge of the root tip to the

barrier changed from the vertical to an average of 120o while the root was in contact

with the barrier. The step like growth pattern was still present 24 hours after first

contact, however, average root tip angle was greater, at 137o. These results confirm

previous reports of the formation of a step like growth pattern by Arabidopsis roots
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when encountering a barrier to growth (Massa and Gilroy, 2003b; Weerasinghe et al.,

2009; Lee et al., 2020). Massa and Gilroy (2003b) reported Arabidopsis roots form

two bends in response to an obstacle, maintaining an average root tip angle of 136o

as long as the root maintained contact with the barrier. This angle was altered in

mutants unable to respond to gravity and in species of plants with thicker primary

roots. It has therefore been suggested that the step like growth pattern observed is

the result of an interaction between a transient touch response and a more sustained

gravity response (Massa and Gilroy, 2003b). There has been some debate, however,

as to whether the initial bending of the root is a passive or active process. Shih et al.

(2014) suggested that the first bend is simply the result of the root continuing to

elongate against the barrier, however, recently Lee et al. (2020) have suggested it is

an active process with changes in auxin distribution occurring. The bending rate

of roots was calculated and found to decrease over time, being greatest between 15

and 90 minutes after contact with a barrier (Fig. 3.9 C). This is similar to results

found by Lee et al. (2020) who found root bending was greatest within the first 20

minutes of contact with a barrier. It is therefore possible that root bending may

be an active process, but more work examining the formation of the first bend in

response to a barrier is needed to confirm this.

In addition, root elongation appeared to be unaffected by contact with a barrier,

with the rate of root growth maintaining constant between 15 and 480 minutes after

contact with a barrier (Fig. 3.10). This corroborates results found by Massa and

Gilroy (2003b) who reported root growth did not differ in roots elongating along

an obstacle. Even after 24 hours of growth along the barrier, root growth remained

unchanged relative to the unimpeded control (Fig. 3.11 C). It is likely that changes

to root growth previously observed occur as a result of sustained growth along a

barrier for a number of days, and root growth is initially sustained in the short term.

However, a short term change to root elongation in response to a barrier has been

reported by Bizet et al. (2016). Examining the kinetics of poplar roots in response to

growth against a glass blade, Bizet et al. (2016) found growth rate of roots decreased
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within minutes of contact with the barrier. However, elongation rate was found to

subsequently recover and increase until buckling of the root occurred. Again, this

points to a possible active response of root growth to a barrier during the initial

contact with a barrier. More detailed measurements of the initial bending and force

applied by Arabidopsis roots during the first hour of contact with a barrier may help

our understanding of this process. This could be achieved using a similar method

described by Bizet et al. (2016), who utilised a 3D imaging and sensor system to

measure the force applied by the elongating root

6.2.3 Notes on experimental design

Different experimental designs were tested in Chapter 3 to examine which would

be the most appropriate for examining the root response to a barrier using a gel

based system allowing for more control over the environment experienced by the

growing root. These systems also have the advantage of allowing the growing root

to be observed and imaged in situ, making it possible to examine root growth

over time without removing or damaging the growing plant. Whilst the dialysis

membrane system utilised by Okamoto et al. (2008) provides continuous mechanical

stimulation to the growing root, it does not allow for vertical growth to be established.

Therefore any changes in root tip morphology such as bending cannot be observed

and it becomes more difficult to examine the interaction between touch and gravity

sensing. As this has been proposed to be a key component of the root response to

a barrier (Massa and Gilroy, 2003b), it is important to use a growth system which

takes it into account. By contrast, systems using increases in the strength of media,

such as in studies by Yan et al. (2017, 2018), could be considered to more accurately

reflect the environment of a root growing through harder or compact soils. If a clear

growth medium is used, it allows for in situ imaging of root architecture, as well as

allowing for vertical root growth to be established. However, when growing through

soils, roots experience a heterogeneous environment consisting of soil particles with

pores through which to elongate, a condition which is not possible to replicate in a
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gel environment (Chapman et al., 2012). In addition, increasing the concentration of

gels can result in a decrease in water potential and oxygen availability (Clark et al.,

1998; Chapman et al., 2012). Although these are often stress conditions associated

with compact soils, it is difficult to determine whether changes to root growth are

due to the strength of the gel through which they grow or a response to hypoxia or

reduced water potential. Therefore to examine the response to roots to a barrier,

a two-layer gel system in which the lower layer of media is impenetrable may be

the appropriate gel based system. In a two-layer system, roots are able to establish

vertical growth before reaching a lower impenetrable layer and the majority of the

root system remains within the upper softer layer, an environment comparable to

the control. Again, if clear gels are used, in situ observation of root growth can be

achieved. Recently, advances have been made in developing polymer and hydrogel

based transparent soils (Downie et al., 2012, 2014; Ma et al., 2019). Ma et al. (2019)

developed a hydrogel based porous medium that allows for in situ observation of

growing roots whilst better replicating soil conditions. Such system could be adapted

to examine the long term response of roots to stronger soils or barriers within the

soil.

To examine the short term response of roots to a barrier, a system is required where

the timing of root contact with the barrier can be precisely controlled. For this

reason, methods that use artificial barriers such as glass, plastic or metal prove

useful, as these can be placed directly in front of growing root tips. This method

has relatively high throughput and is easily reproducible, which is why it was used

for examining transcriptional responses within the root through RNA-Sequencing

(Chapter 4). In addition, this system proved useful for time-lapse imaging, with

similar methods being utilised for live imaging of bending roots (Massa and Gilroy,

2003b; Monshausen et al., 2009; Weerasinghe et al., 2009; Lee et al., 2020).



6.3. Changes to transcription occur during the barrier response 265

6.3 Changes to transcription occur during the

barrier response

Changes in transcription in roots bending in response to a barrier were examined

using RNA-Sequencing to better understand the signalling pathways involved. Gene

expression was investigated at 6 and 30 hours after barrier placement and substantial

changes to gene expression were found to occur at both timepoints (Fig. 4.2). The

results from RNA-Sequencing, described in Chapter 4, helped provide insight into

the hormone signalling pathways that may facilitate the root bending response. In

response to a barrier, changes in gene expression appear to alter significantly over

time (section 4.3.2), overlap with a number of other stress responses (section 4.5.1,

4.5.2) and, particularly at 6 hours, point to a possible complex signalling network

involving a number of plant hormones (section 4.6).

6.3.1 The transcriptional response alters over time

The changes in gene expression that occur at 6 hours and 30 hours after barrier

placement appear to differ significantly from each other, with only a very small

overlap of 10 genes that experience upregulation at both timepoints (Fig. 4.9).

Gene ontology analysis revealed that there is strong difference between the biological

processes involved in the root response at 6 and 30 hours (Figs. 4.4, 4.5, 4.6,

4.7). There appears to be an upregulation of genes involved in general stress and

stimulus responses at 6 hours which are subsequently downregulated at 30 hours.

This could indicate that an attenuation of a more general early stress response

in favour of a more specific response. Many genes involved in the translation of

proteins (peptide biosynthesis, ribonuceloprotein complex biogenesis), as well as

genes involved in cellular respiration, are downregulated at 6 hours, indicating a

decrease in energetically expensive cellular processes (Fig. 4.10). The increase at

30 hours indicates that these processed have resumed within a relatively short time
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after encountering a barrier, suggesting that Arabidopsis is able to rapidly adapt

to mechanical impedance. Similar gene expression dynamics have been reported

for Arabidopsis when responding to salt stress, with a transient increase in gene

expression which decreases over time (Kilian et al., 2007). Again, this is likely due

to the ability of Arabidopsis to rapidly respond and adapt to salt stress conditions

(Kilian et al., 2007).

Previous studies examining transcriptional changes in response to stress condition

have reported similar changes in gene expression occuring over time, with the number

of differentially expressed genes changing between early (0-3hrs) and late (24hrs +)

timepoints (Kreps et al., 2002; Kilian et al., 2007; Lin et al., 2017). Kreps et al.

(2002) examined changes in expression that occured in response to cold, salt and

osmotic stress after 3 hours and 27 hours of treatment. The number of differentially

expressed genes changed for each stress treatment between 3 and 27 hours, with

the overlap between stress treatments decreasing over time. The number of genes

found to be upregulated at both timepoints in a stress specific manner was found

to be relatively small compared to overall transcriptional changes. For example,

Kreps et al. (2002) reported only 22 genes were upregulated at both timepoints

specifically in response to salt stress, representing only 5% of the combined salt-

specific changes observed in the root. In response to a barrier, RNA-Sequencing

data showed a similarly small number of genes upregulated at both 6 hours and 30

hours, however, further investigation is needed to determine whether these could be

considered specifically induced by mechanical impedance of the root. Lin et al. (2017)

investigated changes in gene expression occuring in rice roots in response to rhizotoxic

compounds including chromium, ferulic acid and mercury. Gene expression changes

could be categorised into early transient, early constant and delayed expression. Lin

et al. (2017) reported early changes in gene expression related to signal transduction

and hormone signalling, whereas long term changes involved genes relating to lipid

biosynthesis. Again, these changes are similar to those observed in response to a

barrier, with early transient changes relating to signal transduction and hormone
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signalling giving way to increases in gene expression relating to protein biosynthesis

and splicing. Examining transcriptional changes over additional time-points and for

a longer period of time could provide more detailed information on how the dynamics

gene expression that occur in the root in response to a barrier. Further investigation

could help identify which genes remain upregulated during the response and further

comparison with data from other stress responses may help identify genes which are

upregulated specifically in response to mechanical impedance of the root.

6.3.2 Changes in transcription in response to a barrier

overlap with other stress responses

RNA-Sequencing revealed that changes in gene transcription which occurred in re-

sponse to a barrier overlapped with a number of known stress responses. This was

most pronounced in the data from 6 hours after barrier placement which may repres-

ent a transient general stress response. Gene ontology analysis of genes upregulated

at 6 hours revealed an enrichment in genes involved in the defence response, response

to biotic stimulus and the immune response (Fig 4.4). In addition, KEGG pathway

mapping revealed a number of genes upregulated at 6 hours that are known to be

involved in signalling pathways related to plant pathogen interactions (Fig. 4.23).

Previous studies have reported the plant response to mechanical stimuli often activ-

ates defence pathways, sometimes leading to an increased resistance to pathogens

(Lee et al., 2005; Chehab et al., 2012; Benikhlef et al., 2013; Tomas-Grau et al., 2018).

This overlap may be due to a mechanical component involved in the perception of

biotic stress, for example during wounding or pathogen invasion (Basu and Haswell,

2017; Engelsdorf et al., 2018). However, the majority of genes that overlap with

defense responses are those involved in calcium and reactive oxygen species signalling

pathways as well as WRKY transcription factors which are known to play a role

in both biotic and abiotic stress responses. Therefore, it is likely that the overlap

of signalling suggested by data from RNA-Seq may be due, at least in part, to the
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general stress response observed in the root on first encountering a barrier. As fewer

genes relating to defence responses are upregulated at 30 hours, it is possible this

overlap is lost as the response becomes more specific over time. On the other hand,

of the 10 genes upregulated at both time points 3, SLI1, EWR1 and RTM1, have

GO annotations relating to defense responses (Fig. 4.9). This suggests there may

be signalling events common to the defense response which are sustained during the

barrier response. Further investigation is needed to determine whether these may

be required for the changes in root growth observed or whether they represent the

plant improving resistant to potential biotic stress. In addition, future work could

investigate whether plants responding to hard soils or barriers to root growth have

increased resistance to pathogens.

As well as an overlap with the response to biotic stress, genes upregulated at 6

hours showed enrichment for GO terms relating to response to salt, osmotic and

oxidative stress (Fig. 4.24). This included a number of transcription factors which

have previously been demonstrated to be involved in osmotic and oxidative stress

signalling, such as HSFA2 and DREB2A (Table 4.5). Again, this overlap with

osmotic and oxidative stress responses may be due to a general stress response

occuring at early timepoints. The upregulation of genes involved in oxidative stress

also points to a potential increase in ROS within the root, which may itself act as

a component of signalling during the barrier response. Overlap of transcriptional

changes of plants responding to stress has been demonstrated for both root and leaf

tissue and is likely to represent a set of common stress induced genes. In studies

by Kreps et al. (2002), Kilian et al. (2007) and Lin et al. (2017), the overlap of

transcriptional changes between stress responses decreased over time. However, as

drought conditions are often present in hard soils (Whalley et al., 2005; Jin et al.,

2013), the root response to a barrier may also involve adaptations to enhance survival

under osmotic stress conditions. Future work could investigate how the response to

osmotic stress and mechanical impedance may overlap over longer periods of time,

particularly when the root has experienced sustained growth along a barrier resulting
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in a decrease to root elongation. In addition, it is possible that perception of osmotic

and salt stress may involve a mechanical signal, as changes in water potential cause

changes or damage to the cell wall or membrane (Basu and Haswell, 2017; Scharwies

and Dinneny, 2019; Vaahtera et al., 2019). Therefore perception of a mechanical

signal may result in a general stress response which becomes more specific over time

depending on additional signals perceived by the plant.

6.4 Investigating the role of hormone signalling

during the barrier response

Analysis of data generated by RNA-Sequencing identified several genes upregulated

at 6 hours which are known to be involved in hormone signalling pathways, metabolic

processes and general hormone response (Fig. 4.27). This included genes involved

in responses to auxin, cytokinin, ethylene, abscisic acid, salicylic acid and jasmonic

acid. By contrast, at 30 hours, only genes identified as responding to abscisic acid

were upregulated, consistent with the overall downregulation of genes relating to

stress responses. Again, this points to the specificity of the transcriptional response

increasing over time. There is also a large amount of overlap in genes identified

as being involved in hormone responses, with the majority of genes likely to be

involved in two or more different hormone responses. It is therefore possible that

fewer hormones than those identified are essential for signalling during the barrier

response. It is also possible that a substantial signalling network involving crosstalk

among multiple signalling pathways may occur within the early hours of the barrier

response in order to facilitate a general stress response and to elicit changes in growth.

Therefore, experimental work is needed to determine which hormones are required

to induced changes to growth and morphology and which occur as the result of a

transient stress response.

Experimentally testing the role of every hormone signalling pathway identified by
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RNA-Sequencing is beyond the scope of this thesis, so investigations were focused on

the role of auxin and ethylene. In addition, evidence from RNA-Sequencing pointed

to a role for ROS during the response to a barrier, with increases in the expression

of genes involved in both ROS production and scavenging occurring at 6 hours (Figs.

4.36, 4.37). It was therefore investigated whether reactive oxygen species signalling

is also required during the root bending response.

6.4.1 Evidence points to a role for auxin and ethylene

signalling during the barrier response

RNA-Sequencing revealed an upregulation in genes involved in auxin signalling,

transport and conjugation at 6 hours. In addition, an increase in expression of genes

involved in ethylene biosynthesis and signalling is also observed in the root 6 hours

after encountering a barrier. Previous studies provide evidence for the involvement

of auxin and ethylene during root responses to mechanical impedance (Masle, 2002;

Braam, 2005; Okamoto et al., 2008; Okamoto and Takahashi, 2019; Lee et al., 2020).

Ethylene has been demonstrated to reduce root growth through mediating auxin

transport and biosynthesis (Růžička et al., 2007; Strader et al., 2010). It is possible

that a signalling mechanism involving auxin and ethylene may be involved in the

root bending response. It was investigated whether ethylene and auxin are required

for correct bending and growth in the root in response to a barrier.

Auxin transport is required during the barrier response

Experimental work examining the response of perturbing auxin transport indicates

it has has a key role during the root barrier response, in particular when establishing

root angle. The auxin transport mutants aux1 and eir1 both exhibited root tip

angles closer to the horizontal in response to a barrier after 24 hours of growth

(Fig. 5.3). In addition, timelapse imaging revealed aux1 and eir1 began to show an

altered root tip angle to the control within 4 hours after encountering a barrier (Fig.
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5.4. Treatment with NPA, a chemical inhibitor of auxin transport, showed similar

results, with seedlings grown in the presence of NPA exhibiting impaired bending at

the root tip in response to a barrier (Fig. 5.6). These data suggest auxin transport

is required for the barrier response, however, it is not clear whether it is neccesary

for both the response to touch and gravity that occurs during the response. As both

aux1 and eir1 have reduced ability to respond to gravity stimulus, it may be that

the inability to form a a step like growing structure is due to the inability of the

root to respond to gravity.

Changes in auxin levels at the root tip were examined using fluorescent auxin report-

ers. Auxin levels are observed to increase at the root tip at six hours, particularly in

the stele and lateral root cap, indicating changes to both the acropetal and basipetal

transport of auxin are occurring (Figs. 5.9 and 5.10) A redistribution in auxin

occurs in response to a barrier, visible at 6 hours as an asymmetry in auxin levels

on either side of the root (Figs. 5.10). It is likely that a redistribution of auxin is

required to facilitate bending of the root tip to form the step like growth structure.

As auxin is redistributed, this causes cell expansion to be inhibited more on one

side of the root compared with the other resulting in curvature, as has been shown

for roots responding to gravity (Friml et al., 2002b; Swarup et al., 2005) (Fig. 1.3).

An asymmetry in cell elongation was observed in roots responding to a barrier at 6

hours, with ratio of cell length between the left and right sides of the root increasing

in cells 8-11 of the elongation zone (Fig. 3.14). More work is needed to determine if

the observed redistribution of auxin is a result of touch stimulus from the barrier,

or from gravity perception as the root is bent away from vertical growth.

Although eir1, a mutant of PIN2, shows an inability to form a second bend at the root

tip in response to a barrier, it was unclear whether changes in PIN2 distribution occur

at the root tip during the bending response. At 3 and 6 hours after encountering

a barrier, there is no visible change in PIN2 fluorescence, or in the ratio of PIN2

between the cell membrane and cytosol which would indicate an internalisation of

PIN2 (Figs. 5.13 and 5.14). Investigation of PIN2 dynamics over a longer period
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of time may reveal when, if at all, changes in PIN2 occur to facilitate changes in

auxin distribution. In addition, further work should examine whether other PIN

proteins are required or redistributed during the response. In particular, PIN3,

as this is known to be redistributed in response to gravity (Friml et al., 2002b).

RNA-sequencing identified an increase in three ATP-Binding Cassette (ABC) family

genes at 6 hours, ABCB1, ABCB4 and ABCG37. Both ABCB1 and ABCB4 have

been demonstraed to facilitate auxin efflux and may be involved during gravity

responses (Geisler and Murphy, 2006; Wu et al., 2007; Lewis et al., 2007), while

ABCG37 has been linked to the transport of IBA (Růžička et al., 2010). Further

experiments should investigate the role of the ABCB proteins as well as ABCG37

during the barrier response, and whether they are required to facilitate changes in

auxin distribution and gradients.

RNA-Seq also identified an upregulation of genes at 6 hours involved in conjugation

of auxin, GH3.17, BRU6 and DFL1. Members of the GRETCHEN HAGEN GH3

protein family are involved in the conjugation of IAA to amino acids. This suggests

that there may also be a role for auxin conjugation during the barrier response in

order to facilitate changes in auxin at the root tip. Auxin conjugating enzymes

may also act as another point of crosstalk being hormone signalling pathways. For

example, expression of GH3.17 is promoted by cytokinin signalling in order to control

meristem size and the position of the transition zone (Pierdonati et al., 2019; Di

Mambro et al., 2019). GH3 family proteins may act as an auxin sink during the

barrier response, but more work is needed to determine how they facilitate changes

to growth during root bending.

Recently, Lee et al. (2020) demonstrated that the initial bending of the root in

response to a barrier may be an active process, and observed changes in the distribu-

tion of auxin at the root tip within the first 20-40 minutes on contact with a barrier.

Auxin redistribution was then observed to occur again between 150-200 minutes,

concurrent with the second bend. Cell length ratios were shown to increase between

the left and right side of the root during this first bending. Results presented in
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this thesis mainly observe changes that occur after the formation of the second bend

in response to a barrier. Imaging of R2D2 levels between 0-4 hours showed that

a significant increase in auxin level and redistribution of auxin does not appear to

occur until 4 hours after encountering a barrier (Fig. 5.12). However, it is possible

that the initial redistribution of auxin that occurs within the first hour of contact

with the barrier occurs transiently. Therefore, observing levels of auxin even 1 hour

after encountering a barrier may not reveal this change, as auxin levels have already

begun to recover before redistributing again to facilitate the second bend. Future

work should aim to investigate the initial bending of the root in response to a barrier

to examine how this is controlled and whether this process differs from the formation

of the second bend.

Ethylene signalling and biosynthesis play a role during the barrier

response

Analysis of the response of ethylene signalling mutants also revealed a role for

ethylene signalling during the root response to a barrier. Roots of etr1 mutants

had a mean higher root tip angle after 24 hours compared to the control, similar

to the results found for aux1 and eir1 (Fig. 5.15). Timelapse imaging of etr1

mutants revealed they establish higher root tip angles than the control rapidly

after encountering a barrier. Mutants of etr1 appeared to bend more rapidly in

comparison with Col-0 but were unable to maintain a step like growth pattern (Fig.

5.16). The ability of etr1 mutants to bend more rapidly than Col-0 after the initial

contact with a barrier suggest that ethylene perception may not be required for

this initial root bending. However, the inability of etr1 mutants to maintain an

root tip angle similar to the control suggest ethylene signalling is required later

in during the response, perhaps to maintain bending angle. Additionally, ethylene

biosynthesis appears to be required during the barrier response. At 6 hours after

encountering a barrier, there is an upregulation of ACS5 and EFE, two enzymes

involved in ethylene biosynthesis. This points to an increase in ethylene biosynthesis
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in response to a barrier. When seedlings were treated with AVG, an inhibitor of

ethylene biosynthesis, root tip angles were significantly higher in response to a barrier

after 24 hours. This suggests ethylene biosynthesis is required during the barrier

response. As root tip angle is affected after 24 hours in both etr1 and when seedlings

are treated with AVG, it appears that ethylene signalling is required for the root tip

maintain correct bending angle. However, according to RNA-Seq data, it appears

that an upregulation in ethylene signalling and biosynthesis is transient. At 30 hours,

ACS5 is downregulated and there is no upregulation of any ethylene signalling genes.

It is possible that although ethylene biosynthesis and signalling is downregulated

between 6 and 30 hours, within that time frame it is required to establish bending

angle of the root tip and the maintenance of a step-like growth pattern during this

time. It is also possible that if the step-like growth pattern of the root is unable to

be formed or maintained early within the response, it cannot be recovered.

Further evidence that suggests ethylene signalling may be required for longer term

effects on the root come from experiments examining root hair growth and develop-

ment. After 24 hours of growth along a barrier, root hairs are significantly longer

and in some experiments root hair density was seen to increase (Figs. 3.12 and

5.20). When treated with AVG or silver thiosulphate (STS), root hair growth was

significantly altered. Under treatment with STS and AVG, root hairs were unable

to elongate in response to barrier (Fig. 5.20). These results indicate a role for

ethylene signalling beyond root bending, to facilitate changes in root hair elongation

in response to a barrier.

These results add to a growing body of evidence from literature pointing toward

ethylene signalling being an integral part of plant responses to touch and mechanical

impedance. Changes to root growth and root hair development, including those

detailed here, resemble changes observed when roots are exposed to ethylene (Masle,

2002; Buer et al., 2003). These changes include the inhibition of primary root growth

and increase in root hair growth. Yamamoto et al. (2008) examined the response of

roots bending at the interface of a harder layer of media. They concluded that this
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bending or non bending of roots depended on ethylene signalling. An increase in

ethylene production was observed when more roots were able to grow into the lower

layer of media. In addition, Okamoto et al. (2008) reported that ethylene is required

for the response of roots to mechanical impedance by a dialysis membrane. When

ethylene signalling is perturbed, decreases in root growth in response to a barrier

are not observed (Okamoto et al., 2008; Okamoto and Takahashi, 2019). Therefore

it is likely that ethylene signalling may play a role in both the short term and long

term response to a barrier.

Future work could investigate whether ethylene responses are upregulated again

after the root has grown along the barrier for a sustained amount of time. It is

possible that after an initial decrease of ethylene biosynthesis and signalling, there

may be a second increase to facilitate long term changes. According to RNA-Seq

data, ABA responsive genes continue to be upregulated after 30 hours. It is possible

ABA may act as a longer term signal for mechanical impedance, controlling root

growth through crosstalk with ethylene (Qin et al., 2019))

6.4.2 Is ROS signalling involved during the barrier

response?

Experimental work was also used to examine whether ROS signalling is required

for the root response to a barrier, particularly as an early signal during the barrier

response. Whilst some evidence has been found that ROS may be involved in the root

response to a barrier, the exact role and timing of ROS signalling during root bending

is still yet to be understood. Firstly, the response of NADPH oxidase mutants was

examined. The mutants rbohD, rbohF and double mutant rbohD/F showed a similar

bending response to Col-0 at both 6 and 24 hours after encountering a barrier (Fig.

5.21). However, timelapse analysis of the double mutant rbohD/F between 0 and 6

hours after contact with a barrier indicated that the mutant established a higher,

more horizontal root tip angle compared with data obtained for Col-0 (Fig. 5.24).
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These results are at odds, making it difficult to conclude whether ROS production via

NADPH oxidases is required for the root response to a barrier. Chemical treatment

of seedlings with DPI, an inhibitor of NADPH oxidases, provided some additional

evidence for the invovlement of ROS. At 6 hours, treatment with 10 µM DPI resulted

in a root tip angle that was higher than the control (Fig. 5.25 A). However, after 24

hours, root tip angle of seedlings treated with 10 µM DPI did not differ significantly

to the control (Fig. 5.25 C). At 24 hours, a higher concentration of DPI (50 µM)

resulted in root tip angles that were more vertical than the control (Fig. 5.25 D).

It is possible that this is due to a cessation of root growth caused by the high

concentration of DPI, which resulted in roots stopping growth before the second

bend in the root was formed (Fig. 5.26).

Although it is not possible to definitively conclude that NADPH oxidase activity

is needed for the bending response, these results point to a possible involvement of

ROS during the early hours of the bending response. in addition to RBOHD and

RBOHF, RNA-Sequencing identified a number of other NADPH oxidase enzymes

that were upregulated at 6 hours (Table 4.7). Future work should aim to examine the

response of more NADPH oxidase mutants to a barrier. It should also be examined

whether mutants show any difference in the rate of bending when forming the first

and second bend in the root, to examine whether ROS plays a more prominent role

during initial contact with a barrier and the first root bending phase.

Confocal microscopy was used to investigate whether any changes in the level or

location of ROS could be observed. Seedlings expressing Hyper, were used to examine

whether there were any visible changes in H2O2. Preliminary investigations observed

unfixed seedlings between 3 and 5 hours after encountering a barrier. Analysis

revealed an increase in the fluorescence of Hyper within the border cells of the

columella. As these are the cells which remain in contact with barrier during

bending, it might be expected that mechanical perception and signalling is likely

to occur primary in these cells. The increase in Hyper fluorescence indicates an

increase in the production or accumulation of H2O2 within the root cap in response
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to perception of a barrier. However, fixing seedlings to examine Hyper fluorescence

at specific timepoints, 3 and 6 hours, showed less conclusive results. No change in

the Hyper signal was observed in the root tip at 3 hours and there was a decrease in

Hyper in the border cells at 6 hours, indicating a decrease in H2O2. Any changes in

H2O2 levels may change rapidly and transiently, so more work is needed to determine

when and where changes to H2O2 occur during the barrier response. Experiments

using CellRox Deepred stain to examine changes in ROS levels in the root were also

conducted. These revealed no change in ROS levels at the root tip at 3 hours after

encountering a barrier. However, a decrease in CellRox fluorescence was observed in

the elongation zone, indicating ROS levels may also change in this region of the root

in response to a barrier. Future experiments should examine whether any changes

in ROS can be examined over a wider range of timepoints, including within the first

hour of the root contacting a barrier. Alternative fluorescent reporters may also be

used to build up a more comprehensive picture of changes of ROS that occur within

the root tip. For example, roGFP1 and roGFP2 have both been demonstrated to be

suitable for use in detecting H2O2 (Schwarzländer et al., 2008; Bratt et al., 2016).

It is possible that ROS may act as a repeating transient signal. It has been proposed

that ROS act in a similar way to Ca2+ as a rapid wave like signal (Miller et al., 2009;

Gilroy et al., 2014, 2016). To observe the dynamics of ROS during root bending,

live imaging techniques may be used in co-ordination with fluorescent reporters.

ROS signalling has already been implicated to be involved in plant root mechanical

responses. Monshausen et al. (2009) observed a rapid induction of ROS when roots

were bent using a glass capillary. The ROS signal was asymmetric and in some

repeats appeared biphasic. In addition rhd2, an NADPH oxidase mutant, did not

show an increase in ROS in mechanically stimulated root hairs, pointing to a role for

NADPH oxidases during the response of roots to mechanical stimuli. Monshausen

et al. (2009) also demonstrated that ROS production in response to mechanical

stimuli requires Ca2+ signalling. ROS and Ca2+ have been proposed to act together,

with NADPH oxidase produced ROS activating Ca2+ channels and the increase
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in Ca2+ in turn further activating NADPH oxidase activity (Gilroy et al., 2016).

Recently, Wu et al. (2020) identified the first H2O2 receptor in plants, HPCA1. This

membrane bound receptor kinase was also shown by Wu et al. (2020) to mediate

H2O2 induced activation of Ca2+ channels in guard cells, further providing evidence

for how ROS mediates Ca2+ signalling. Data from RNA-Sequencing at 6 hours

after encountering a barrier did reveal an upregulation of genes involved in calcium

signalling, binding and transport (Fig. 4.35) suggesting changes in levels of Ca2+ in

the root. Future work should aim to further explore the role of both ROS and Ca2+

signalling during the root barrier response.

6.5 Future prospects and further work

Using the work presented in this thesis as well as evidence from the literature I have

constructed a model of hypothesised pathways involved in the barrier response (Fig.

6.1). Experimental work in this thesis has confirmed a role for ethylene and auxin

during the root response to a barrier. Additionally, experiments examining ROS

signalling provide some evidence for its involvement during the barrier response.

However, additional work is needed to further examine the signalling events that

occur during the root response to a barrier. In this section I will outline future

prospects for work in this field as well as how recent advances in microscopy and

sequencing technology might be used to further our knowledge.
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Evidence from literature

Evidence from experimental work 
presented in this thesis

Evidence from RNA-Sequencing 
presented in this thesis 

Interaction hypothesised but not 
experimentally confirmed 

Interaction confirmed from work
 presented in this thesis

AuxinEthylene
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Mechanical 
Stress

ROSCa2+

Barrier Perception

Barrier Response

cell 
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Figure 6.1: Hypothesised pathways involved in the root barrier response. Hypotheses generated
from results presented throughout the thesis and from previously published literature (numbers).

Arrows show hypothesised positive interaction/relationship; t-bars inhibition or negative
relationship. Boxed are colour coded according to the source of evidence. Numbers refer to
published literature 1. Okamoto et al. (2008); Okamoto and Takahashi (2019) 2. Shih et al.

(2014) 3. Monshausen et al. (2009) 4. Gilroy et al. (2014, 2016) 5. Růžička et al. (2007) 6. Strader
et al. (2010) 7. Lee et al. (2020)

6.5.1 Investigating interactions between plant hormones

and ROS signalling during the barrier response

A role for both auxin and ethylene during the barrier response has been demonstrated

in this thesis, however, the interaction between the two was not experimentally con-

firmed. The action of ethylene on auxin transport machinery and biosynthesis to

reduce root elongation previously been demonstrated (Růžička et al., 2007; Strader

et al., 2010) and future work should confirm whether this interaction occurs during

the barrier response. For example, it should be examined whether auxin redistribu-

tion is still observed when roots are treated with inhibitors for ethylene signalling

or in ethylene signalling mutants.

Secondly, evidence from the literature as well as RNA-Sequencing data suggest

a role for both calcium and ROS during root bending, with some experimental

work providing additional evidence for the involvement of ROS (Fig. 6.1). Future
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work should examine how calcium and ROS signalling may integrate with hormone

signalling during the barrier response. Again, it could be investigated whether

changes in auxin distribution rely on either calcium or ROS signalling. Future work

could also examine whether PIN or ABCB auxin transport proteins change their

distribution to facilitate bending after which it can be examined whether calcium

or ROS is required for such changes to occur. Additional work could examine

whether there are any observable changes in ethylene production, for example by

using gas chromatography (Yoon and Chen, 2017)). Additionally, it should be

examined whether changes in ethylene production require either calcium or ROS

signalling. Such experiments will provide a better picture of the signalling pathways

involved and help confirm whether calcium and ROS signalling occurs upstream

of the hormone response. An interaction between calcium signalling and auxin

redistribution has been demonstrated by Lee et al. (2020). Lee et al. (2020) observed

that blocking calcium signalling inhibits the redistribution of auxin during both

first and second bending. In addition, it has been shown that calcium signalling

is required for changes in PIN1 polarity to occur in the shoot apical meristem in

response to mechanical stimulation (Li et al., 2019). However, more work is needed

to determine how calcium signalling facilitates changes to auxin accumulation during

the bending response.

6.5.2 What role do other plant hormones play during the

barrier response?

Data from RNA-Sequencing suggests that plant hormones other than ethylene and

auxin may be involved in facilitating the root barrier response. At 6 hours, GO

analysis identified an upregulation genes involved in the response to JA, SA, ABA

and cytokinin. However, there is also a large amount of overlap as many of the

identified genes are known to respond to two or more hormones (Fig. 4.27). Future

work should examine which hormones are required for root bending in response to
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a barrier. This can be achieved through similar methods as those described in this

thesis by investigating signalling mutants, chemically perturbing signalling pathways

and visualising changes in hormone distribution where reporters are available.

RNA-Sequencing data shows most of the genes related to hormone signalling that are

upregulated at 6 hours return to control levels or are actively downregulated at 30

hours. However, there are a small number of ABA related genes that are upregulated

at 30 hours (Figs. 4.27, 4.30). It is possible ABA signalling may be required for the

long term response of roots to a barrier. It should be examined whether ABA is

required for root bending to investigate its role in the short term response. Further

experiments should also examine whether ABA signalling is required to facilitate

long term responses of roots to a barrier, including inhibition of primary root growth

and changes to lateral root architecture. ABA has previously been shown to regulate

primary root growth under osmotic stress conditions, through an interacting network

of cytokinin, ethylene and auxin (Rowe et al., 2016). Previous studies have also

suggested ABA inhibits primary root growth through action on the cortical cells of

the elongation zone, a process which requires crosstalk with the ethylene signalling

pathway (Beaudoin et al., 2000; Ghassemian et al., 2000; DIetrich et al., 2017).

As a decrease in the size of the elongation zone is observed in roots experiencing

continuous mechanical impedance, it should be investigated whether ABA signalling

is required for this response. ABA may act as the primary hormone controlling

the long term response and it should be investigated whether ABA is required to

facilitate long term changes in root growth.

Jasmonic acid and salicylic acid response genes are both upregulated at 6 hours

along with some components of their signalling pathways (Figs 4.34, 4.33). Both

JA and SA signalling have been extensively studied in relation to plant responses to

pathogens and wounding. Cross talk between the two signalling pathways, both ant-

agonistic and synergistic, are known to occur (Mur et al., 2006; Li et al., 2019). JA

signalling has also been implicated to regulate plant touch responses. Chehab et al.

(2012) demonstrated that JA signalling mediated touch induced thigmomorphogen-
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esis in Arabidopsis. Recently, Okamoto and Takahashi (2019) demonstrated that SA

treatment relieves the inhibitory affect of a barrier on root growth. They suggested

that SA may act to inhibit ethylene production in response to a barrier, therefore

preventing the inhibitory action of ethylene on root growth. Further work is needed

to examine whether JA or SA signalling is required for root bending or whether

responses relating to these hormones are part of a transient general stress response.

Genes relating to cytokinin signalling were upregulated at both 6 and 30 hours

during the barrier response (Fig. 4.29). Cytokinin responding cells can be visualised

in the root, using the TCSn::GFP reporter (Liu and Müller, 2017). Therefore this

reporter could be used to visualise whether any changes in cytokinin response occurs

at the root tip in response to a barrier. It has been demonstrated by Waidmann

et al. (2019) that an asymmetric distribution of cytokinin response does not occur

in primary roots bending in response to gravity. However, a study by Chang et al.

(2019) demonstrated that an asymmetric distribution of cytokinins is present in

bending roots during the hydrotropic response. It should therefore be investigated

whether changes in the distribution of cytokinin might occur in either of the bending

phases during the barrier response.

6.5.3 Early signalling events and perception of a barrier at

the root tip

As the root cap is the point of contact between the growing root and any obstacle, it

is likely that early signalling events following perception of a barrier will occur within

the border and columella cells. Whilst possible mechanoreceptors have been proposed,

the precise sensory mechanism involved has yet to be determined. Possible candidates

for mechano-perception include MECHANOSENSITIVE CHANNEL OF SMALL

CONDUCTANCE proteins (MscS), MID1-COMPLEMENTING ACTIVITY (MCA)

proteins, Piezo proteins, and RECEPTOR-LIKE KINASES (RLKs) (Monshausen

and Haswell, 2013). MscS, MCA and Piezo proteins are ion channels, hypothesised
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to facilitate Ca2+ transport by undergoing conformational changes in response to a

mechanical force. Wall associated RLKs are hypothesised to transmit information

about mechanical changes at the cell wall to the cell interior through phosphorylation

of target proteins. One promising candidate for plant mechanical perception is

MCA1, a Ca2+ channel. Nakagawa et al. (2007) demonstrated that mca1 mutants

are unable to penetrate a harder medium if first grown through a soft upper layer.

Additionally, a receptor like kinase, FERONIA, has been demonstrated to be required

for mechanical signal transduction in Arabidopsis through regulating Ca2+ signalling

(Shih et al., 2014). Shih et al. (2014) demonstrated that fer mutants show an altered

root bending response, establishing higher root tip angles. Studies of FERONIA

have also revealed it to positively regulates auxin responses as well as cross-talk

between ABA with ethylene (see review by Liao et al. (2017)). It is possible that

RLKs such as FERONIA may act as signalling hubs during responses to mechanical

stimuli and further investigation into this is warranted.

Data from RNA-Sequencing of the root response presented in thesis can also be

examined to identify potential upstream signalling components. Comparison of data

with single cell expression and identified cell markers revealed genes whose expression

is localised in the columella (Tables 4.2, 4.3). Future work should examine whether

any of the genes identified are required during the barrier response, for example

through extensive mutant screening.

6.5.4 Understanding gravity perception with the touch

response during root bending

The bending response of the Arabidopsis root to a barrier and the formation of

the step-like growth pattern represent an interaction of touch and gravity response

(Massa and Gilroy, 2003b), however, it has so far proven difficult to separate the

two responses. RNA-Sequencing data from this thesis was compared with data

obtained by Kimbrough et al. (2004), who investigated transcriptomic changes in
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roots responding to gravity and mechanical stimulation (Fig. 4.22). An overlap of

differentially expressed genes with data from Kimbrough et al. (2004) was found,

supporting a role for both touch and gravity sensing during the barrier response.

The formation of the step-like growth structure requires initial bending in the elong-

ation zone, followed by a second bend with the transition zone. It is possible that

the first bending stage in the elongation zone may represent a thigmotropic response

as the root actively bends away from the gravity vector. The interaction of touch

and gravity signalling may occur as the root forms the second bend, to determine

the angle of root tip growth to the barrier. Examining the two bending phases

separately may help in our understanding of the difference between the touch and

gravity response. Work similar to that described by Lee et al. (2020) could examine

whether changes to hormone distributions occur during each stage of bending and

whether this differs at each stage. The molecular signalling events governing the

second bending stage, for example changes to auxin distribution and auxin transport

machinery, could be compared with those required during gravitropism on its own.

This may provide insights into whether any differences occur between gravitropic

bending during the barrier response and gravitropism under normal conditions.

Gravity sensing occurs within the columella cells, where starch-rich amyloplasts,

sediment within the cytoplasm upon reorientation of the root, initiating signal trans-

mission (Toyota and Gilroy, 2013). It is possible that attenuation of the gravitropism

could occur as a results of decreased sedimentation of amyloplasts (Muthert et al.,

2020). Careful examination of amyloplast sedimentation during the the barrier re-

sponse and comparison of dynamics during gravitropism could be used to test this

hypothesis experimentally.

To further examine how gravitropism and touch may interact to control the bending

response, the bending of lateral roots in response to a barrier should also be examined.

Lateral roots exhibit non-vertical growth which can be described in terms of a

gravitropic set point angle (GSA), the angle at which growth is maintained within

the gravity vector through the action of gravitropism (Firn and Digby, 1997). Non
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vertical GSA of lateral roots is actively maintained through an anti-gravitropic off-set

mechanism (AGO) which is controlled by changes to auxin distributions on either

side of the root (Roychoudhry et al., 2013, 2017, 2019). Massa and Gilroy (2003a)

demonstrated that lateral roots exhibit a similar bending response to primary roots

when encountering a barrier. However, the angle maintained by lateral roots as they

grow along a barrier is higher, indicating that GSA may determine root growth angle

in response to a barrier. Future work should continue to explore the response of

lateral roots to obstacles and the effect of GSA on root tip bending. It should be

examined whether the mechanisms that regulate auxin transport to determine GSA

are affected during the barrier response. It may also be the case that a similar anti-

gravitropic off-set mechanism exists in roots to determine root tip angle in response

to a barrier. Further work examining PIN protein dynamics in both primary and

lateral roots should aid in our understanding of how root tip angles are maintained

in response to a barrier. Polarisation of PIN3 and PIN7 in the columella is required

to maintain the GSA of lateral roots (Roychoudhry et al., 2019) so it should be

examined whether similar distributions of PIN3 and PIN7 are observed during the

barrier response.

6.5.5 Utilising advances in single cell sequencing

Single cell RNA sequencing (scRNA-Seq) utilises microfluidics technology to isolate

individual cells within a tissue or whole organ and quantify their individual transcript

levels. Advances in single cell sequencing technology have recently been applied to

plant roots to investigate and identify cell-type specific gene expression profiles (Ryu

et al., 2019; Jean-Baptiste et al., 2019; Zhang et al., 2019; Denyer et al., 2019). So far,

studies have focused on providing developmental expression maps of the Arabdopsis

root. Both Ryu et al. (2019) and Denyer et al. (2019) have demonstrated that altered

transcriptional profiles can be detected in developmental mutants, demonstrating

the potential for scRNA-Seq as a resource to investigate phenotypic changes in plant

mutants. scRNA-Seq may also prove useful for examining how stress responses vary
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between cell types (Jean-Baptiste et al., 2019). Future work could utilise advances

in plant root scRNA-Seq to investigate the response of different cell types during the

barrier response. In particular, it could aid understanding of whether columella and

lateral root cap tissues exhibit differences in transcriptional responses which might

relate to their function as the site of contact with a barrier.

Isolation of specific root cell types can also be achieves using fluorescence-activated

cell sorting (FACS) (Birnbaum et al., 2003). Transgenic plants carrying cell type

specific fluorescent reporters can be used with FACS to isolate specific cell types

for RNA-Seq analysis. Marker lines exist for a variety of root cell types and have

been used to examine cell specific responses to stress conditions (Dinneny et al.,

2008). Such a method could be used to examine gene expression changes that

occur specifically in columella and lateral cap cells, again to investigate early gene

expression changes that occur within the first hour of contact with a barrier. This

may help to provide additional insight into early signalling events that occur at

the root cap to initiate the bending response. Such methods could also be utilised

to examine the difference in transcriptional response between gravity and touch

signalling. For example, Arabidopsis roots could undergo a localised touch stimulus

at the columella cells to examine changes to transcription that occur specifically to

touch. These could then be compared to the transcriptional response in columella

cells responding to gravity over a similar period of time. Comparing changes in

gene expression of either the whole root or specific cell types to separate touch and

gravity stimuli could help further understand how the responses differ.

6.5.6 The use of microscopy for future analysis of the

barrier response

Dynamic imaging of the bending response is needed to contribute to our under-

standing of signalling processes required to initiate root bending in response to a

barrier. The majority of microscopy set ups contain a horizontal sample stage, which
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is not suitable for dynamic imaging of gravitropic responses. Recent advances in

light-sheet fluorescence microscopy (LSFM) and vertical stage confocal microscopy

allow for live imaging of vertically orientated growing roots (von Wangenheim et al.,

2017a; Ovečka et al., 2018). LSFM is also particularly useful for imaging of live

samples over prolonged periods of time, as photo-damage to the sample is kept to

a minimum, due to high speed image acquisition and low light exposure (Ovečka

et al., 2018). In addition, live tracking software has been developed for use with

these imaging systems, ensuring that growth at the root tip is captured over time

without the sample leaving the field of view (von Wangenheim et al., 2017a; Buckner

et al., 2019). Vertical stage confocal microscopy has proven to be useful for examin-

ing the dynamics of root tip growth in response to a barrier, including observing

changes in auxin distributions and PIN protein polarisation (von Wangenheim et al.,

2017a; Roychoudhry et al., 2017, 2019). Future work should therefore aim to adapt

LSFM and vertical stage confocal microscopy methods to investigate the root barrier

response. Such methods should allow for visualising changes in hormone distribu-

tions at the root tip, for example changes in auxin distributions that occur between

the first and second bending phases. Using light-sheet fluorescence microscopy, 3D

imaging of the whole root tip can be achieved, allowing for the distribution of auxin

within the whole root tip to be analysed. This is preferable to the imaging on a

single focal plane within the root, which provides only an indication of hormone

distribution within one section of the root.

Using fluorescent markers for Ca2+ and ROS it may also be possible to visualise

whether any wave-like signatures can be observed as an early signalling event during

the barrier response. LSFM also allows for chemical or hormone treatments to be

carried out during imaging (von Wangenheim et al., 2017b). Utilising this method

could allow for investigations into signalling events required for auxin redistribution

during the barrier response. For example, LSFM could help confirm a link between

auxin transport with ethylene or ROS signalling during the bending response. Future

work should therefore aim to develop reproducible protocols for using LCSM and
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vertical stage confocal microscopy for use in examining the root barrier response.

6.6 Concluding remarks

The work presented in this thesis has aimed to examine the response of Arabidopsis

roots to a barrier and the hormonal signalling events involved. I have characterised

both the long term and short term response of roots as well as evaluating the methods

used for their investigation. Through RNA-Sequencing the gene expression changes

during the bending response of roots have been examined. Further experiments

presented in this thesis have demonstrated a role for both ethylene and auxin during

the root response to a barrier. Through analysis of published literature, RNA-

Sequencing data and experimental work presented in this thesis, I have constructed

a model of hypothesised signalling pathways involved in the barrier response (Fig.

6.1). Following on from this I have identified avenues for future research which are

likely to build upon and increase our understanding of how plant roots respond

to mechanical signals and the signalling events required during the root bending

response to an obstacle. Overall, this thesis goes some way to answering how hormone

signalling facilitates plant root responses when encountering obstacles to growth.
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Appendix I Primer Sequences

Table 1: Primers used for qRT-PCR

Forward Primer Reverse Primer Tm
(oC)

ACT2 GGATCGGTGGTTCCATTCTTGC AGAGTTTGTCACACACAAGTGCA 56
55

AT1G13320 TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT 55
59

PEX4 CTGCGACTCAGGGAATCTTCTAA TTGTGCCATTGAATTGAACCC 60
58

PIN1 CGGCGGCTATGAGATTTGTCGTT CGCGATCAACATCCCAAATATCAC 63
60

PIN2 AATGCTGGTTGCTTTGCCTG CCTTTGGGTCGTATCGCCTT 57
60

RPL2 AAGCTCTCCGGGGTTTGAGG GGATGGTCATTCTGGGCGGA 62
62

IF2/IF5 TCTTACAAGGAAGTTGGGCAGT TCTTACAAGGAAGTTGGGCAGT 60
60

Appendix II Differentially expressed gene lists

The following file has been included with this thesis:

Appendix II DEGs - Excel spreadsheet file

Page 1 Genes upregulated by at least 0.5 log2fc 6 hours after encountering a barrier

Page 2 Genes downregulated by at least 0.5 log2fc 6 hours after encountering a

barrier

Page 3 Genes upregulated by at least 0.5 log2fc 30 hours after encountering a

barrier

Page 4 Genes downregulated by at least 0.5 log2fc 30 hours after encountering a

barrier
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Appendix III Differentially alternatively spliced

gene lists

The following file has been included with this thesis:

Appendix III DAS - Excel spreadsheet file

Page 1 Genes differentially alternatively spliced 6 hours after encountering a barrier

Page 2 Genes differentially alternatively spliced 30 hours after encountering a bar-

rier


