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Abstract

1 Abstract

Understanding the mechanisms regulating root development under drought conditions is an
important question for plant biology and world agriculture. This thesis examines the effect of
osmotic stress on the plant hormones abscisic acid (ABA), cytokinin and ethylene responses

and how they mediate auxin transport, distribution and root growth via PIN proteins

Root growth is reduced under osmotic stress, and ABA responses increase. Root growth can be
rescued by inhibiting ABA biosynthesis, indicating its critical role in the regulation of growth

under stress. There was also a reduction in cytokinin signalling under stress.

The inhibition of root growth under osmotic stress does not require ethylene signalling,
however auxin can rescue growth. Osmotic stress also modulates auxin transporter levels,

particularly PIN1, which regulates auxin transport to the root tip.

As PIN1 levels are reduced under stress in an ABA-dependent manner, overriding the ethylene
effect on PIN1 levels, and auxin responses decrease under stress, | present the hypothesis that

ABA is limiting auxin transport to the root under stress to reduce growth.

However, the interplay between ABA, ethylene, cytokinin and auxin is tissue-specific, with the

result that PIN1 and PIN2 differentially respond to osmotic stress.

Combining experimental analysis with extensive literature searches allowed the systematic
construction of interaction networks, incorporating the known interactions between the
hormones and stress. This network analysis reveals that ABA regulates root growth under
osmotic stress conditions via interactions with cytokinin, ethylene and auxin demonstrating
complicated non-linear relationships and providing a framework for further kinetic modelling.
Kinetic modelling (using differential equations to simulate these interactions) of ethylene and
ABA effects on PIN1 levels reveals that the hormones most likely act on the same pathway to

regulate PIN1 levels.

The work presented here provides novel insights into how root growth is regulated by

hormones under drought and osmotic stress conditions.
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Looking for Truth with a Pin

Ivor Cutler

When | got to America, | bought a sandwich at a chain store and walked into the jungle. After
I’d gone a long way, | came to a great clearing but instead of agricultural ground there was a
deep hole. At the bottom bent an old man. He jagged and scraped at the ruddy earth with a
pin. Then he took his brush and crumb tray and used them.

‘Are you looking for something?’ | shouted.
‘Truth’ he answered. His voice rose hollowly from the hole.
‘Come and eat with me’ I called in a friendly tone.

He rose, slowly, out of the hole and we sat dangling our legs. | offered him my spam sandwich,
but he dragged an onion out of his breast pocket and munched on it, sucking the rich juice back
into his mouth as it escaped.

Lunch over, he returned to the bottom and recommenced jagging and scraping and brushing. |
lay watching him, the generous nourishment of the spam running round my tubes.

After about a quarter of an hour, he called up, ‘I’'ve FOUND it!" and rose once again to the
surface, transformed. He looked at peace with the world and with himself; completely self-
contained.

I started to cry... great tears, great bitter tears of envy. He pointed down the hole. | handed him
my watch, my money, my return ticket to London, my identity. He handed me the pin and the
brush and crumb tray, then left the clearing. | dried my tears on the brush and sank down the
hole, swearing softly to myself, to look for truth with a pin.
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This thesis is dedicated to the memory of my father. Jed is the reason | look at the world in the
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3.1. Drought stress and food security
Current estimates of population growth predict nine billion people on Earth by 2050, requiring
a 70-100% increase in food production, which is 38% greater than historical increases (Godfray

et al., 2010; Tester & Langridge, 2010; IPCC, 2014).

This comes at a time of a changing climate; global temperatures are predicted to continue
increasing due to anthropogenic effects, negatively influencing crop yields (IPCC, 2014).
Increased global temperatures are predicted to have widespread, complicated implications on
crop yields and food security that vary with time and geography (IPCC, 2014). Increased global
temperatures will cause extremes of weather, and increased drought in many regions,

reducing crop yields (IPCC, 2014).

In recent decades, genetically modified crops with resistance to herbicides (Comai et al., 1985),
insect pests (Vaeck et al., 1987), and pathogens (Fitch et al., 1992) have had widespread
success. Whilst biotic stresses do impact yield, by far the largest impact on yield is due to
abiotic stresses, particularly low water availability (Boyer, 1982). Conferring drought resistance
is therefore a major target of plant breeders, and one that so far has had limited success

(Tester & Langridge, 2010).

Recent work has demonstrated that root architecture and physiology can have a big impact on
drought resistance and crop yield (Uga et al., 2013; Lynch et al., 2014), so understanding how
plants regulate growth and development under drought and osmotic stress is an important

question with real world applications.

3.2. Project aims
As crosstalk between hormones is important in regulating growth, development and stress
responses, | hope to understand how osmotic stress affects hormone crosstalk and whether

this can explain root growth phenotypes under stress.

By using the literature and experimentation, | will then construct a hormonal crosstalk network
and kinetic model under osmotic stress. This network and model will hopefully give new

insights into how root growth is regulated under osmotic stress.

3.3. Osmotic stress
In this thesis, osmotic stress is considered to be the stress imposed by reduced water

availability. The level of osmotic stress imposed is assessed by measuring the water potential
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(W) of the growth medium, using a vapour pressure osmometer. The water potential is the

sum of the osmotic potential (W;) and the hydrostatic pressure (W,), and is measured in MPa.
W=, + W,

In the context of field drought stress, osmotic stress primarily occurs due to reduced rainfall
decreasing water availability in soils, whereas we achieve this experimentally by increasing
solute concentration in growth medium. In soils, drought can also cause increased soil
hardness (Whalley et al., 2005). The biological consequences of this mechanical stress are
being examined separately in our group, using permeable physical barriers (Jacobsen &

Lindsey, unpublished data), to allow these two effects to be uncoupled.

In this study, a high molecular weight solute (polyethylene glycol, PEG; molecular weight 8000)
is used to achieve a high osmotic pressure as it is non-toxic and it is excluded by plant cells
(Carpita et al., 1979; Carpita, 1982; Handa et al., 1982). In some studies, salt (NaCl) is used as
an osmoticum, whereas others use sugar derivatives such as mannitol or sorbitol (Shabala &
Lew, 2002; Takahashi et al., 2002; Verslues et al., 2006). As all of these solutes enter the
cytoplasm and some (sodium ions and mannitol) also have documented toxicity, they are poor

models the drought.

The small molecular size of salts and sugar derivatives also mean that they can quickly enter
the gap between the protoplast and cell wall, and osmosis causes shrinkage of the protoplast
away from the cell wall, a process known as plasmolysis (Carpita et al., 1979; Carpita, 1982;
Oertli, 1985). Plasmolysis is an experimental artefact and not typical of what drought stressed
plants experience in the field, where the worst possible damage is shrinkage and eventual
collapse of the cell wall along with the protoplast (cytorrhysis). Because PEG 8000 is has a large
open structure, it cannot penetrate cell walls as quickly as sugars/salt and so very high
concentrations cause cytorrhysis rather than plasmolysis (Oertli, 1985; Oertli, 1986; Verslues et

al., 2006).
3.4. Osmotic stress responses

3.4.1. Osmotic stress perception
There are three main theoretical mechanisms for osmoperception in plants: mechanosensing
of changes in membrane tension, detection of differences in solute concentration across the
cell membrane, and detection of movement or disruption of cell wall components (Haswell &
Verslues, 2015). There are currently three main candidate receptors: AHK1, which may act by
sensing plasma membrane solute differences; MCA1, which acts as a mechanosensitive Ca”

channel; and OSCA1, which may act as a mechanosensitive Ca* channel.
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3.4.1.1.AHK1
ARABIDOPSIS HISTIDINE KINASE 1 (AHK1) is a putative osmosensor that shares homology with

the yeast osmosensor sInl (Urao et al., 1999). Transforming yeast with AHK1 restores osmotic
stress responses to the s/n-ts mutant (Urao et al., 1999), and Arabidopsis ahkl mutants display
reduced survival under drought stress (Tran et al., 2007). As ahk1 still has increased abscisic
acid (ABA) levels under osmotic stress (Wohlbach et al., 2008; Kumar et al., 2013), it cannot be

the sole osmosensor.

3.4.1.2.05CA1
HYPEROSMOLARITY INDUCED Ca”* INCREASE 1 (OSCAL1) is a putative osmosensor localised to

the plasma membrane (Yuan et al., 2014). As calcium increases are early responses to osmotic
stress and drought (Knight et al., 1997), Yuan et al. (2014) performed a forward genetic screen
for plants with an impaired cytosolic Ca®* increase. Further screening for impaired
developmental and physiological responses identified the oscal mutant. OSCA1 encodes a
calcium channel that is responsive to changes in osmolarity (Yuan et al., 2014). Although OSCA
appears to act upstream of ABA biosynthesis in terms of root growth and stomatal function
(Yuan et al., 2014), differences in ABA accumulation need to be verified experimentally, as do

changes in osmotic stress responsive gene expression.

3.4.1.3.MCA1
MCAL1 is a mechanosensitive ion channel that may function as an osmosensor (Nakagawa et
al., 2007; Furuichi et al., 2012). mcal plants fail to penetrate hard agar (Nakagawa et al.,
2007), and Xenopus oocytes expressing MCA1 show action potentials when membrane tension
increases, indicating it may be important in hypoosmotic stress responses (Furuichi et al.,
2012). It is however yet to be established whether MCA1 is important for responses to the

hyperosmotic stress that is characteristic of drought.

3.4.2. Osmotic stress signalling and gene expression
After perception of osmotic stress, secondary messengers perform a vital role in signal
transduction (Huang et al., 2008). Calcium signalling can regulate the activity of multiple stress
responsive promoter motifs to modulate gene expression (Whalley et al., 2011). Reactive
oxygen species (ROS) are produced in response to drought and salinity stress and perform a

vital role in osmotic stress responsive gene expression (Miller et al., 2008; Miller et al., 2010).
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Whilst it is important to understand how osmotic stress is perceived, this thesis will not deal
with the signalling or diverse range of defensive mechanisms that exist to protect plants from
stress, but will focus on developmental responses. For information on stress signalling and
resilience mechanisms, there are numerous detailed and well written reviews available (e.g.
(Bray, 1997; Huang et al., 2012). The majority of genes regulated by osmotic stress are
regulated in the same direction by ABA application (Huang et al., 2008), however there are
numerous genes that are not, leading to the hypothesis that there are at least separate

pathways to regulate drought stress responses.

3.4.2.1.ABA-independent signalling
Dehydration and salt stress can induce expression of DREB2A and DREB2B which encode

transcription factors that bind to Drought Responsive Elements (DRE) in promoters to enhance
expression of dehydration responsive genes (Liu et al., 1998; Nakashima et al., 2000). C-repeat
binding factor 4 (CBF4) can also be transcribed in response to osmotic stress. It encodes
another transcription factor which binds to DREs to regulate stress responses (Huang et al.,

2012).

3.4.2.2.ABA dependent signalling
AREB/ABF transcription factors are induced by the ABA-responsive pathway (Choi et al., 2000;

Uno et al., 2000), and their activity is regulated by ABA-dependent phosphorylation (Furihata
et al., 2006). AREBs bind to ABA-responsive elements in the genome to induce expression of

drought responsive genes.

ABA signalling mechanisms will be discussed in more detail later in this chapter.

3.5. Arabidopsis thaliana - the model plant, with a model root
Arabidopsis thaliana has been used in plant research for more than 100 years. It came to
prominence in the late 20" century because it is easy and fast to grow, produces a lot of seed,
displays a lot of natural variability, is diploid, self-compatible and contains a small genome

(Somerville & Koornneef, 2002).

In the late 1980s it became apparent that the small genome made positional cloning of any
gene in Arabidopsis theoretically possible (Meyerowitz, 1989), and shortly after a project to
sequence the entire genome was initiated. By the start of the new millennium, The Arabidopsis
Genome Initiative published the first analysis of a sequenced plant genome (Arabidopsis

Genome, 2000).

19



Introduction
When the Arabidopsis root was characterised, it was revealed to be a highly ordered structure
(Dolan et al., 1993), making it an ideal system to study a diverse range of biological

phenomena including patterning, polarity and hormone responses.
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Figure 3-1 The zones and cell types of the Arabidopsis primary root

The Arabidopsis primary root structure. Cell files start at stem cells initials, surrounding the organising quiescent
centre. Proximal to the quiescent centre, cells of the epidermis, cortex,endodermis, pericycle and vascular tissues
undergo division in the meristematic zone, differentiation in the transition zone and expansion in the elongation
zone. Upon leaving the elongation zone cells undergo further differentiation and gain cell identity. Lateral root cap
cells divide and expand, before being sloughed off at the proximal meristem. Distal to the quiescent centre, cells
divide and differentiate to form the columella.

The Arabidopsis thaliana primary root, as shown in Figure 3-1, is made up of concentric rings
of cell files, surrounding a central stele (Dolan et al., 1993). These cells, from the outside to
inside at the root tip, are the lateral root cap, epidermis, cortex, endodermis, pericycle and

vascular cells (xylem and phloem).

Each cell file forms a lineage that begins with the quiescent centre, which produces daughter
stem cell initials during embryogenesis. The quiescent centre is made up of four cells which
divide infrequently and regulate the undifferentiated state of the neighbouring initials (Figure
3-2; Dolan et al., 1993; Van den Berg et al., 1997). For the epidermis, cortex, endodermis and
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stele, repeated divisions of the initial’s daughter cells occur in the meristematic zone, before
differentiation in the transition zone and expansion in the elongation zone It is the repeated
division, differentiation and elongation that forms the basis of root growth (Beemster &

Baskin, 1998; Casson & Lindsey, 2003; Petricka et al., 2012).

This ordered structure makes the root very amenable to study, and understanding the
processes of division, differentiation and expansion can give us an in depth understanding of
how root growth is regulated. These processes and structure are tightly controlled by a variety
of hormones which interact to regulate growth and development (Vanstraelen & Benkov3,
2012; Liu et al., 2014). In the next section, the major plant hormones are briefly described and

their roles in regulating root growth are discussed.

Lateral root cap (O Quiescent Centre

Epidermis ® CEpidermis/ lateral root cap initial
Cortex ® Endodermis/ Cortex initial

@ Endodermis @ Pericycle initial
Pericycle ® Steleinitial

& Stele

Columella initial
Columella

Figure 3-2 Stem cell organisation in the Arabidopsis primary root apex.

This figure illustrates the highly ordered structure of the Arabidopsis root apex, where the quiescent centre
maintains the undifferentiated state of the surrounding stem cells (initials), which divide to as parent cells to the
various cell files.

3.6. Plant hormones
Plant hormones such as auxin, cytokinin, ethylene and ABA control many aspects of plant
growth and development and their levels can change when subjected to drought or salt
stresses, so coordinating developmental changes and stress responses (Liu et al., 2014). Many
genes regulated by drought are also co-regulated by multiple hormones (Huang et al., 2008),
so it is apparent that processing multiple signals is essential to coordinating the stress
response in plant development. In fact, the interaction or relative levels of different hormones

have been shown to determine numerous developmental and stress responses (Skoog &
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Miller, 1957; Sachs, 1982; Ghassemian et al., 2000; Blilou et al., 2005; Dello loio et al., 2008;
Moubayidin et al., 2010; Nishiyama et al., 2011).

The activities of plant hormones depend on cellular context and exhibit interactions that can
be either synergistic or antagonistic. When plants are subjected to drought stress, these
hormone activities also respond to osmotic stress (Liu et al., 2014). An important question in

understanding plant development is how hormonal crosstalk evolves under osmotic stress.

3.6.1. Auxin
In the roots, auxin can reduce the stability of DELLA proteins, which inhibit growth (Fu &

Harberd, 2003), promoting cell elongation and cell division in the meristem (Blilou et al., 2005).

Auxin distribution in the root is controlled by a polar transport mechanism (Blilou et al., 2005;
Grieneisen et al., 2007). The PIN FORMED (PIN) family of efflux carrier proteins regulate polar
transport (Friml et al., 2003; Petrasek et al., 2006; Wisniewska et al., 2006) and can be rapidly
reorganised to alter development (Heisler et al., 2005) by the action of ARF-GEF mediated

endosomal cycling (Kleine-Vehn et al., 2008) .

The distribution of the PIN proteins is depicted in Figure 3-3. Auxin is transported acropetally
through the vasculature where PIN1, PIN3 and PIN7 are expressed and is then funnelled into

the quiescent centre by PIN4 (Friml et al., 2002a).
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Figure 3-3 The distribution of the PIN family of auxin efflux carriers (Kleine-Vehn & Friml, 2008)

The PIN protein family determines the direction and flux of auxin in the Arabidopsis root. PIN1 transports auxin
down the stele and PIN4 funnels it into the auxin maxima at the quiescent centre. PIN3 and PIN7 transport auxin
out of the columella into the lateral root cap, where PIN2 transports auxin back up the root, through the epidermis
and cortex, towards the elongation zone.

Cells in the columella express PIN3 and PIN7 which transport auxin to the lateral root cap. The
lateral root cap, epidermis and cortex all express PIN2 which transports auxin basipetally to

the elongation zone, where it limits cell expansion.

As well as the polar PIN family of efflux carriers, there is also a family of ABC transporters,
which show non-polar distribution and act synergistically with PIN proteins to regulate efflux

(Geisler et al., 2005).

Auxin influx is facilitated by the AUX1/LAX family of carrier proteins (Bennett et al., 1996;
Marchant et al., 1999; Yang et al., 2006; Peret et al., 2012).

Modulation of auxin transport can have profound consequences for growth and development,
for instance redistribution of PIN3 due to gravity can cause differences in levels of auxin
transport away from the root tip (Figure 3-4) (Friml et al., 2002b). The different levels of auxin
reaching the elongation zone consequently cause differential cell expansion on either side of

the root (Swarup et al., 2005). This causes the root to bend toward gravity.
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More auxin:
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Direction of
root curvature / Gravity

Figure 3-4 Root gravitropism is caused by differential distribution of auxin

Gravity stimulation causes basipetal auxin transport to increase on the ‘bottom’ side of the root, and decrease on
the ‘top’ side of the root. As auxin inhibits cell expansion in the elongation zone, the asymmetric auxin distribution
causes cells on the top of the root to expand faster, bending the root towards gravity.

Auxin signalling is mediated by proteasomal degradation. AUX/IAA proteins such as SHY2
repress the auxin response by forming heterodimers with Auxin Response Factors (ARFs),
which are transcription factors (Tiwari et al., 2001). The AUX/IAA repressors are targeted for
degradation by the SCF™ complex in an auxin-dependent manner (Gray et al., 2001;
Dharmasiri et al., 2005; Kepinski & Leyser, 2005; Maraschin et al., 2009), to allow active ARF-

ARF dimers to assemble and auxin response genes to be transcribed.
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Figure 3-5 Auxin signalling cascade, taken from (Mockaitis & Estelle, 2008)

In the absence of auxin, AUX/IAA proteins repress the action of ARF transcription factors, putting a brake on the
auxin signalling pathway. In the presence of auxin, the SCF™ receptor complex targets AUX/IAA proteins for
degradation, allowing ARFs to activate transcription and downstream auxin responses.

As well as inhibiting expansion in the elongation zone, auxin also promotes of cell division in
the meristematic zone, and inhibits differentiation (Dello loio et al., 2007; Dello loio et al.,
2008; Moubayidin et al., 2010). Accordingly, low amounts of exogenously applied auxin

promote growth, whilst higher concentrations inhibit growth (Evans et al., 1994).

As auxin’s developmental effects are specific to cell type and developmental stages, so
visualising auxin responses and patterning can tell us a lot about how root growth is being
regulated. By using for example fluorescently labelled transport machinery (PIN proteins or the
AUX1/LAX family of influx carriers) and auxin reporter genes (e.g. DR5, DIl) we can infer the
direction of auxin transport and areas of its accumulation in response to experimentation
(Figure 3-6; Ulmasov et al., 1997; Benkova et al., 2003; Swarup et al., 2004; Brunoud et al.,
2012).
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Figure 3-6 DR5::YFP-N7 reveals pattern of auxin response in the Arabidopsis root. Purple: propidium
iodide staining for cell walls. Green: YFP-N7

The DR5:YFP signal (an indicator of auxin response) is strongest in the quiescent centre and the proximal columella.
There is also a detectable auxin response in the stele and lateral root cap.

3.6.2. Cytokinin
In roots the cytokinin class of hormones is an important regulator of meristem function and
growth. The principal site of cytokinin biosynthesis is the root and it is transported through

the vasculature to the rest of the plant (Miyawaki et al., 2004; Antoniadi et al., 2015).

Cytokinin-deficient plants show increased root meristem size and enhanced growth, whereas
increasing cytokinin has the opposite effect (Werner et al., 2001; Dello loio et al., 2007).
Cytokinin inhibits root growth by controlling meristematic cell differentiation (Dello loio et al.,
2007; Dello loio et al., 2008). It has been suggested that the auxin: cytokinin ratio controls
meristem activity (and therefore growth) via a point of crosstalk in the auxin signalling
pathway (Moubayidin et al., 2010; Schaller et al., 2015). In the transition zone, transcription of
the auxin signalling repressor SHY2/IAA3 has been shown to be upregulated by various type-B
ARR proteins, which are the transcription factors produced downstream of cytokinin signalling

(Dello loio et al., 2008; Moubayidin et al., 2010).

As well as regulating differentiation, cytokinin also promotes cell division (Miller et al., 1955).
Increased cytokinin levels can promote quiescent centre cell division (Zhang et al., 2013) and in

leaves cytokinin upregulates D type cyclins, promoting cell division (Dewitte et al., 2007).
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Cytokinin triple receptor knockout mutants show more extreme phenotypes than cytokinin-
deficient plants, exhibiting extreme root and shoot growth retardation (Werner et al., 2001;

Nishimura et al., 2004).

Cytokinin signal transduction occurs through a phosphotransfer system (Figure 3-7) that shares
homology with two-component his-asp relays found in bacteria (Mizuno, 2005; To & Kieber,
2008). Cytokinin is perceived by HISTIDINE KINASE RECEPTORS (AHK2, AHK3 and AHK4), which
auto-phosphorylate in the presence of cytokinin (Inoue et al., 2001; Suzuki et al., 2001;
Ueguchi et al., 2001; Yamada et al., 2001). The phosphoryl group is then transferred to a
member of the ARABIDOPSIS HIS POSPHOTRANSFER PROTEIN (AHP1-5) family, which activate
type —A and —B ARABIDOPSIS RESPONSE REGULATORS (ARR) by phosphorylation (Tanaka et al.,
2004).

Active type-B ARRs act as transcription factors to activate cytokinin responsive gene expression
(Sakai et al., 2000; Mason et al., 2005). Active type-A ARRs inhibit the cytokinin signalling
pathway, acting as a negative feedback loop (To et al., 2007). Transgenic cytokinin responsive
markers (pTCS:GFP, proARR5::GFP) offer a good reflection of the patterning of cytokinin in the
root, giving insights into its developmental effects (Muller & Sheen, 2008; Antoniadi et al.,

2015)
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Figure 3-7 The cytokinin signalling cascade, as described in the text (Kieber & Schaller, 2014),

Cytokinins are perceived by the receptors AHK2, AHK3 and AHK4/CRE1/WOL1, which phosphorylate AHPs. AHP1,
AHP2, AHP3, AHP4, and AHPS5 transfer the phosphoryl group to ARRs. Type-B ARRs are transcription factors that are
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activated by phosphorylation, whereas type-A ARRs inhibit the signal cascade. Many type-A ARRs contain many
cytokinin-responsive promoter elements, reinforcing the negative feedback on the signalling cascade. AHP6 is a
pseudo phosphotransferase protein that acts as a competitive inhibitor to the interaction between the receptors
and the true AHPs. Nitrogen oxide (NO) can also inhibit the signalling cascade.

3.6.3. Abscisic acid (ABA)
ABA is a hormone that is primarily associated with dormancy and stress responses. Increased
ABA biosynthesis is widely associated with abiotic stresses, particularly water stresses, where it
regulates many resilience mechanisms, but it also has diverse developmental roles (Finkelstein

et al., 2002).

In the root, ABA can maintain quiescence in the root QC, and inhibits cell division in the
meristematic zone (Zhang et al., 2010). It can also regulate the rate of cell differentiation and

elongation (Zhang et al., 2010; Ji & Li, 2014).

Whilst there have been many candidates for ABA receptor through the years, recently the
PYR/PYL/RCAR family has emerged as a group of proven receptors, responsible for a wide
variety of ABA responses (Ma et al., 2009; Park et al.,, 2009; Cutler et al., 2010). The
PYROBACTIN RESISTANT 1 (PYR1) ABA receptor was initially identified in a screen for resistance
to the herbicide pyrobactin, a seed-selective ABA agonist (Park et al., 2009). The specificity of
pyrobactin to PYR1 allowed the first identification of an ABA receptor, where previous screens
had failed due to the high level of redundancy in the ABA receptors (Park et al., 2009). The

other receptors could then be identified by homology.

The PYR/PYL family bind ABA with a ‘latch and gate’ mechanism, that when closed allows
binding to protein phosphatases (PP2Cs) such as ABSCISIC ACID INSENSITIVE 1 (ABI1) and ABI2
(Ma et al., 2009; Park et al., 2009). ABI1 and ABI2 act as inhibitors of ABA responses which are
inhibited when bound to the active receptor (Fujii et al., 2009; Park et al., 2009). Targets of
ABI1 and ABI2 include SUCROSE NON FERMENTING RELATED PROTEIN KINASE 2s (SnRK2s),
which when released from inhibition by ABA can phosphorylate ABA RESPONSIVE ELEMENT
BINDING FACTORS (ABFs; (Furihata et al., 2006; Yoshida et al., 2006; Yoshida et al., 2015).
Phosphorylated ABFs can bind ABA Responsive Elements (ABREs) in gene promoters to

activate responsive transcription (Choi et al., 2000; Uno et al., 2000; Furihata et al., 2006).
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Figure 3-8 The abscisic acid (ABA) signalling cascade (Sheard & Zheng, 2009)

In the absence of ABA, PP2Cs such as ABI1 and ABI2 dephosphorylate SnRK2s, inhibiting their action. When the
PYR/PYL/RCAR receptor is ABA bound, it can bind PP2Cs preventing their interaction with SnRK2s. The SnRK2s can
then phosphorylate ABRE Binding Factors (ABFs, e.g. AREB1) activating them and allowing downstream
transcription.

3.6.4. Ethylene

Ethylene is a plant hormone that plays important roles in growth, fruit ripening, flooding
responses and many other processes (Schaller & Kieber, 2002). It is perceived by the five
ethylene receptors, ETR1, ETR2, ERS1, ERS2 and EIN4, which share homology with bacterial
two component signalling systems (Chang et al., 1993; Hua et al., 1995; Hua et al., 1998; Sakai
et al., 1998). The ethylene signalling cascade is summarised in Figure 3-9. In the absence of
ethylene the receptor interacts directly with the Raf-like kinase CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1; (Kieber et al., 1993; Clark et al., 1998), but not through phosphorylation
(Wang et al., 2003) leading to its activation and inhibition of downstream responses (CTR1 is a
negative regulator of the ethylene response). CTR1 phosphorylates ETHYLENE INSENSITIVE 2
(EIN2), maintaining its ER localisation (Ju et al., 2012). When the receptor binds ethylene, it no
longer phosphorylates CTR1, which in turn can no longer phosphorylate EIN2, and ethylene
responses occur. The EIN2 carboxyl terminal end (CEND) is cleaved which localises to the
nucleus, where it stabilises EIN3 (An et al., 2010; Ju et al., 2012; Wen et al., 2012). EIN3 directly
activates the transcription of ETHYLENE RESPONSE FACTOR 1 and other ERF family members
promoting the ethylene response (Solano et al., 1998).
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Ethylene treatment causes short, fat roots with long root hairs. It appears to inhibit root
growth by acting on auxin transport and biosynthesis (Strader et al., 2010), and has been
shown to increase the rate of auxin biosynthesis in Arabidopsis roots (Stepanova et al., 2005;

Stepanova et al., 2007; Swarup et al., 2007; Stepanova et al., 2008).
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Figure 3-9 Ethylene signalling cascade A) in the absence of ethylene, B) in the presence of Ethylene

A) In the absence of ethylene, ETR1 and CTR1 are active and CTR1 phosphorylates EIN2, inhibiting its function. EIN3
is therefore targeted for degradation B) In the presence of ethylene, ETR1 and CTR1 are inactive, and so EIN2 is not
phosphorylated. The C terminal end (CEND) of EIN2 is then cleaved and translocated to the nucleus, where it
inhibits the degradation of EIN3, allowing EIN3 to activate ethylene responsive transcription.

Ethylene also affects the transcription and distribution of components of the auxin transport
machinery, inducing PIN2 transcription at the root tip, which polarises basipetally and is

essential for much of ethylene’s effect on root growth (Ruzicka et al., 2007).

Recently, it has come to light that ethylene may also be playing a role to limit meristem size
and growth, by inhibiting cell division in the primary root meristem, probably through

increased expression of SHY2 (Street et al., 2015).

Although much of the ethylene response in the root occurs through this increased auxin
biosynthesis and transport, ethylene also affects meristem activity independently of auxin.
Controlling for auxin, ACC application or ethylene overproduction can increase the rate of stem

cell division in the quiescent centre of the root meristem (Ortega-Martinez et al., 2007).

30




Introduction
Ethylene and auxin positively regulate each other’s biosynthesis, but there is another point of
crosstalk between ethylene signalling and auxin, a peptide called POLARIS (PLS) (Casson et al.,
2002; Chilley et al., 2006), which will be discussed later.

3.6.5. Gibberellic Acid
Gibberellins (GA) are plant hormones that have diverse developmental roles, but are best
known for promoting growth. In roots, GA can promote elongation and cell proliferation (Fu &

Harberd, 2003; Achard et al., 2009; Ubeda-Tomas et al., 2009).

The gibberellin signalling pathway is detailed in Figure 3-10. Gibberellin binds to the receptor
GID1, which facilitates the binding of DELLA proteins e.g. SLR1 in rice (Ueguchi-Tanaka et al.,
2005; Griffiths et al., 2006; Nakajima et al., 2006; Murase et al., 2008). The GA-GID1-DELLA
complex interacts with an SCF complex, which ubiquitinates the DELLA protein, targeting it for
degradation (Dill et al., 2001; Silverstone et al., 2001; Fu et al., 2002). There are five DELLA
proteins in Arabidopsis, which act as repressors of growth and development. They contain
conserved DELLA and TVHYNP amino acid sequences that are required for their GID1-regulated
degradation, and a conserved GRAS domain which is required for transcriptional regulation.
DELLA proteins function as the principal inhibitors of plant growth and other developmental
processes, by interacting with transcription factors (de Lucas et al., 2008) or by binding DNA
directly. Interaction of other hormone systems with the GA — GID1 — DELLA signalling system

may be the principal mechanism of growth control in plants.

Auxin in known to increase gibberellin levels (Ross et al., 2000). Under gravistimulation,
asymmetric auxin distribution precedes a similar gibberellin distribution, which regulates root
bending (Loefke et al., 2013). There is also evidence that GA can stabilise PIN localisation to
the plasma membrane reinforce the basipetal auxin flow under gravistimulation (Loefke et al.,

2013; Li, G et al., 2015).

Gibberellin also regulates meristem size (Ubeda-Tomas et al., 2009). DELLA proteins are known
to regulate ARR1 and cytokinin-responsive gene expression to regulate cell division in the root

apical meristem (Moubayidin et al., 2010; Marin-de la Rosa et al., 2015).

Stress responsive hormones ethylene and abscisic acid can both stabilise DELLA protein levels
to inhibit growth, as can salt stress (Achard et al., 2003; Achard et al., 2006). Under salt stress,
RGA is SUMOylated, which prevents its degradation and allows it to bind to GID1 in the
absence of GA, inhibiting the degradation of non SUMOylated RGA (Conti et al., 2014). The
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levels of RGA therefore increase independently of gibberellin to inhibit root growth (Achard et

al., 2006; Conti et al., 2014).
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Figure 3-10 The Gibberellin - GID1 - DELLA signalling pathway (Ueguchi-Tanaka et al., 2007)

When the gibberellin (GA) receptor is bound to GA, it allows DELLA proteins such as SLR1 to be targeted for
proteasomal degradation. In the absence of GA, DELLA proteins are not degraded so can act as repressors of the GA
response.

3.6.6. Brassinosteroids
Brassinosteroids (BR) are a class of hormones that have pleiotropic effects on growth and
development through their interactions with other hormones (Clouse, 2011). This thesis will
not deal with the crosstalk between brassinosteroids and other phytohormones, which could
form the basis of a whole research project, so instead | will briefly outline some of their

functions in root development here.

Brassinosteroids are perceived by BRASSINOSTEROID INSENSITIVE 1 (BRI1) (Wang et al., 2001),
a plasma membrane-localised leucine rich repeat receptor like kinase (LRR RLK).
Brassinosteroids bind the extracellular domain of BRI1, causing phosphorylation of the
cytoplasmic domain (Wang et al, 2001). BRI1 oligomerisation and interactions with
coreceptors/inhibitors regulate downstream signal transduction, eventually leading to the
inactivation of the kinase BRASSINOSTEROID INSENSITIVE 2 (BIN2) in the presence of BR
(Clouse, 2011). Inactivation of BIN2 means it can no longer target the BRASSINAZOLE

32




Introduction
INSENSITIVE transcription factors (BZR1 and BZR2) allowing their nuclear translocation and

activation.

Low concentrations of exogenous BR can promote root growth, whilst higher levels inhibit root
growth (Chaiwanon & Wang, 2015). Brassinosteroids have been shown to regulate QC function
and meristematic cell division in roots (Gonzalez-Garcia et al., 2011; Hacham et al., 2011;
Vilarrasa-Blasi et al., 2014), and show considerable crosstalk with auxin (Chung et al., 2011;

Chaiwanon & Wang, 2015).

There is also evidence that other plant sterols have developmental effects, as their effects on
vesicle trafficking and signalling can lead to disrupted hormone transport and responses

(Souter et al., 2002; Lindsey et al., 2003; Pullen et al., 2010).

3.6.7. POLARIS (PLS)
POLARIS (PLS) is a 36 amino acid peptide that acts as a negative regulator of ethylene
responses (Casson et al., 2002; Chilley et al., 2006). Whilst POLARIS is not a hormone as such,
its interactions with auxin and ethylene responses and signalling mean it is important to
understand its function in the context of this thesis. PLS transcription is enhanced by auxin,

and repressed by ethylene (Casson et al., 2002).

The pls null mutant displays normal levels of ethylene biosynthesis but enhanced ethylene
responses, including short roots. The short root phenotype can be recovered by
pharmacologically inhibiting ethylene perception or crossing with the gain-of-function
ethylene resistant etr1-1 mutant (Chilley et al., 2006), implying that PLS acts at the level of the
receptor. The ethylene receptor ETR1 and PLS co-localise to the endoplasmic reticulum, with in

vivo and vitro evidence of a direct interaction (Mehdi, 2009; Mudge, 2015).

The PLS peptide can bind copper in vitro (Mudge, 2015), and ETR1 requires a copper cofactor
to bind ethylene (Rodriguez et al., 1999). Flooding pls plants with Cu** can rescue the short
root phenotype, and exogenously adding synthetic truncations of the POLARIS peptide can also
rescue root length, when they include the putative copper-binding domain (Mudge, 2015). This
suggests that POLARIS acts as a negative regulator of ethylene signalling by regulating the

ethylene receptor through its interaction with its copper cofactor.

3.7. Modelling hormone crosstalk, patterning and responses
Systems biology is an iterative approach to science that combines experimental data and

kinetic modelling to provide greater understanding. Figure 3-11 describes the typical workflow
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in a modelling study. First, experimental data are used to construct one or several plausible
networks of interactions. These networks are then used to create mathematical models, which
are fitted to experimental data. The mathematical models are then tested against different
data sets than those used for fitting. If the modelling approach fails at any stage, model
construction returns to an earlier stage of the process and this failure gives insight into the
nature of the biological system. If a model can predict experimental results, the model
dynamics can also offer insight into the function of the biological system. Whilst all models are
wrong by definition, a good model can give predictive or useful insights into the functioning of

a biological system
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Figure 3-11 Typical experimental/modelling workflow used in systems biology, adapted from
http://www.myexperiment.org/workflows/2661.html

There have been many kinetic models of hormone signalling published in recent years. The
ethylene signalling cascade has been replicated in silico and can correctly predict the
expression of ethylene responsive genes, in the context of plant defence (Diaz & Alvarez-
Buylla, 2006). The auxin signalling cascade has been replicated, and used to predict the
degradation of the DII-VENUS biosensor, in the context of understanding gravitropism (Band et

al., 2012b). There are also models of gibberellin signalling feedback and dilution (Band et al.,

34




Introduction
2012a; Middleton et al., 2012) and brassinosteroid signalling (van Esse et al., 2013) however

few groups have looked at the interplay between multiple hormones.

To understand better the interactions between hormones in root development, Liu et al.
(2010) published a kinetic model of the crosstalk between ethylene, auxin and cytokinin,
paying particular attention to the ethylene receptor pathway and its interactions with PLS
(Figure 3-12). This model was parameterised with real data where possible, and drew upon
previous experimental (Casson et al., 2002; Chilley et al., 2006) and modelling work (Diaz &
Alvarez-Buylla, 2006) to derive its equations. Where no direct measurement was available, or
the relationship was poorly defined, Liu et al. (2010) analysed different parameters and
kinetics to fit experimental evidence qualitatively, and in some cases carried out further

experimentation to better define the interactions.

—— Auxin < > POLARIS
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Figure 3-12 The simplified hormonal crosstalk network, described in (Liu et al., 2010)

This simplified version of the network just shows the key relationships, where arrows indicate promotion and flat
headed arrows indicate inhibition. Auxin and cytokinin inhibit each other’s biosynthesis, but both synergistically
promote ethylene biosynthesis. Ethylene promotes auxin biosynthesis and inhibits POLARIS expression. Auxin
promotes POLARIS expression, inhibiting ethylene responses. POLARIS also promotes auxin biosynthesis.

One such analysis examined the interactions between the ethylene receptor, CTR1, ethylene
and PLS. By examining different plausible points of interaction between PLS and ethylene
signalling, (Liu et al., 2010) showed there was no qualitative difference between using ETR1
and CTR1 as the point of interaction in simulated experiments. As the experimental evidence is
stronger for ETR1 (Chilley et al., 2006), their published results used this point of interaction (Liu
et al., 2010).

Their analysis also revealed that in order for the pls mutant to have signalling representative of
in vivo experiments, PLS cannot completely activate the ethylene receptor (and so activate
CTR1) and there must still be some interconversion between active and inactive states (Liu et
al., 2010). The interaction between PLS and ETR1 must either increase the activation of the

receptor or inhibit conversion of the receptor to the inactive state, as other interactions (e.g.
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an inactive PLS-ETR1 complex) gave results that didn’t match experimental evidence (Liu et al.,

2010).

Further experimentation also helped clarify the effect of PLS on auxin concentrations (Liu et
al., 2010). Previously, PLS was shown experimentally to inhibit ethylene signalling (Chilley et
al., 2006) so the model predicted a p/s mutant would show an increase in auxin biosynthesis,

but there was no increase in auxin response or levels (Chilley et al., 2006; Liu et al., 2010).

This suggested that PLS might have an additional role in regulating auxin biosynthesis, for
which different scenarios were also simulated (Liu et al., 2010). This outcome could not be
explained if PLS acts on auxin biosynthesis independently of cytokinin and ethylene’s
regulation, and therefore PLS must co-regulate auxin biosynthesis with ethylene and cytokinin,
either separately, or in a unified pathway, as was integrated into the revised model (Liu et al.,

2010).

This combination of experimental and modelling analysis produced a revised crosstalk model
that tallies with experimental evidence, which can be used as the basis of further modelling
and experimental work and to analyse the system’s dynamics. It reveals a crosstalk circuit in
which auxin can be regulated by the levels of PLS and/or PLS’s interaction with ethylene
signalling, which adds flexibility to the relationship between ethylene and auxin concentration

(Liu et al., 2010).

This network was then expanded to include auxin transporter dynamics (Liu et al., 2013). By
integrating simple regulation of PIN protein expression by ethylene, auxin and cytokinin, the
revised model could replicate the changes in the hormone levels and PIN1 or PIN2 dynamics
found experimentally. The single cell models could then form the basis of a larger

spatiotemporal model, which has now been constructed (Moore et al., 2015b).

Previous modelling work has shown that the intercellular transport of auxin by PIN proteins
can produce the auxin maximum and patterning found in Arabidopsis roots (Grieneisen et al.,
2007; Stoma et al., 2008). With a simple root map, this work was able predict auxin patterning
in transport mutants, under exogenous hormone application and under various other

experimental regimes (Grieneisen et al., 2007).

The auxin patterning could also be used to reproduce patterning of PLETHORA (PLT) expression
(Mahonen et al., 2014). PLT are transcription factors that are key in determining root zonation
and development (Aida et al., 2004; Galinha et al., 2007; Mahonen et al., 2014). Modelling of

auxin distribution, and the resultant PLT levels can therefore be used to predict the zonation
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and growth dynamics in a simplified Arabidopsis root (Grieneisen et al., 2007; Mahonen et al.,

2014).

Spatiotemporal models of auxin transport and signalling which used an experimentally derived
root map have demonstrated the importance of the AUX/LAX family of auxin carrier family to
determining auxin maxima (Band et al., 2014). This modelling work illustrates that to produce
correct patterning polar auxin efflux via PIN proteins is required for correct directionality and
flux, but levels of the AUX1/LAX influx carriers determines the sites of auxin accumulation

(Band et al., 2014).

By integrating the intracellular auxin transport (Grieneisen et al., 2007) with our single cell
model of hormone crosstalk a spatiotemporal model of hormone crosstalk was constructed
(Moore et al., 2015b). This model could reproduce patterning of auxin and ethylene responses,
the expression pattern of POLARIS, and hormone levels in various mutants, as seen in Figure

3-13 (Moore et al., 2015b).
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Figure 3-13 The spatiotemporal model can reproduce auxin response patterning. Taken from (Moore
etal., 2015b)

a) prolAA2:GUS an auxin responsive gene shows an auxin maxima in the quiescent centre, with a strong auxin
response in the root cap and stele. b) The spatiotemporal model can reproduce this patterning of auxin response
with a simplified grid based root-map.

This model then forms a fairly robust platform upon which we hope to integrate stress
hormone responses and their effects on root growth. These hormonal responses to osmotic
stress and their crosstalk will be discussed in the next section. The integration of my
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experimental data and modelling analysis with other experimental data and modelling analysis

in the literature will be detailed in the results chapters and Discussion chapter.

3.8. The regulation of root system architecture under osmotic stress
Under osmotic stress, the number of lateral roots and lateral root length in Arabidopsis are
reduced (van der Weele et al., 2000; Deak & Malamy, 2005). This regulation of lateral root
initiation and elongation is probably regulated through ABA and auxin (De Smet et al., 2003;
Deak & Malamy, 2005). For light grown plants, primary root elongation increases under mild

osmotic stress, and decreases under severe osmotic stress (van der Weele et al., 2000).

The increase in elongation under mild osmotic stress appears to be ABA regulated, and
associated with an increase in basipetal auxin transport (van der Weele et al., 2000; Xu et al.,
2013). Inhibiting basipetal auxin transport, or ABA biosynthesis can prevent the increase in
root length seen under osmotic stress (Xu et al., 2013). ABA levels increase under osmotic
stress and treating unstressed plants with low levels of exogenous ABA can promote root

growth, whereas high levels inhibit root growth (Ghassemian et al., 2000).

It remains to be seen whether root elongation under stress is regulated wholly through ABA or
through its interactions with other hormones. Under unstressed conditions, ABA can promote
ethylene biosynthesis by promoting the phosphorylation of ACC SYNTHASE 6 (ASC6) (Luo et al.,
2014; Thole et al., 2014). Phosphorylation is known to stabilise ACS6, which is one of a family
of enzymes that catalyse a critical step in ethylene biosynthesis (Vogel et al., 1998; Chae et al.,
2003). Ethylene is known to increase basipetal auxin transport to limit root growth (Ruzicka et
al., 2007) and the ethylene responsive auxin transporters PIN2 and AUX1 are required to limit

root growth under high levels of ABA treatment (Thole et al., 2014).

It is worth noting that these Arabidopsis experiments, carried out on agar plates, show
conflicting results with other systems. Vermiculite-based systems suggest that ABA promotes
root growth in dark grown maize under water deficit, and that this is achieved by limiting
ethylene biosynthesis (Sharp, 2002), but it is unclear how much of this is attributable to
differences between species or differences between experimental systems. Vermiculite is
mechanically harder than nutrient agar, so it may be that mechanical effects increase under

water deficit (Whalley et al., 2005), increasing ethylene biosynthesis (Sarquis et al., 1991).

In Arabidopsis, there is also evidence of a second light regulated pathway, in which ABA
represses ethylene biosynthesis, which may offer an alternative explanation for the
discrepancy between experimental systems. ABA can repress ethylene biosynthesis by

modulating the binding of the HY5 transcription factor to the ERF11 promoter, but HY5 is
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broken down in the presence of light (Osterlund et al., 2000; Li et al., 2011). In the presence of
ABA, ERF11 represses the expression of ACS2 and ACS5 (Li et al., 2011), which encode key

enzymes in the ethylene biosynthesis pathway (Vogel et al., 1998).

3.9. Project objectives
Therefore, an important question to address is what roles ethylene and ABA play to regulate
growth under osmotic stress. Both hormones have been shown to also affect auxin transport
(Ruzicka et al., 2007; Shkolnik-Inbar & Bar-Zvi, 2010; Thole et al., 2014), which is one of the
primary determents of root growth (Evans et al., 1994). The first results section of my thesis
will examine how these three hormones affect root growth under osmotic stress. The second
results chapter will detail how osmotic stress affects hormone transport and gene expression
under stress. The third results chapter will use this knowledge, as well as the literature, to
create a network of all the interactions between ABA, auxin, cytokinin and ethylene under
stress, providing a framework for modelling. My final results chapter will use modelling to
examine a question about the regulation of PIN1 expression that arises from experimental
data. My four result chapters integrate experimental data, network construction and
modelling analysis, developing novel insights into how osmotic stress affects hormone

crosstalk and root growth phenotypes.
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4 Materials and Methods

4.1. Chemical suppliers
Chemicals and consumables were purchased from SIGMA ALDRICH, unless an alternate

supplier is stated.

4.2. Plant Materials
Arabidopsis thaliana wildtype seeds were from lab stocks of the Columbia (Col-0) or C24
ecotypes, originally obtained from Lehle Seeds (Texas, USA). polaris (pls) mutant seeds were
previously generated by GUS promoter trapping in the C24 background (Topping et al., 1994;
Topping & Lindsey, 1997). proPLS::GUS, proPLS::PLS:GFP and 358S::PLS seeds (PLSox) in the Col-

0 background were previously generated by floral dipping (Casson et al., 2002).

pDR5rev::3xVENUS-N7 (Heisler et al., 2005), 35S::DIl-VENUS-N7 (Brunoud et al., 2012), and
pTCS::GFP (Muller & Sheen, 2008) (all Col-0 background) were obtained from the Nottingham
Arabidopsis Stock Centre (NASC).

proAUX1::AUX1-YFP(116) was obtained courtesy of Ranjan Swarup (Nottingham University).

proPIN1::PIN1::GFP (Benkova et al., 2003), proPIN2::PIN2::GFP (Xu & Scheres, 2005) and
proPIN4::PIN4::GFP (Vieten et al., 2005) were obtained courtesy of Ben Scheres (Wageningen
University). proARR5::GFP and proARR5::GUS (Ws background) were obtained courtesy of

Joseph Kieber (University of North Carolina).

355::GFP:MAP4 (Marc et al., 1998) and 35S::GFP:LIFEACT (Smertenko et al., 2010) were

obtained courtesy of Patrick Hussey (Durham University).

proRGA::RGA::GFP (Silverstone et al., 2001) (Col-0 background) were obtained courtesy of Ari

Sadanandom (Durham University).

pin1-5 (SALK_097144C), pin1-7 (SALK_047613) (Col-0 background) were obtained from uNASC

and genotyped phenotypically.

4.3. Seed sterilisation
Seeds were sterilised for 30s with 70% (v/v) ethanol and ten minutes with 20% commercial

bleach 0.1% Tween 20 then washed five times with sterile distilled water.

4.4. Growth conditions for osmotically stressed seedlings
Seeds were placed on 10cm round plates of half strength Murashige and Skoog (Sigma , 2.2
g/l) Agar (Sigma, 5 g/l) media and sealed with Micropore tape. To ensure simultaneous
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germination, these seeds were stratified for 4-7 days at 4°C before being grown horizontally in

a growth room (22°C, 18h photoperiod).

Five days after germination (DAG), the seedlings were transferred to polyethylene glycol (PEG)
infused % MS agar plates with water potential () of -0.14, -0.37 or -1.2 MPa, adapted from
(Verslues et al., 2006). The plates were sealed with Micropore tape and placed in a growth

room for 6 or 24 hours (22°C, 18h photoperiod).

For GUS staining, the seedlings were transferred three days after germination to polyethylene
glycol (PEG) infused % MS phytagel plates adapted from (Verslues et al., 2006). Because these
plates were made with a high concentration of phytagel they had a different osmolarity to agar
plates (,=0.15, -0.5 or -1.5 MPa), The plates were sealed with Micropore tape and placed in a
growth room for three days (22°C, 18h photoperiod). The longer stress treatment was to allow

for the turnover of the B-glucuronidase protein, which has a long half-life.

4.5. Preparation of hormone stock solutions

Hormones were dissolved to a 10 mM stocks as per and stored for a maximum of 1 month at -

20C.

Hormone/chemical Method

1-aminocyclopropane-1-carboxylic 0.0101 g dissolved in 10 ml sdH,0 and filter sterilised

acid (ACC) — an ethylene precursor

Silver thiosulphate (STS, AgS,0;) — 17mg of AgNO; (silver nitrate) was dissolved in 5 ml of

Binds to the copper atom in ETR1 to sdH20. 63.5 mg of NaS,0; (sodium thiosulphate) was

inhibit ethylene responses dissolved in 5ml sdH,0.
Silver nitrate solution was then added dropwise to the
Sodium thiosulfate to a final volume of 10 ml and
filter sterilised.

Indole-3-acetic acid (IAA) — The Dissolved 17.5 mg IAA in 5 ml 98% ethanol. This is

principal free auxin in plants then topped up to 10 ml with sdH,0 and filter
sterilised.

6-benzylamino-purine (BA) — A 22.53 mg of BA was dissolved in 2 ml of 0. 5M HCI.

synthetic cytokinin This was then made up to 10 ml with sdH,0 and filter
sterilised.

cis/trans- Abscisic acid (ABA) 22.6 mg of ABA was dissolved in 10 ml methanol and
filter sterilised

Fluridon — An inhibitor of abscisic acid | 32.9 mg of fluridon was dissolved in 10 ml of

biosynthesis methanol and filter sterilised

Table 4-1 Hormone stock solution preparation

4.6. Analysis of root length
The agar plates containing the seedlings were placed on an Epson 1680 pro flatbed scanner
and digitised. The FlI distribution of Image) 1.48 (http://rsbweb.nih.gov/ij/) was used to
analyse the daily growth of the roots under different conditions and Microsoft Excel 2011 was

used for data analysis and graphing.
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4.7. Preparation of polyethylene glycol infused plates, adapted from (Verslues et al.,
2006)

As polyethylene glycol (PEG) breaks down in an autoclave, plates of %4 MS agar media were

poured, and then an overlay solution containing the PEG was poured over the plates and time

allowed for the PEG to diffuse into the medium.

Both the agar media and overlay solution contained % MS salts (Sigma, 2.2 g/1) and MES buffer
(Sigma, 6mM, 1.2 g/I) and were adjusted to pH 5.7 by adding 0.1M KOH solution. High gel

strength agar (Melford 5 g/l) was added to the base media before autoclaving.

After autoclaving, PEG-8000 (Sigma) was added to the liquid overlay solutions depending on
the desired osmotic pressure of the plate (Table 4-2). 40 ml of agar media was poured onto 10
cm square plates and allowed to set, after which 60 ml of the appropriate overlay solution
added. The plates were sealed with Parafilm allowed to equilibrate for 15-24 hours and the

overlay solution removed before transferring seedlings and resealing with Micropore tape.

Medium water potentials were verified using a Wescor 5600 osmometer (ELITech,
Berkhamsted, Herts., UK); the large sample chamber was used to allow direct measurements

of solid media. Osmolarity data were verified in 10 independent measurements for each

treatment.

Predicted final media water potential () of agar PEG added to overlay solution (g/l)
media (MPa)

-0.15 to -0.25 (Unstressed) 0

-0.3 to -0.5 (Moderate stress) 250

-1.2 to -1.5 (Severe stress) 550

Table 4-2: The mass of PEG required in 1 litre of overlay solution to achieve a desired osmotic pressure
(Verslues et al. 2006)

4.8. RNA extraction/ DNase/ cDNA synthesis
100 mg (approximately 30 seedlings at 5 or 6 DAG) were flash frozen with liquid nitrogen.
Seedlings were ground on dry ice whilst still frozen and RNA was extracted using a Sigma
Spectrum Total RNA kit (Sigma Aldrich) and DNase digestion was performed with the Sigma
On-column DNase kit (Sigma Aldrich). RNA concentration was determined with a Nanodrop

ND1000 Spectrophotometer (ThermoFisher Scientific, Hemel Hempstead, UK).

5 ng of RNA in a 20 pl reaction mixture was used for cDNA synthesis, using the Invitrogen

Superscript lll First Strand Synthesis System (Invitrogen Ltd, Paisley, UK).
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cDNA was diluted 1:4 for PCR and qPCR. cDNA was tested for genomic DNA contamination by
PCR amplification of ACT2, using primers designed over an intron (Table 11-1). Samples
contaminated with genomic DNA were treated with Promega RQ1 DNase, which was then

denatured before the cDNA synthesised again.

4.9. Polymerase chain reaction (PCR)

The following reaction mix made used for each PCR reaction (20ul total)

X1
10X NH, Reaction Buffer 2 ul
MgCl, 50mM 0.5 ul
Bioline BioTaq 0.2 ul
dNTPs 10mM 0.2 ul
Primer F 20uM 0.5 ul
Primer R 20uM 0.5 pl
RNase/DNase free water 15.6 ul
Template 0.5 ul

An Applied G-Storm GS1 PCR machine was used with the following program:

94°c 3 mins
94°C 30s
30X X°C* 30s
72°C 45s
72°C 7 mins

*Annealing temperature (X) was determined with a gradient PCR varying temperature from
seven degrees below the Tm to two degrees above. Specific annealing temperatures are

detailed in the Primer section.

4.10. Quantitative real-time polymerase chain reaction (qPCR)
SYBR Green Jumpstart Taq Readymix (Sigma Aldrich) was used for with a Corbett Scientific

Rotorgene Q (Now Qiagen).

Reaction mix for one reaction (20 pl total):

Primer F (20uM) 0.25
Primer F (20uM) 0.25 ul
cDNA 0.5ul
SYBR Jumpstart Readymix 2X 10 ul
sdH20 9wl

The following PCR program was used:
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95°C 7 mins
95°C 20s
40X X°c* 20s
72°C 30 s — Data capture on FAM channel
Melt curve 50-95°C 3 minutes at 50 then increasing 1°C every 5 seconds

*Annealing temperatures (X) were primer specific and optimised with a gradient PCR before

gPCR, as detailed above. These temperatures are detailed in the appendix (Table 11-1).

SYBR Green Jumpstart Taq Readymix (Sigma Aldrich) was used for with a Corbett Scientific

Rotorgene Q (Qiagen, Manchester, UK).

Expression of each gene was calculated using the Rotorgene Q Series software v1.7, using the
AACT method relative to expression of a paired reference gene amplification, according to the
manufacturer's instructions. Amplification efficiencies of the genes of interest were checked to
ensure they were all within 5% of the reference gene amplification efficiency. Melt curves
were used to check for nonspecific/unwanted products and primer dimers. Stability of
reference genes were verified by AACT comparison between all samples and the control. All
sample amplifications were done in triplicate for technical repetition, with three biological
replicates. AT5G15710 was selected as a reference gene, due to its stable expression patterns
under osmotic stress, under hormone applications and at various developmental stages

(Czechowski et al., 2005).

4.11. Statistical analysis
All statistical tests were performed in Microsoft Excel 2010, using the Real Statistics add in
(http://www.real-statistics.com/). The 0.05 level of significance was used. In general, 1 or 2
factor ANOVAs were used to test for significance, and either a Bonferroni contrast was used to
means or a Tukey post hoc pairwise comparison was used to compare means. Uneven
variances were dealt with by natural log transformation of the data before the ANOVA. Where
data was non-parametric or had uneven variance, a Kruskal-Wallis test was used as an

alternative to a 1 factor ANOVA.

4.12. Histochemical staining of root tips for B-glucuronidase activity
Seedlings were stained with 1 mM N-N-dimethylformamide 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 (Casson et al., 2002). Treated seedlings were vacuum infiltrated at
room temperature for 5 minutes with an Eppendorf concentrator 5301, and then incubated at

37°C until the desired staining level was achieved. The reaction was stopped with by replacing
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the substrate solution with a 70% ethanol solution, in which the seedlings could be stored for a
prolonged period before imaging. To image, the seedlings were rehydrated with deionised
water before mounting, and transferred to a slide mounted with a chloral
hydrate/glycerol/water solution (8g/2ml/1ml) or Hoyer’s (Anderson, 1954) and imaged within

30 minutes.

4.13. Compound Light microscopy
Root tips were mounted in chloral hydrate/glycerol/water solution (8g/2ml/1ml) or Hoyer’s
solution (Anderson, 1954) and imaged on a Zeiss Axioskop microscope (Carl Zeiss, Cambridge,
UK), fitted with a Retiga 2000R camera (Photometrics, Marlow, UK) and using the 20X Neoflu
lens and differential interference contrast (DIC). At least three roots of each treatment were

imaged, and the representative images were compiled in GIMP 2.8 software (www.gimp.org).

4.14. Confocal laser scanning Microscopy
Before transferring to osmotic stress plates, plants were screened for the same developmental
stage and for fluorescence under a Leica stereo dissecting microscope with fluorescence
(www.leica-microsystems.com). After 24 h osmotic treatment, roots were imaged. Whole
seedlings were transferred to a propidium iodide solution (0.5 pg/mL) for 1 minute 30 seconds
and washed for the same time in deionised water. Root tips were then removed with a razor
blade and transferred to a slide. Roots were imaged with a Leica SP5 laser scanning confocal
microscope (www.leica-microsystems.com). Gain, line averaging, detection frequencies and
other microscope settings were altered between fluorescent marker lines to optimise image
quality, but not between roots of the same marker line, to ensure comparability. YFP was
excited with the 514 nm band of the argon laser, GFP excited with the 488 nm band of the
argon laser and propidium iodide was excited at 548 nm. Sequential scans were used and

detection spectra were optimised to minimise crossover between different fluorophores.

4.15. Analysis of confocal images
Images were initially processed with the LAS AF Lite software (v2.63 build 8173
http://www.leica-microsystems.com/products/microscope-software/life-sciences/las-af-

advanced-fluorescence/).

For assessing changes in fluorescence, various tools were used, depending on the type of data

required.

Image J was used to assess total mean florescence of DII:VENUS, PLS:GFP, proARR5:GFP,
pTCS:GFP and 35S:GFP. A polygon selection was used to draw round the whole root and the

‘colour histogram’ tool was used to quantify the mean green channel intensity. Background
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intensity was measured in an area of the image excluding the root and this value subtracted
from the mean root fluorescence. Images of 5-10 individual roots were analysed for each

treatment.

For PIN1:GFP florescence, the mean intensity in a 100 um long selection of the stele, proximal
to the quiescent centre was recorded. Images of 5-10 individual roots were analysed for each

treatment.

For DII:VENUS both stele and epidermis/cortex fluorescence were measured in Imagel. A
polygon selection was used to draw around the appropriate cell files and colour histogram was
used to measure mean green fluorescence. Background intensity was measured in an area of
the image excluding the root and this value subtracted from the mean root fluorescence.

Images of 5-10 individual roots were analysed for each treatment.

For AUX1:YFP(116) and PIN2:GFP, dynamic range and contrast were adjusted with the red
propidium iodide channel to aid cell wall detection downstream, but fluorescent construct
channels were not. Downstream analysis was performed with CellSet v1.5.1 (Pound et al.,
2012) allowing semi-automated detection of cell walls. Green channel mean fluorescence at
cell walls was divided by cell wall length to give mean intensity. For PIN2:GFP, only polar
membranes in the epidermis and cortex were used for analysis. For AUX1:YFP(116) only
membranes in the lateral root cap were used for analysis. Images of 5-10 individual roots were

analysed for each treatment.

4.16. Gel electrophoresis
Typically, gels were made with 1.2% (w/v) agarose dissolved in 1X TAE buffer by microwave.
Ethidium bromide was added before pouring to give a final concentration of 0.5 pg/ml. Gels
were loaded with 8 ul of PCR product with 2 pl of 5X DNA loading buffer, and run for 40
minutes at 70 V with a separate lane containing 5ul of Bioline Hyperladder IV for size

estimation. Gels were imaged with a BioRad Gel-Doc 1000.

4.17. Primers
Primers were designed with Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and Amplify 3.1 (http://engels.genetics.wisc.edu/amplify/), checked for secondary structure
with the Sigma Oligonucleotide calculator (http://www.sigmaaldrich.com/life-science/custom-
oligos/custom-dna/learning-center/calculator.html) and synthesised by MWG Eurofins
(http://www.eurofinsdna.com/). For gPCR, primers were designed where possible on either
side of an intron to ensure amplification of genomic DNA could be detected on an agarose gel

or through melt curve analysis. qPCR primers were designed to amplify 80 -200 nucleotide
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fragments with Tm values of approximately 60 °C. Primer sequences are listed in Table 11-1 of

the Appendix.

4.18. Transcriptomic analysis
All gene expression analysis was performed using Genevestigator build 4-36-0 (Hruz et al.,
2008). The perturbations tool allowed comparison of the relative expression of genes under a

variety of experimental treatments.

4.19. Transcriptomic experiment selection
The following criteria were used to select experiments that were comparable to our

experimental condition:

e Tissue used must be Columbia (Col-0) or C24 wildtype, whole seedling or root tissue
only.

e Plants must be grown in tissue culture for between 5 and 21 days old before transfer
to treatment.

e Hormone treatments

e Osmotic stress treatment must be induced by transferring plants to a suitable

osmoticum (i.e. PEG, mannitol or sorbitol)
Experiments are listed in Table 11-2 of the Appendix.
4.20. Transcriptomic gene selection

4.20.1. Cytokinin-responsive gene expression
Nineteen genes were selected for increased expression under cytokinin application from a
previously published transcriptomic meta-analysis (Bhargava et al., 2013). The genes were
selected because they were significantly upregulated under cytokinin treatments in at least ten
of the thirteen Genechip assays previously performed, and had their expression increase
verified by another method (e.g. qPCR, northern blotting etc). This gene selection is listed in

Table 11-3 of the Appendix.

4.20.2. Auxin-responsive gene expression
Seven auxin-responsive genes were selected based a previously published analysis of existing
transcriptomic studies (Paponov et al., 2008). These genes were selected due to significantly
increased expression under exogenous auxin application in at least six of seven published data
sets and showed expression specifically in root tissues. This gene selection is listed in Table

11-4 of the Appendix.
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4.20.3. Abscisic acid-responsive gene expression
No meta-analysis of ABA-responsive gene expression has been performed, so 19 genes were
selected based on their upregulation under ABA treatment and the prolonged stability of their
response to give an indicator of ABA hormone responsiveness (Seki et al., 2002). Several of
these are already well characterised ABA-responsive genes (KIN2, ABI1 etc.) but the genes
were also verified against other publicly available transcriptomic data sets. This gene selection

is listed in Table 11-5 of the Appendix.

4.20.4. Ethylene biosynthetic gene expression
No meta-analysis of ethylene-responsive gene expression has been performed. As the level of
ACC-synthase (ACS) activity limits the rate of ethylene biosynthesis, the nine true ACS genes
were selected as indicators of ethylene biosynthesis. This gene selection is listed in Table 11-6

of the Appendix.

4.21. Modelling

4.21.1. Network construction
The first stage in creation of a kinetic model is construction of a network of interactions of the
biological species involved. This network is a schematic representation of all the assumptions
that the model will make. First experimentation and exhaustive literature searches are
performed to gather all information on any potential interactions. The importance given to any
potential interaction during network construction is determined by the amount of evidence

supporting the interaction by systematically questioning the evidence for each interaction:

e Isthereis a molecular basis for the interaction?

e |s the experimental evidence mechanistic or correlative?

e |[sthe evidence in the literature consistent or conflicted?

e |s the level (hormone, gene, transcript or protein etc.) that the interaction occurs at
known?

e How large is the effect?

If one single network cannot explain all the phenomena, multiple networks may be
constructed and tested. The systematic construction of these biological networks means they
can significant insight to the biological phenomena studied, however to truly test the dynamics

of the system, a quantitative kinetic model must be made.
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Figure 4-1 Typical experimental/modelling workflow used in systems biology, adapted from
http://www.myexperiment.org/workflows/2661.html

4.21.2. Kinetic modelling
When producing a kinetic model, each reaction species (e.g. auxin) is given an initial
concentration, and then ordinary differential equations are used to map each interaction in
the network. Each species must have a kinetic equation for the rate of production, degradation
or transport, determining how its concentration changes through time. Many of these
reactions will be promoted or inhibited by other biological species (e.g. auxin may increase the
rate of ethylene biosynthesis). As such, choosing the appropriate kinetic equation to accurately
represent the kinetics and choosing the reaction parameters that are important in determining
the dynamics of the model. For many interactions, there is enough biological knowledge to
choose or derive an appropriate equation, for others the simplest equation can be assumed
first, then its dynamics are tested to examine if it shows the correct trend. Figure 4-2 describes

the typical workflow used to determine the kinetic equations when constructing the models.

Once the kinetic equations are selected, the parameters are determined by fitting the
modelling predictions to experimental datasets. This is done by running timecourses until the
model reaches steady state, and the concentrations of all species are compared to

experimental data. If the trends in the data do not match the experimental data, parameters
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are adjusted and the process is repeated until they do. Not all data is used during fitting, to

allow some data to be used to test the model’s predictions.
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Figure 4-2 The workflow and criteria used to turn regulatory relationships into kinetic equations used
in modelling, used with permission from (Moore et al., 2015a)

4.21.3. Software and simulation settings
All modelling was performed in COPASI v4.11 (build 64), which allows kinetic modelling and
offers a host of tools to aid in construction and testing of models (Hoops et al., 2006). Much of
the work was replicated independently in Berkeley Madonna by Dr. Junli Liu (Durham
University) for verification (Macey et al., 2000). Initially parameters were set to the default
value of 0.1, and then fitted manually, to qualitatively match the data. Deterministic (LSODA)
modelling was used, and in each case the model was run until it reached steady state. In the
COPASI repository, the absolute tolerance (i.e. number of decimal places all simulations were
performed to) for numerical computations is 1.0E-12. Much smaller absolute tolerances were
also tested, and the numerical results showed that further reduction of absolute tolerances for
both iterations does not improve the accuracy of numerical simulations. Data was exported
from parameter scans, and plotted in Microsoft Excel. Comparisons with experimental data
were performed by normalising the experimental data to the steady state unstressed,
untreated value and plotting them both, to see whether it could qualitatively reproduce the

data.
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5 The effect of osmotic stress and hormones on root growth and

morphology
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5.1. Introduction
Soils form a complex environment, and roots under drought stress face multiple challenges
that can alter their development. As well as osmotic stress, plants may also encounter reduced
nutrient uptake and mechanical impedance (Alam, 1999; Whalley et al., 2005). Less clear are

the mechanisms by which these stresses mediate developmental changes.

Classic studies have shown that ABA biosynthesis and accumulated levels increase under
drought stress (Zhang & Davies, 1987) and this response pathway is conserved among vascular
and non-vascular land plants, including bryophytes (Takezawa et al., 2015). Low levels of
applied ABA or osmotic stress can increase root growth, whilst high levels can inhibit growth
(Ghassemian et al., 2000). Other hormones also play roles under drought - perturbing
cytokinin, auxin or ethylene pathways can have effects on survival or development under
osmotic stress (Tran et al., 2007; Nishiyama et al., 2011; Cheng et al., 2013; Shi et al., 2014; Cui
etal., 2015; Kumar & Verslues, 2015).

Extensive work has been carried out on how the crosstalk between ethylene and ABA affects
root growth. Ethylene-deficient and -insensitive mutants display increased ABA biosynthesis
and responses, but have reduced responsiveness to ABA inhibition of root growth (Beaudoin et
al., 2000; Ghassemian et al., 2000; Cheng et al., 2009). Phenotypic analysis of ethylene and
ABA mutants has revealed little crosstalk between the signalling pathways directly (Cheng et
al., 2009), but ethylene regulates root growth by altering auxin transport and biosynthesis and
several auxin transport mutants show reduced sensitivity to ABA in root length assays (Ruzicka

et al., 2007; Swarup et al., 2007; Thole et al., 2014).

Most of these experiments were carried out under unstressed conditions, and how hormone
interactions regulate growth under osmotic stress remains poorly defined (van der Weele et
al., 2000; Liu et al., 2014). In this chapter, the effects of osmotic stress and hormone

application on root growth and morphology are examined.

5.2. Osmotic stress treatment
Osmotic stress was induced by transferring seedlings to % MS agar containing high molecular
weight poly(ethylene glycol), PEG 8000, five days after germination (DAG) (van der Weele et
al., 2000; Verslues et al., 2006). This allows us to allow us to examine the effects of osmotic
stress independently of the solute uptake and ionic stresses that mannitol/sorbitol/salt may
cause or the mechanical impedance that can result from soil drying (Verslues et al., 2006). Two
stress treatments were chosen - a moderate stress (-0.37 MPa) and a severe stress (-1.2 MPa),
and osmotic pressures (osmolarity) of the media were verified using a vapour pressure

osmometer (Figure 5-1). Plates without PEG were found to have an osmotic pressure of -0.14
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MPa. Osmotic stress media was measured at the endpoint of 24 hour stress treatments on 10

separate occasions to verify consistent osmolarity.

Moderate
Unstressed stress Severe stress

0.0 - T T

-0.2
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Figure 5-1 Verification of osmotic stress treatments by vapour pressure osmometry

Osmolarity of PEG infused agar medium, measured with a vapour pressure osmometer 24h after overlay solution is
removed. n=10

5.3. The effect of osmotic stress on the root cell damage, division and differentiation
There are several factors that may explain the reduction in growth under osmotic stress, which

can be investigated by examining changes in the morphology and cellular pattern of the root

tip.

Although compatible solute and ion accumulation allows root cells to maintain their turgor
under moderate osmotic stress (-0.5 MPa) (Shabala & Lew, 2002), it is possible that cells may
experience a loss of turgor under severe stress. An inability to provide a more negative internal
water potential than their environment, as well as ion leakage due to damaged membranes,

could theoretically cause a loss of turgor and prevent cell expansion.

Severe osmotic stress can also induce programmed cell death (PCD) in Arabidopsis, which may
limit growth (Duan et al., 2010). Under moderate stress there very little cell death was
observed (Figure 5-2). Under severe stress, cell death was more common. However, this
mostly seemed to relate to how carefully the roots were stained and mounted as they were
more delicate and so required more careful handling to avoid damage. Studies examining PCD
have looked at severe osmotic stress for much longer treatments, with different markers
(Duan et al., 2010) and so a change of protocol may better show the effect of PCD on root

growth.
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The rates of cell division, expansion and differentiation are the main developmental
determinants of root growth rate, and perturbing any of these affects root morphology. Under
stress, the size and number of cells in the meristematic zone decrease, indicating either

premature differentiation or a reduction in the rate of cell division in the meristem (Figure

5-2).
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Figure 5-2 Meristem size and cell counts are reduced under osmotic stress

A) Primary root tips stained with propidium iodide after 24h osmotic stress treatment. Arrowheads indicate
quiescent centre and approximate end of the meristematic zone. B) Meristematic cell count (ANOVA P=0.002) after
24h osmotic stress treatment. C) Meristem size (ANOVA P=0.04) after 24h osmotic stress treatment. Scale bars
indicate 50um. Error bars indicate S.E.M. Letters indicate significance with a Tukey Pairwise comparison.

To assess whether the rate of cell division was effected by osmotic stress, the activity of the
CYCB1,2:GUS reporter gene was examined using histochemical staining. CYCB1,2 is expressed
from the G2 to M stages of the cell cycle, so can be used as a marker for dividing cells
(Bulankova et al., 2013). As with the cell size assays, CYCB1;2:GUS enzyme activity shows the
region of dividing cells is smaller under osmotic stress (Figure 5-3). Although the staining was
not robust enough to allow an accurate quantification of the rate of cell division under
different treatments, it does appear reduced after 48 hours severe stress (Figure 5-3). A
different choice of cyclin marker might help resolve these problems and determine whether

division is effected by stress.
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Unstressed Moderate Severe
stress stress

e

‘

Figure 5-3 proCYCB1;2::CYCB1:2:GUS under osmotic stress

proCYCB1;2::CYCB1:2:GUS activity after 24 or 48 hours osmotic stress treatment. A stable blue precipitate indicates
a cell in the G2 or M phase of cell division. Scale bars indicate 250 um.

5.4. The effect of osmotic stress on quiescent centre cell division and organisation
High levels of ethylene have previously been shown to induce division in the quiescent centre,
(Ortega-Martinez et al., 2007). ABA has been shown to repress quiescent centre cell division,
even in the presence of ethylene (Zhang et al., 2010). As biosynthesis of ethylene and ABA
increases under osmotic stress (Zhang & Davies, 1987; Spollen et al., 2000), it is possible that
an interaction between these two hormones is regulating quiescence. Confocal Z-stacks were
performed through the quiescent centre of at least seven roots subject to each osmotic stress

regime, and stressed roots showed no obvious abnormal cell patterning (Figure 5-4)

WUS RELATED HOMEOBOXS5 (WOX5) is a transcription factor expressed in the quiescent centre

that is required for proper meristem organisation, maintenance of the stem cell niche and
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gene expression in the QC (Van den Berg et al., 1997). Although replicates were limited (n=3)

proWOX5::GUS activity reveals normal quiescent centre organisation.

Taken together, these results suggest that the quiescent centre maintains normal function and
identity under osmotic stress and that any disruption of root growth is not occurring through
QC failure. It is likely that the increased levels ABA under osmotic stress are sufficient to

maintain the quiescent centre, even in the presence of increased ethylene biosynthesis.

Unstressed Moderate stress Severe stress

M
-~ | :

Figure 5-4 Osmotic stress does not alter quiescent centre morphology, or cell niche

A) Typical QC organisation after 24 hours osmotic stress treatment. Images are taken from a series of confocal z-
stacks through the QC, none of which showed abnormal organisation (n=7) Black: propidium iodide. Scale bar
indicates 20um. B) proWOX5::GUS activity after 24 hours osmotic stress treatment. Scale bar indicates 60 pm

5.5. The effect of osmotic stress on DELLA proteins
DELLA proteins such as RGA are inhibitors of growth and elongation, and they are regulated by
gibberellic acid, auxin, ethylene, abscisic acid and stress. (Achard et al., 2003; Fu & Harberd,
2003; Achard et al., 2006). DELLA proteins have been implicated in regulating meristem size
and cell expansion in the elongation zone (Ubeda-Tomas et al., 2008; Ubeda-Tomas et al.,

2009; Marin-de la Rosa et al., 2015). Under osmotic stress, proRGA::RGA:GFP fluorescence
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increases (Figure 5-5), which suggests a role in the regulated inhibition of root growth under

osmotic stress.
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Figure 5-5 proRGA::GFP:RGA accumulates under osmotic stress

A) proRGA::GFP:RGA after 24h osmotic stress treatment. Magenta: propidium iodide. Green: GFP. Scale bars
indicate 50um. B) GFP:RGA fluorescence after 24h osmotic stress treatment. Measured in ImageJ, ANOVA P=0.015.
Error bars indicate S.E.M. Letters indicate significance with a Tukey Pairwise comparison.

5.6. The effect of ethylene on root growth under osmotic stress
Root growth can be inhibited by pharmacologically increasing root ethylene concentration,
while inhibiting ethylene biosynthesis or signalling can slightly increase root growth (Chilley et
al., 2006). Therefore, experiments were carried out to investigate the relationship between

osmotic stress, root growth and ethylene effects.
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Application the ethylene precursor ACC to plants under osmotic stress inhibits root growth
further, in an additive manner. However, inhibiting ethylene signalling with silver thiosulphate

was found not to be able to rescue root growth under osmotic stress (Figure 5-6A).

The EIN2 protein sits at a point of convergence in the classical ethylene signalling cascade, and
the ein2 mutant shows complete insensitivity to ethylene effects (Guzman & Ecker, 1990). ein2
shows wildtype root growth responses to stress, further supporting the view that the

reduction in root growth under stress is independent of ethylene signalling (Figure 5-6B).

Ethylene inhibits root growth in two ways - by increasing basipetal auxin transport to the
elongation zone to limit cell expansion, and by limiting cell proliferation in the meristem
(Ruzicka et al., 2007; Swarup et al., 2007; Street et al., 2015). As the effects of ethylene and
osmotic stress on root growth are additive and inhibiting ethylene cannot rescue root growth

under stress, it is concluded that they must act separately to control root growth.
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Figure 5-6 The effect of ethylene on root growth under osmotic stress

A) The effect of 1-aminocyclopropane-1-carboxylic acid (ACC) and silver thiosulphate (STS) on root growth under
osmotic stress, in Col-0. B) Root growth of Col-0 and the ethylene insensitive mutant ein2 under osmotic stress. C)
Root growth of pls (C24 background) and the PLS overexpressor, PLSox (Col-0 background) under osmotic stress.
Error bars indicate S.E.M

5.7. The effect of IAA on primary root growth meristem morphology and under osmotic
stress

As Arabidopsis root meristem activity and cell expansion at elongation zone are regulated by

auxin, the effect of auxin on root growth under osmotic stress was examined.

The majority of auxin biosynthesis occurs in aerial tissues, and auxin is transported from the
shoot to the root through the vasculature (Ljung et al., 2001). The auxin efflux carrier PIN1 is
responsible for regulating directional transport through the stele into the meristematic zone

and quiescent centre (Galweiler et al., 1998). Auxin signalling in the meristem promotes cell
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proliferation and growth, but inhibits differentiation (Dello loio et al., 2008; Ishida et al., 2010).
Basipetal transport of auxin by the efflux carrier PIN2 and influx carrier AUX1 to the elongation
zone is also important in regulating growth by inhibiting cell expansion (Evans et al., 1994;
Rashotte et al., 2000; Ruzicka et al., 2007; Swarup et al., 2007). Supplementing growth media
with low concentrations (<0.3 nM) of IAA can promote root growth, whilst higher

concentrations (>1 nM) inhibit growth (Evans et al., 1994).

Under unstressed conditions 0.1 nM IAA increased root growth, but under osmotic stress this
auxin supplementation did not alter the root growth response or rescue meristem size (Figure

5-7A, Figure 5-8A).
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Figure 5-7 Auxin modulates root growth under osmotic stress, but not through basipetal auxin
transport

A) The effect of Indole-3-acetic acid (IAA) on wildtype (Col-0) root growth under osmotic stress. B) The effect of

osmotic stress on root growth on auxin transport mutants (eirl1-1/pin2 and aux1-7) and an auxin resistant mutant
(axr3-1). Error bars indicate S.E.M.

Under unstressed conditions 1 nM IAA is sufficient to cause a mild inhibition of root growth,
but when moderate osmotic stress medium was supplemented with 1 nM IAA, there was seen
to be rescue of root growth and meristem size (Figure 5-7A, Figure 5-8A). Although there was
no significant rescue of root growth under severe stress, there was a partial rescue of
meristem size. This suggests that the reduction in root growth under moderate stress is due to
the regulation of meristem size by auxin, but under severe stress some other factor is further

inhibiting root growth.
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The axr3-1 line contains a dominant stabilised mutation of the IAA17 protein that causes
plants to be resistant to many auxin-regulated growth responses, including root elongation
and gravitropism (Leyser et al., 1996). Root growth inhibition and the reduction in meristem
size were seen to be exaggerated in axr3-1 under osmotic stress, but eir1-1/pin2 and aux1-7
showed near wildtype root growth responses (Figure 5-7B, Figure 5-8B). pin1 mutant seedlings
displayed a very small meristem under unstressed conditions, which showed no reduction in

size under osmotic stress (Figure 5-8B).

Taken together, these results indicate that root growth under stress is modulated by auxin
signalling, requiring an unperturbed auxin response pathway and transport of auxin to the
meristem by PIN1. However, regulation of basipetal auxin transport by AUX1 or PIN2 is not

required for the modulation of root growth by auxin signalling.
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Figure 5-8 Auxin modulates meristem size under osmotic stress

A) The effect of osmotic stress and indole-3-acetic acid treatment on root morphology. Arrowheads indicate the
position of the quiescent centre and the end of the meristematic zone. B) The effect of osmotic stress root
morphology in auxin transport mutants (pinil,eirl-1/pin2, aux1-7) and an auxin resistant mutant (axr3-1).
Arrowheads indicate the position of the quiescent centre and the end of the meristematic zone. Meristem size was
determined by looking for the last cell in the cortex before the rapid increases in cell size of the elongation zone.
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5.8. The effect of ABA on primary root growth under osmotic stress
Under unstressed conditions, supplementing growth media with ABA produces a biphasic
growth response: low concentrations of ABA causes an increase in root growth whilst high

concentrations inhibit root growth (Mulkey et al., 1983; Ghassemian et al., 2000).

Supplementing growth media with a concentration of ABA that promotes growth under
unstressed conditions (0.1 uM) was found to cause no significant difference in root growth
under moderate and severe stress, and a treatment with concentration of ABA that inhibits
root growth under unstressed conditions (1 uM) can further reduce root growth under stress

(Figure 5-9).

Supplementing osmotic stress media with the ABA biosynthesis inhibitor fluridon can rescue
root growth under moderate osmotic stress, but not severe stress (Figure 5-9). Taken together,
these results indicate that under moderate osmotic stress, ABA levels modulate root growth
responses and inhibit growth. Under severe stress, inhibiting ABA biosynthesis could not

rescue root growth, implying factors other than ABA are restricting root growth.

20

15 _—

10

> ~

Root elongation /mm (5 -7 DAG)

u M S

——o—No hormone 0.1 uM Fluridon =#=0.1 uM ABA =<1 uM ABA

Figure 5-9 Inhibiting ABA biosynthesis can rescue root length under stress

The effect of Abscisic acid (ABA) and the ABA biosynthesis inhibitor fluridon on root growth under osmotic stress.
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5.9. The effect of osmotic stress on the actin and microtubule cytoskeleton

The cytoskeleton can interact with hormone responses to have vast developmental effects
(Chilley et al., 2006; Hussey et al., 2006). For example, the actin cytoskeleton is essential for
vesicle trafficking and regulating auxin transporter localisation (Geldner et al., 2003; Kleine-
Vehn et al., 2008). To investigate possible links between osmotic stress, hormone signalling
and cytoskeleton organisation, fluorescently labelled cytoskeleton markers were examined in
transgenic seedlings subjected to stress. Under osmotic stress the GFP:LA (Lifeact; Smertenko
et al., 2010), which reveals actin filaments, showed no obvious disruption to the organisation
of the actin cytoskeleton, though actin turnover and dynamics were not measured (Figure

5-10).

In elongating root cells microtubules are arranged at the cell wall perpendicular to the
direction of growth, determining the deposition of cellulose (Paredez et al., 2006). This
reinforcement of the cell wall is thought to constrain the cell to create anisotropic growth, and
thought to be influenced by osmotic stress (Baskin, 2005; Gutierrez et al., 2009). Microtubules
are thought to orientate with the direction of mechanical stress in many tissues, and in the
shoot apical meristem altering cell turgor with an osmoticum can cause collapse of the

microtubule arrangement (Nakayama et al., 2012; Sampathkumar et al., 2014).

Under osmotic stress, the microtubule binding marker GFP:MAP4 showed a change in
orientation (Figure 5-10). The GFP:MAP4 also showed a more punctate appearance under

moderate stress and disorganisation under severe stress (Figure 5-10).

As work was carried out with GFP:MAP4, which binds microtubules (Marc et al., 1998) it
cannot be concluded whether the organisation of microtubule cytoskeleton is altered or if the
binding of MAP4 is disrupted under osmotic stress, and this work needs to be repeated with a

different marker in the future, such as GFP:a-tubulin for confirmation.
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Figure 5-10 The microtubule cytoskeleton is altered under osmotic stress, but there is no obvious
change in actin organisation

Localisation of the Microtubule binding fluorescent marker 35S::GFP:MAP4 and the filamentous actin binding
fluorescent marker 35S::GFP:LA (Lifeact) after 24 hours osmotic stress treatment in root epidermal cells in the
elongation zone.

5.10. Summary
Root growth under moderate and severe osmotic stress was found to be inhibited. This
reduction in root growth was associated with increased DELLA protein levels, disrupted

microtubule arrangement and a smaller root meristem.

Increased ABA biosynthesis has been implicated in many stress responses and inhibiting ABA
biosynthesis can rescue root growth under moderate osmotic stress. Others have reported a
reduction in the rate of cell proliferation and premature differentiation under osmotic stress,

which is modulated by ABA (Ji & Li, 2014; Ji et al., 2014)

Ethylene biosynthesis has been implicated in both stress responses and ABA root growth
responses (Beaudoin et al., 2000; Ghassemian et al., 2000; Cheng et al., 2013; Luo et al., 2014).
Whilst ethylene could further inhibit root growth under stress, stressed ethylene sensitive (pls)
and insensitive (ein2) plants displayed near wildtype root growth responses. Osmotic stress

must therefore act independently of ethylene responses to affect root growth.
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Auxin is known to regulate both cell division and differentiation in the root apical meristem
(Dello loio et al., 2008; Ishida et al., 2010) and consequently auxin application could rescue
both meristem size and root growth under osmotic stress, whist auxin resistant plants

displayed more severe growth responses.

Root growth under stress is modulated by auxin signalling, requiring an unperturbed auxin
response pathway and transport of auxin to the meristem by PIN1. Intriguingly, auxin
transporters AUX1 and PIN2 are important for both ABA and ethylene to inhibit growth in
unstressed conditions (Swarup et al., 2007; Thole et al., 2014), but were found to have no

effect on root growth under osmotic stress.

Hormone balance and signalling clearly has profound effects on root growth. The data in this
chapter suggest that the modulation of hormone biosynthesis and signalling may coordinate
differential root growth responses under moderate osmotic stress. In order to understand

these effects, hormone responses, transport and distribution must be investigated further.

64



The effect of osmotic stress on root hormone levels, responses and distribution
6 The effect of osmotic stress on root hormone levels, responses and

distribution
6.1. Introduction
In plants, hormone responses integrate stress responses with developmental control, with

many growth responses altered under osmotic stress.

Contemporary and classic studies show that abscisic acid biosynthesis increases under osmotic
stress, and is responsible for many stress responses (Wright & Hiron, 1969; Zhang & Davies,
1987; Lee et al., 2006; Verslues & Bray, 2006; Xu et al., 2013; Kumar & Verslues, 2015; Wang et
al., 2015). Abscisic acid has previously been shown to affect the transport and distribution of
auxin and the biosynthesis of cytokinin (Dobra et al., 2010; Shkolnik-Inbar & Bar-Zvi, 2010;
Nishiyama et al., 2011; Xu et al., 2013).

Ethylene has also been implicated as a drought responsive hormone, important for many
stress responses, including compatible solute accumulation (Ichimura et al., 2000; Liu & Zhang,
2004; Joo et al., 2008; Skirycz et al., 2011; Cheng et al., 2013; Cui et al., 2015). It has been
shown to promote auxin biosynthesis and increase its basipetal transport in the root

(Stepanova et al., 2007; Swarup et al., 2007)

As both ethylene and abscisic acid are important in mediating defence against osmotic stress
and have profound effects on growth and development, the work described in this chapter
aims to discover their effect on other phytohormone responses, which may in turn affect

development.

Experimental tools employed here include fluorescence microscopy, qPCR and bioinformatics

to examine the responses of auxin, cytokinin, ethylene and abscisic acid to osmotic stress.

6.2. Abscisic acid-dependent and abscisic acid-independent stress responses
Abscisic acid-dependent and -independent signalling are important responses to drought and
osmotic stress (Cutler et al., 2010; Mizoi et al., 2012). As indicated above, abscisic acid
biosynthesis increases in shoots and roots under dehydration stress (Zhang & Davies, 1987;

Lee et al., 2006)

ABA levels are perceived by the PYR/PYL/RCAR family of receptors, which inhibit type 2C
protein phosphatase activity (Ma et al., 2009; Park et al., 2009; Cutler et al., 2010; Klingler et
al., 2010). In the presence of ABA, PP2C activity is reduced, allowing downstream
phosphorylation and consequent activation of ABA-responsive element Binding Factors (ABFs)

(Furihata et al., 2006).
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To determine whether ABA signalling is active under the osmotic stress regime used for the
work described in this thesis, gPCR was performed for the RD29B gene which is highly ABA-
responsive but not responsive to ABA-independent stress signalling (Jia et al., 2012). RD29B
expression shows a very large (up to ca. 100-fold) increase under moderate (-0.37 MPa) and
severe (-1.2 MPa) osmotic stress at 6 and 24 hours (Figure 6-1A). Publicly available
transcriptomic data (Hruz et al., 2008) also show that other ABA-responsive genes are

consistently upregulated under osmotic stress (Figure 6-1C).

The DREB2B gene promoter is inducible as an early response to dehydration but not to ABA
treatment and contains no ABA Responsive Elements (ABRE; (Nakashima et al., 2000). DREB2B
expression increases significantly under severe stress at 6 and 24 hours, but not moderate
stress (Figure 6-1B), indicating ABA-independent signalling is not as prominent under

moderate stress.
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Figure 6-1 : ABA dependent and independent stress responses are active under osmotic stress.

A) RD29B expression relative to AT5G15710, B) DREB2B expression relative to AT5G15710. Col-0 seedlings were
transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol. wt. 8000 at five days after germination. After
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6 or 24 hours plants were frozen in liquid nitrogen and the RNA extracted for qPCR C) ABA-responsive gene
expression under various osmotic stress or ABA treatments. Data obtained from publicly available Affymetrix CHiP
data through Genevestigator (Hruz et al., 2008).

6.3. Ethylene responses increase under osmotic stress
Ethylene is perceived by a family of five receptor kinases (ETR1, ETR2, EIN4, ERS1,ERS2) (Chang
et al., 1993; Hua et al., 1995; Hua et al., 1998; Sakai et al., 1998), which dimerize to
phosphorylate CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), in the absence of ethylene (Kieber et
al., 1993; Clark et al., 1998). CTR1 is a negative regulator of downstream responses, so is active
in the absence of ethylene. The downstream signalling component EIN2 (Alonso et al., 1999)
stabilises the transcription factor EIN3 (An et al., 2010), which binds the promoters of ethylene

response factors, such as ERF1, activating the ethylene response (Solano et al., 1998).

Previous studies have shown that ethylene biosynthesis and response increases under drought
stress (Spollen et al., 2000; Skirycz et al., 2011; Cheng et al., 2013; Cui et al., 2015) and the
available transcriptomic data reveal an increase in the expression of ACC SYNTHASE (ACS) gene
family members under osmotic stress. This may be mediated by abscisic acid, which gPCR and
transcriptomic data show also increases the expression of ethylene biosynthetic genes,
including ACS (Figure 6-2B- (Hruz et al., 2008; Luo et al., 2014). ABA has been shown to
mediate the stability of ACS6 through phosphorylation to increase ethylene biosynthesis (Luo
etal., 2014).

The expression of ETHYLENE RESPONSIVE FACTOR 1 (ERF1) is positively regulated by ethylene
and negatively regulated by abscisic acid (Cheng et al., 2013). After 24 hours osmotic stress
treatment there is a non-significant (ANOVA P= 0.09) increase in ERF1 expression, indicating

increased ethylene responses (Figure 6-2A).

67



The effect of osmotic stress on root hormone levels, responses and distribution

A ERF1

[=)]

AACT

,
0

Unstressed Moderate  Severe stress

stress

B g o il
e BG8LH D

olZ2 €0 00000

L|O & o & 4 4 K

ABA study 12 (Col-0) / solvent treated seedling samples (Col-0) || O
ABA study 5 (Col-0) / untreated plant samples (Col-0) B B
ABA study 6 (Col-0) / untreated plant samples (Col-0) B B
ACC (1h) I mock treated seedlings (1h) B
ACC (30min) / mock treated seedlings (30min) || B
ACC (3h) I mock treated seedlinas (3h) L |

drought study 11 (Col-0) / mock treated seedling samples (Col-0)
osmotic / recovery (roof) / mock treated Col-0 root samples
osmotic study 2 (early) / untreated root samples (early)

osmotic study 2 (late) / untreated root samples (late)

osmotic study 4 (root) / mock treated Col-0 root samples

Log(2}ratio
25 2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25

Down-regulated Up-regulated

Figure 6-2 Ethylene responses increase under osmotic stress treatment

A) ERF1 expression increases under osmotic stress Col-0 seedlings were transferred from 1/2 MS plates to 1/2 MS +
poly(ethylene glycol) mol. wt. 8000 at five days after germination. After 24 hours plants were frozen in liquid
nitrogen and the RNA extracted for gPCR B) Ethylene responsive gene expression under ACC, osmotic stress or ABA
treatment. Data obtained from publicly available Affymetrix CHiP data through Genevestigator. (Hruz et al., 2008)

6.4. Cytokinin responses decrease under osmotic stress
Cytokinins are perceived in Arabidopsis by a family of histidine kinases (AHK2-4), which
regulate the Arabidopsis Histidine Phosphotransfer proteins (AHP1-5) (Inoue et al., 2001;
Suzuki et al., 2001; Ueguchi et al., 2001; Yamada et al., 2001). AHP proteins in turn regulate a
family of transcription factors called type B Arabidopsis Response Regulators (ARRs; (Tanaka et

al., 2004; To & Kieber, 2008).
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Publicly available transcriptomic data (Genevestigator) reveals that osmotic stress and ABA
treatment can each downregulate the expression of various cytokinin-responsive genes (Figure

6-3).
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Figure 6-3 Cytokinin responses are reduced under both ABA treatment and osmotic stress

Cytokinin-responsive gene expression under CK, osmotic stress or ABA treatment. Data obtained from publicly
available Affymetrix CHiP data through Genevestigator (Hruz et al., 2008).

Arabidopsis Response Regulator 5 (ARR5) is a type-A negative regulator of cytokinin responses
that displays increased expression under cytokinin treatment (Brandstatter & Kieber, 1998). In
wildtype plants grown under standard in vitro conditions, proARR5::GFP fluorescence is
highest in the columella and lateral root cap, with some expression in the stele (Figure 6-4).
Under increasing osmotic stress pARR5::GFP activity is reduced in all tissues, disappearing from
the stele (Figure 6-4B, C). ARR5 promoter::GUS fusion lines show a similar expression pattern
and reduction under stress (Figure 6-4C). Under osmotic stress treatment there is a significant
reduction in ARR5 relative expression, as determined by proARR5::GFP fluorescence
quantification. This is supported by gPCR data, which shows a near significant reduction in

ARRS5 transcript abundance (ANOVA, P=0.057).

Transgenic Arabidopsis containing the pTCS::GFP gene construct was used to further examine
further possible cytokinin responses. This synthetic reporter comprises a GFP coding region
under the control of a minimal 35S promoter with six tandem repeats of a B-type Arabidopsis
response regulator (ARR)-binding motif (Muller & Sheen, 2008). In the presence of cytokinin,
promoter activity increases, increasing fluorescence. Unstressed pTCS::GFP seedlings show
cytokinin response in the columella cells but fluorescence in the stele is much weaker than

proARR5::GFP and proARR5::GUS lines. Unlike proARR5::GFP, proTCS::GFP shows no significant
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change in fluorescence under moderate or severe osmotic stress although there is a

downward trend of fluorescence signal under severe stress (Figure 6-5).

ARR5 proARR5::GFP fluorescence
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Figure 6-4 ARR5 expression is reduced under osmotic stress.
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A) ARR5 expression relative to AT5G15710. Col-0 seedlings were transferred from 1/2 MS plates to 1/2 MS +
poly(ethylene glycol) mol wt. 8000 at five days after germination. After 24 hours plants were frozen in liquid
nitrogen and the RNA extracted for gPCR. ANOVA P=0.057 B) pARR5::GFP fluorescence under osmotic stress.
Measured in Imagel, ANOVA P=0.0015, letters indicate significance with a Tukey Pairwise comparison. C)
PARR5:GFP and pARR5:GUS under osmotic stress. Seedlings were transferred from 1/2 MS plates to 1/2 MS +
poly(ethylene glycol) mol wt. 8000at five days after germination. After 24h roots were stained and imaged

A Unstressed Moderate stress Severe stress

B pTCS::GFP
12 * *

10

Mean relative fluorescence
o

Unstressed Moderate stress Severe stress

Figure 6-5 pTCS:GFP fluorescence is unaltered under osmotic stress

A) pTCS::GFP under osmotic stress B) pTCS::GFP fluorescence under osmotic stress. Measured in Imagel, ANOVA
P=0.44. pTCS::GFP seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 or
10 uM 6-Benzylaminopurine (BAP) at five days after germination. After 24 hours the roots were removed, stained
for cell walls for 1 minute 30s with 5 mg/ml propidium iodide (red channel), washed with deionised water for 1
minute 30 seconds and imaged with an SP5 LSCM. Scale bar indicates 50um
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6.5. The effect of osmotic stress on auxin transport, levels and distribution

6.5.1. Root auxin distribution and response is altered under osmotic stress
Root auxin levels and distribution are essential to normal root growth. The quiescent centre
which regulates the organisation, division and differentiation of the root cells in Arabidopsis is
maintained by an auxin maximum in the root tip (vandenBerg et al., 1997; Sabatini et al.,

1999).

Several papers have recently implicated auxin responses in drought resistance and growth
responses, however the role of auxin transport and distribution in these responses is unclear
(Xu et al., 2013; Shi et al., 2014). So, bioinformatics, transgenic plants containing auxin
biosensors and reporters were used to examine the effect of osmotic stress on auxin

distribution in the root.

Publicly available transcriptomic data show that many genes that are positively regulated by
auxin show reduced expression under osmotic stress treatment, suggesting that auxin levels

and response may be reduced under stress (Figure 6-6).

To test this hypothesis for the effects of osmotic stress, we first examined expression of the
auxin responsive DR5::GUS transgenic line. This reporter consists of seven tandem repeats of
an auxin responsive element and a minimal cauliflower mosaic virus 35S promoter driving the
transcription of a bacterial B-glucuronidase (uidA, GUS) gene (Ulmasov et al., 1997). GUS
transcription is activated in the presence of auxin, so histochemical staining for pB-
glucuronidase activity with X-Gluc produces a stable blue precipitate in the presence of auxin.
DR5::GUS activity in unstressed roots shows an auxin maximum at the quiescent centre or
columella initials, with a reduction in auxin responses under moderate and severe osmotic

stress (Figure 6-7 and Sabatini et al., 1999).

The pDR5rev::3xVENUS-N7 line contains a rapidly folding YFP variant (VENUS) and nuclear
localisation signal (N7) under the control of the auxin responsive pDR5rev promoter (Heisler et
al., 2005). Confocal microscopy of pDR5rev::3xVENUS-N7 shows a similar pattern of auxin
response in the root tip to the DR5::GUS line. In unstressed roots, there is an auxin maximum
around the quiescent centre, and a relatively strong auxin signal in the columella cells and a
weaker signal in the vasculature and lateral root cap (Figure 6-7). Under severe osmotic stress
the auxin signal is reduced, as seen for the DR5::GUS line, and roots display only a weak auxin

signal in the quiescent centre.
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Figure 6-6 Auxin responsive gene expression under osmotic stress

Auxin responsive gene expression under auxin, osmotic stress or ABA treatment. Data obtained from publicly

available Affymetrix CHiP data through Genevestigator.
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Figure 6-7 : DR5 activity decreases in roots under osmotic stress.

A) DR5::GUS seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 at three
days after germination. After three days plants were stained for GUS activity and imaged with a compound
microscope. B) pDR5rev::3xVENUS-N7 seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene
glycol) mol wt. 8000 at five days after germination. After 24 hours the roots were removed, stained for cell walls for
2 mins with 5 mg/ml propidium iodide (magenta) and imaged with an SP5 LSCM. Scale bar indicates 50um.

Because the DR5 promoter contains only a moderate affinity Auxin Responsive Element, it is
not sensitive enough to gauge small or transient changes in auxin levels, so several other auxin
biosensors have been developed to improve sensitivity (Brunoud et al., 2012; Liao et al., 2015).
The 35S::DII:VENUS:N7 line contains the second domain (DIl) of an AUX/IAA protein fused to
the fluorescent VENUS protein and N7 nuclear localisation signal. In the presence of auxin, the

DIl region is ubiquitinated by the SCF™™

receptor complex, targeting the fusion protein to
proteasomal degradation and reducing fluorescence (Maraschin et al., 2009; Brunoud et al.,

2012).

DII::VENUS-N7 fluorescence increases in the root tip under moderate and severe osmotic

stress, indicating a decrease in root auxin levels (Figure 6-8A, B).
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Figure 6-8 DII-VENUS fluorescence increases under severe osmotic stress.

A) P35S::DII:VENUS-N7 seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt.
8000 at five days after germination. After 24 hours the roots were removed, stained for cell walls for 45 seconds
with 10 mg/ml Propidium iodide, washed with deionised water for 45 seconds and imaged with an SP5 LSCM.
Magenta: Propidium iodide, Green: VENUS, White: Propidium iodide/VENUS colocalisation Scale bar indicates
50um. B): Mean relative fluorescence of six or seven imaged roots of each treatment was measured with Imagel.
ANOVA P=0.003, letters indicate significance with a Tukey pairwise comparison.

Therefore it was found that three different auxin biosensors and reporter lines suggest a
decrease in the concentration of active auxin under osmotic stress. In Arabidopsis, auxin is
transported from the shoot to the root through the vasculature. In the root, the distribution of
the PIN FORMED 1 and 4 (PIN1 and PIN4) auxin efflux carrier proteins are responsible for

funnelling auxin through the vasculature and into the quiescent centre (Blilou et al., 2005;
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Petrasek et al., 2006). The reduction in auxin response under severe stress could therefore be

due to changes in the expression or localisation of PIN1 or PIN4.

Auxin is transported laterally out of the columella by PIN3 and PIN7 (Friml et al., 2002b). PIN2
transports auxin basipetally through the lateral root cap, epidermis and cortex to regulate cell
expansion in the elongation zone (Luschnig et al., 1998; Abas et al., 2006). Changes in PIN2

expression may therefore also be regulating auxin levels in the root tip.

Therefore the distribution of the PIN-FORMED (PIN) auxin transport proteins was examined in
seedlings subjected to osmotic stress, to determine whether they might be responsible for the

observed change in auxin signal levels and distribution.

6.5.2. PIN1 and PIN4 levels are reduced under osmotic stress
PIN1 and PIN4 are localised to the plasma membrane of the vascular tissues in Arabidopsis.
PIN1 transports auxin through the stele and PIN4 funnels auxin into its maximum at the
quiescent centre (Galweiler et al., 1998; Friml et al., 2002a). A reduction in PIN1 or PIN4 level
caused by osmotic stress could lead to a decreased root auxin concentration/response, and

ultimately affect root growth.

gPCR analysis showed that when Col-0 seedlings were transferred to osmotic stress media,
PIN1 and PIN4 transcript levels decreased (Figure 6-9 A). To investigate effects on the
respective protein levels, proPIN1::PIN1:GFP and proPIN4::PIN4::GFP seedlings were
transferred to osmotic stress media, and imaged using a LSCM. Both proteins showed a
reduced fluorescence under moderate and severe osmotic stress (Figure 6-9 B and C). Under
severe stress, PIN1:GFP also exhibited a loss of polarity and internalisation from the plasma
membrane, and localised to an internal compartment (Figure 6-9 D). Plasmolysis has
previously been shown to cause PIN1 and PIN2 internalisation and a loss of polarity (Feraru et

al., 2011; Nakayama et al., 2012).

Previously, PIN1 protein levels have been shown to be negatively regulated by ABA (Shkolnik-
Inbar & Bar-Zvi, 2010) and positively regulated by ethylene (Ruzicka et al., 2007; Liu et al.,
2013). As both ethylene and ABA have been implicated in drought responses and have an
antagonistic relationship, they may be responsible for changes in PIN1 protein level and auxin
transport (Ichimura et al., 2000; Sharp & LeNoble, 2002; Liu & Zhang, 2004; Lee et al., 2006;
Joo et al., 2008).
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Figure 6-9 : PIN1 and PIN4 transcript and protein levels decrease under osmotic stress and PIN1
delocalises from the membrane.

A) Col-0 seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 at five days
after germination. After 24 hours plants were frozen in liquid nitrogen and the RNA extracted for qPCR. Scale bars
indicate the standard error of the mean. B) proPIN4::PIN4::GFP , C) proPIN1::PIN1:GFP and D) proPIN1::PIN1:GFP
seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 at five days after
germination. After 24 hours the roots were removed and imaged with a Leica SP5 LSCM. Scale bar for B) and C)
indicates 50 um. Scale bar for D) indicates 25 um.

6.5.3. PIN2 levels increase under moderate osmotic stress, and return to normal

under severe stress
PIN2 is an auxin transporter primarily responsible for the efflux of auxin from cells in the
lateral root cap, epidermis and cortex of the root (Luschnig et al., 1998; Abas et al., 2006).
Along with the auxin influx carrier AUX1, PIN2 transcript and protein levels therefore regulate

basipetal transport in the Arabidopsis root.

Under moderate osmotic stress the same increase in PIN2 transcript and fluorescent protein
levels was observed as observed in previous studies (Xu et al., 2013), but under severe stress
the PIN2 transcript and protein levels show some return to near unstressed levels (Figure
6-10). PIN2 protein levels have been shown to be both ABA- and ethylene-responsive (Ruzicka

et al., 2007; Xu et al., 2013).

77




The effect of osmotic stress on root hormone levels, responses and distribution

A Unstressed Moderate stress Severe stress

fih

}

V-
-
-
E
E:

B

dl

B proPIN2::PIN2:GFP fluorescence C PIN2 relative expression
100 7
) o a a
£L
I3 E 6
§ 80 =
a a < a
~
.’? 60 54
é 2
£ a0 [ 3°
g 82
5 20 8
=1
5 ¢
w
0 0
Unstressed Moderate  Severe stress Unstressed Moderate  Severe stress
stress stress

Figure 6-10 PIN2 levels show a bell shaped response to osmotic stress.

A) proPIN2::PIN2:GFP seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000
at five days after germination. After 24 hours the roots were removed, stained for cell walls for 1 minute 30s with 5
mg/ml Propidium iodide (Magenta), washed with deionised water for 1 minute 30 seconds and imaged with an SP5
LSCM. Scale bar indicates 50um B) For seven roots of each treatment, mean fluorescence of PIN2:GFP at the
anterior and posterior cell walls in the cortex and epidermis was measured using CellSet. As PI staining was
unreliable in stressed roots, the graph represents mean GFP fluorescence/cell wall length. C) Col-0 seedlings were
transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 at five days after germination. After
24 hours plants were frozen in liquid nitrogen and the RNA extracted for qPCR. Scale bars indicate the standard
error of the mean.
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6.5.4. AUX1 levels under osmotic stress
AUX1 is an auxin influx carrier that is expressed in the protostele, the epidermis, the columella
and the lateral root cap (Marchant et al., 1999; Swarup et al., 2001). It is required for root
gravitropism and full ethylene responses in relation to root growth (Pickett et al., 1990;
Marchant et al., 1999). AUX1 levels are increased by ethylene and decreased by abscisic acid

(Ruzicka et al., 2007; Belin et al., 2009; Yang et al., 2014).

To investigate the effects of osmotic stress on AUX1, gPCR of AUX1 transcript abundance in
stressed wildtype seedlings, was determined and seedlings transgenic for a
proAUX1::AUX1:YFP(116) construct (Swarup et al., 2004) were grown under stress and
monitored by confocal imaging. Although unchanged under moderate stress, severe osmotic
stress was found to reduce AUX1 transcript abundance and lead to reduced AUX1:YFP protein

fusion fluorescence (Figure 6-11).
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Figure 6-11 AUX1 expression is reduced under severe osmotic stress.
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A) proAUX1::AUX1:YFP(116) seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol
wt. 8000 at five days after germination. After 24 hours the roots were removed, stained for cell walls for 1 minute
30s with 5 mg/ml propidium iodide, washed with deionised water for 1 minute 30 seconds and imaged with an SP5
LSCM. Magenta: propidium iodide, Green: YFP, White: propidium iodide/YFP colocalisation. Scale bar indicates
50um B) Col-0 seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 at five
days after germination. After 24 hours plants were frozen in liquid nitrogen and the RNA extracted for qPCR. Scale
bars indicate the standard error of the mean. C) Relative mean fluorescence of proAUX1::AUX1:YFP(116) seedlings
after 24 hours osmotic stress treatment, measured in CellSet (Pound et al., 2012). ANOVA, P<0.001

6.6. POLARIS levels decrease under osmotic stress
The POLARIS (PLS) peptide is an auxin-responsive negative regulator of ethylene responses.
Genetic and modelling evidence indicate that it interacts at the level of the ethylene receptor,
ETHYLENE RESPONSE 1 (ETR1) (Casson et al., 2002; Chilley et al., 2006; Liu et al., 2010). ETR1
and PLS co- localise to the endoplasmic reticulum, with in vivo and vitro evidence of a direct
interaction (Mehdi, 2009; Mudge, 2015). The pl/s mutant displays enhanced ethylene
responses, including short roots, which can be recovered by crossing with the gain-of-function
etr1-1 mutant (Chilley et al., 2006). This suggests that POLARIS acts on ethylene signalling by
regulating the ethylene receptor. Modelling work indicates that because PLS is auxin
responsive, it adds flexibility to the relationship between auxin and ethylene signalling (Liu et

al., 2010)

PLS expression is highly auxin-responsive, and also transcriptionally repressed by ethylene
(Casson et al., 2002, Chilley et al., 2006) and histochemical staining of roots shows a similar
expression pattern to DR5::GUS or pDR5rev::3xVENUS-N7 (Figure 6-7, Figure 6-12). In
unstressed roots, proPLS:PLS::GFP expression is highest around the quiescent centre, though
more diffuse in its expression the DR5::GFP for example, but like other auxin reporters its
expression decreases under severe stress. Given what is known about the regulation of PLS,
the PLS:GFP data suggest its reduced expression under osmotic stress may be due to reduced

active auxin in the root tip, or enhanced ethylene signalling, or both.

Intriguingly, however, whole seedlings transferred to severe osmotic stress media showed no
change in PLS transcript abundance after 6 hours but an increase, rather than decrease, after
24 hours (Figure 6-13).. Unlike other genes assessed by qPCR, the Ct values for PLS were very
late (28-31), which indicates transcript levels were probably below the range of quantitative

detectability by gPCR, throwing doubt on the validity of these transcript studies (Fig. 1-13).
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Figure 6-12 proPLS::PLS:GFP levels decrease under osmotic stress

A) proPLS::PLS:GFP seedlings were transferred from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 at
five days after germination. After 24 hours the roots were removed, stained for cell walls for 1 minute 30s with 5
mg/ml propidium iodide, washed with deionised water for 1 minute 30 seconds and imaged with an SP5 LSCM.
Magenta: propidium iodide, Green: GFP, White: propidium iodide/GFP colocalisation. Scale bar indicates 50um. B)
Mean relative fluorescence of proPLS::PLS:GFP under osmotic and hormone treatment. Seedlings were transferred
from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 five days after germination. After 24 hours the
roots were removed and imaged with an SP5 LSCM. B) Between 9 and 13 seedlings were imaged for each treatment
and the mean fluorescence of the whole root in frame was measured using Image). ANOVA, P=0.23

81




The effect of osmotic stress on root hormone levels, responses and distribution

POLARIS expression in Col-0 under osmotic stress
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Figure 6-13: Whole seedling POLARIS expression increases under osmotic stress.
A) POLARIS expression relative to AT5G15710. Col-0 seedlings were transferred from 1/2 MS plates to 1/2 MS +

poly(ethylene glycol) mol wt. 8000 at five days after germination. After 6 or 24 hours plants were frozen in liquid
nitrogen and the RNA extracted for qPCR

6.7. The effect of combined hormone and osmotic stress treatments on PIN1:GFP levels
PIN1 mRNA and fusion protein levels are reduced under osmotic stress (Figure 6-9), but how
this is regulated is unknown. Plants have several pathways to respond to osmotic stress,

including the fast ABA-independent pathway as well as the slower ABA and ethylene pathways.

PIN1 levels are known to decrease under ABA treatment, through the transcription factor
ABI4, and increase under ethylene treatment (Ruzicka et al., 2007; Shkolnik-Inbar & Bar-Zvi,
2010; Liu et al., 2013). Therefore, measuring PIN1 levels under combined hormone and
osmotic stress treatments should indicate whether either of these hormones is responsible for

the change in PIN1 levels.

6.7.1. Treatment with the ethylene precursor ACC cannot rescue PIN1:GFP levels

under osmotic stress
It was found that proPIN1::PIN1:GFP transgenic seedlings subjected to osmotic stress have
reduced relative PIN fusion protein fluorescence (Figure 6-14). Previous work has shown that
increasing ethylene levels increases PIN1 protein levels, while inhibiting ethylene responses
decreases them (Ruzicka et al., 2007; Liu et al., 2013). Pharmacological treatment with the

ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) or with the ethylene
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signalling inhibitor silver thiosulphate (STS) significantly alter PIN1:GFP levels, with the trend

agreeing with the literature, with ACC causing and increase and STS a decrease (Figure 6-14).

However, it was found that neither ACC nor STS treatments altered the trend in PIN1:GFP
fluorescence under stress (Figure 6-14). Therefore, changes in PIN1 levels under stress appear

to be regulated independently of ethylene signalling.

A Unstressed Moderate Severe B

stress stress
No hormone
supplement

+1uM ACC

+1uM STS I

1.2

Relative fluorescence

Unstressed Moderate Severe

B No hormone mSTS mACC

C

Two Factor Anova (via Regression)

ANOVA Alpha 0.05

SS df MS F p-value sig
Rows 0.194039 2 0.097019 3.436686 0.03712 yes
Columns  4.598949 2 2.299475 81.45363 7.93E-20 yes
Inter 0.058955 4 0.014739 0.522085 0.719748 no
Within 2.201977 78 0.02823
Total 7.027589 86 0.081716

Figure 6-14 PIN1:GFP relative fluorescence decreases under osmotic stress regardless of ethylene
signalling.

A) Representative images of proPIN1::PIN1:GFP under osmotic and hormone treatment. B) Mean relative
fluorescence of proPIN1::PIN1:GFP under osmotic and hormone treatment. Seedlings were transferred from 1/2 MS
plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 containing either 1 UM 1-aminocyclopropane-1-carboxylic
acid or 1 uM silver thiosulphate at five days after germination. After 24 hours the roots were removed and imaged
with an SP5 LSCM. Between 3 and 6 seedlings were imaged and the fluorescence of a 100 X 40 um section posterior
to the quiescent centre was measured in Imagel.

6.7.2. ABA reduces PIN1:GFP levels and inhibiting ABA biosynthesis rescues
PIN1:GFP levels under osmotic stress

proPIN1::PIN1:GFP seedlings treated with ABA exhibit decreased GFP fluorescence, and

inhibiting ABA biosynthesis with the inhibitor fluridon increases fluorescence (P<0.001, Figure

6-15; (Shkolnik-Inbar & Bar-Zvi, 2010). proPIN1::PIN1:GFP fluorescence is also affected by
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osmotic stress (P<0.0001, Figure 6-15), with increasing stress reducing PIN1 fusion protein
levels. Under moderate osmotic stress, fluridon treatment can rescue PIN1 fusion protein
levels, indicating an interaction between ABA signalling and osmotic stress to regulate PIN1

levels (P=0.05).

Interestingly, pharmacologically increasing or decreasing ABA levels has no effect on PIN1:GFP

localisation, suggesting that the changes to PIN1 trafficking occur independently of ABA

signalling.
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-0.15 MPa -0.32 MPa -1.1 MPa
® No supplement = 1pMABA ™ 1uM Fluridon

Two Factor Anova (via Regression)

ANOVA Alpha 0.05
+1uM ss df MS F p-value sig
Fluridon Rows 1.492752 2 0746376 11.19322 0.000184 vyes

Columns  8.118845 2 4059422 60.87819 5.8E-12  yes

Inter 0.388822 4 0.097206 1.457768 0.23661 no

Within 2.267156 34 0.066681

Total 12.27374 42 0292232

Figure 6-15 Inhibiting ABA biosynthesis rescues the reduction in PIN1:GFP under osmotic stress

A) Representative images of proPIN1::PIN1:GFP under osmotic and hormone treatment. B) Mean relative
fluorescence of proPIN1::PIN1:GFP under osmotic and hormone treatment. Seedlings were transferred from 1/2 MS
plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 containing 1 uM Abscisic acid or 1 pM Fluridon at five days
after germination. After 24 hours the roots were removed and imaged with an SP5 LSCM. Between 4 and 7
seedlings were imaged and the fluorescence of a 100 X 40 um section posterior to the quiescent centre was
measured in ImageJ. C) ANOVA table.

6.7.3. Ethylene cannot rescue PIN1:GFP levels under abscisic acid treatment
The results presented so far suggest that ethylene can increase PIN1 levels, but this effect

seems to be overridden under osmotic stress. ABA on the other hand seems to be required to
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reduce PIN1 levels under stress. To confirm these relationships it was considered important to
know if treatment with ABA is sufficient to override the ethylene effect, in the absence of

osmotic stress.

Treatment with ABA reduced PIN1:GFP levels, and treatment with ACC increased PIN1 levels
(Figure 6-16). Combined application of ACC and ABA also showed that applying low
concentrations of ABA was enough to reduce PIN1:GFP fluorescence to untreated levels, even
in the presence of ACC. Intriguingly, the low concentration of ABA required to override the
effect of ACC was two orders of magnitude lower than that required to reduce PIN1:GFP
fluorescence below untreated levels. This indicates that ABA is regulates PIN1 levels
downstream of ethylene biosynthesis, either at the level of signalling or at the transcriptional

level, and can override its effects.

The pathways through which ethylene increases PIN1 levels are poorly defined however
ethylene can promote auxin biosynthesis in roots (Stepanova et al., 2005; Stepanova et al.,
2008), which upregulates PIN1, through a signalling pathway involving SHY2/IAA3 (Dello loio et
al., 2008). There is currently little evidence on whether ABA also regulates SHY2 and the auxin
signalling pathway in the meristem. As the abscisic acid responsive transcription factor ABI4
negatively regulates PIN1 expression (Shkolnik-Inbar & Bar-Zvi, 2010) and ethylene responses
are sustained under severe stress where ABA signalling is the greatest (Figure 6-1; Figure 6-2),
these results would suggest that ABA is directly regulating the PIN1 promoter under osmotic

stress.
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Figure 6-16 ACC cannot rescue ABA repression of PIN1:GFP levels.

A) proPIN1::PIN1:GFP seedlings were transferred from 1/2 MS plates to 1/2 MS plates containing various
concentrations of ACC and/or ABA at five days after germination. After 24 hours the roots were removed, stained
for cell walls for 1 minute 30s with 5 mg/ml propidium iodide washed with deionised water for 1 minute 30 seconds
and imaged with an SP5 LSCM. Magenta: Propidium iodide, Green: GFP, White: Propidium iodide/GFP
colocalisation. Scale bar indicates 50um. B) Mean relative fluorescence of proPIN1::PIN1:GFP under combined ABA
and ACC treatments. C) ANOVA table

6.8. The effect of combined hormone and osmotic stress treatments on PIN2:GFP levels
Previous studies have found that mild osmotic stress or ABA treatment lead to increases in
PIN2 expression and increased basipetal auxin transport (Xu et al., 2013). 1004 bp upstream of
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the transcription start site the PIN2 gene promoter is a consensus ABA responsive element
(ABRE), CACGTGGC, on the positive strand, indicating that it may be ABA responsive (Choi et
al., 2000). Mutant screens have identified alleles of pin2 that show differential root elongation

responses to wildtype under ABA treatment.

Increases in PIN2 levels, AUX1 levels and basipetal auxin transport have also been shown to
provide the characteristic ethylene root growth response, where increased auxin levels in the
elongation zone, transported from the root tip, inhibit cell elongation (Ruzicka et al., 2007,

Swarup et al., 2007).

As both ABA and ethylene responses increase under osmotic stress, it follows that they may be
regulating basipetal auxin transport through PIN2 to inhibit root elongation. This possibility

was therefore investigated.

6.8.1. Abscisic acid regulates PIN2:GFP levels under osmotic stress, but is not
sufficient to regulate PIN2 levels independently
It was shown above that moderate osmotic stress increases PIN2 gene expression and

fluorescent protein levels, which return to unstressed levels under severe stress (Figure 6-10)

Under unstressed conditions, application of ABA or the ABA biosynthetic inhibitor fluridon has
little effect on PIN2:GFP levels, with ABA possibly enhancing PIN2:GFP protein levels (Figure
6-17). However, it was found that exogenously applying ABA to moderately stressed roots
prevents the increase in PIN2:GFP and inhibiting ABA biosynthesis with fluridon exacerbates

the increase.

Under severe osmotic stress, where PIN2:GFP fluorescence is reduced to unstressed levels ,
abscisic acid application reduces it further below unstressed levels, but fluridon has little effect

on PIN2:GFP.

These data show that PIN2 levels are affected by osmotic stress (P = 2 X 107), and this effect
can be exaggerated/perturbed by modulating by abscisic acid levels (P = 0.031). The
independent effect of ABA on PIN2:GFP during osmotic stress responses is not significant (P =

0.10).

This may indicate that ABA regulates PIN2 levels indirectly during osmotic stress, possibly by
regulating ethylene levels or signalling. As the PIN2 promoter contains an ABA responsive
element and combining ABA treatment with severe stress can lower PIN2 levels below those

found in unstressed roots, it is possible that ABA signalling has a direct effect on transcription.
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Figure 6-17 Abscisic acid regulates PIN2:GFP levels under osmotic stress, but is not sufficient to
regulate PIN2 levels independently

A) Representative images of proPIN2::PIN2:GFP under osmotic and hormone treatment. B) Mean relative
fluorescence of proPIN2::PIN2:GFP under osmotic and hormone treatment. Seedlings were transferred from 1/2 MS
plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 containing 1 uM Abscisic acid or 1 uM Fluridon at five days
after germination. , stained for cell walls for 1 minute 30s with 5 mg/ml propidium iodide washed with deionised
water for 1 minute 30 seconds and imaged with an SP5 LSCM. Between 10 and 14 seedlings were imaged and the
fluorescence of a 100 X 40 um section posterior to the quiescent centre was measured in Imagel. C/ANOVA table.

6.8.2. PIN2:GFP under combined ethylene and osmotic stress treatments
Insufficient replicates were analysed to allow a robust quantitative analysis of the dynamics of
PIN2:GFP fluorescence under ethylene perturbation and osmotic stress, but a qualitative
assessment can be made. Treating unstressed roots with ACC increased PIN2:GFP
fluorescence, while the ethylene perception inhibitor, silver thiosulphate, reduced it. Silver
thiosulphate appeared to prevent the increase in PIN2:GFP under moderate osmotic stress,
indicating that the increase in PIN2 levels occurs due to increased ethylene signalling. ACC

treatment was insufficient to maintain the increase in PIN2:GFP fluorescence under severe
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stress, suggesting that the high levels of ABA under severe stress may be antagonising the

ethylene induced increase in PIN2.
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Figure 6-18 Ethylene regulates the increase in PIN2:GFP levels under osmotic stress, but cannot
maintain higher PIN2 levels under severe stress

A) Representative images of proPIN2::PIN2:GFP under osmotic and hormone treatment. Seedlings were transferred
from 1/2 MS plates to 1/2 MS + poly(ethylene glycol) mol wt. 8000 containing 1 uM ACC or 10 uM silver
thiosulphate at five days after germination. , stained for cell walls for 1 minute 30s with 5 mg/ml propidium iodide
washed with deionised water for 1 minute 30 seconds and imaged with an SP5 LSCM.
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6.9. The effect of combined ethylene and abscisic acid treatment on auxin distribution
High levels of ABA application (10 uM), and also osmotic stress were found to significantly
reduce PIN1 expression, and auxin responses were reduced under stress. To examine whether
the reduction in PIN1 levels under ABA application is sufficient to affect auxin levels in the

meristem, DII-VENUS was used as a proxy for auxin response.

As expected, ACC treatment reduced DII:VENUS fluorescence significantly (P=0.02) implying
that ethylene increases in auxin levels (Figure 6-19 A, B). ABA application did not produce a
significant (P=0.06) change in DII:VENUS fluorescence, and there was no significant interaction

between the effect of ABA and ACC on DII:VENUS fluorescence.

Under ABA treatment conditions that led to reduced PIN1:GFP fluorescence (10 uM), there is
no change in root DII:VENUS fluorescence (Figure 6-19), however other authors have shown a
decrease in auxin response at higher exogenous ABA levels (30 uM) (Wang et al., 2011; Yang

et al., 2014), illustrating a possible flaw with the experimental design.

The other possibility is that auxin levels may be regulated independently of osmotic stress,
either through reduced local biosynthesis, reduced transport from the shoot or increased

degradation/conjugation.

Interestingly under 10 uM ABA treatment, there is a detectable but statistically non-significant
increase in DII-VENUS fluorescence in the meristematic stele (one-tailed T-test, P=0.065),
implying that meristematic auxin levels may be reduced under this treatment, which may be

due to reduced PIN1 expression.

Both ABA and ACC application were found to significantly reduce DII-VENUS fluorescence in
the epidermis and cortex (Figure 6-19), with the possibility that increased auxin transport from

the root tip may be occurring, perhaps due to increased PIN2 levels.
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Figure 6-19 ABA and ACC affect auxin distribution in the root tip.

A) Representative images of DII-VENUS under combined ACC and ABA treatments. B) Mean relative fluorescence of
DII-VENUS C) Mean relative fluorescence of DII-VENUS in the cortex and epidermis D) Mean relative fluorescence of
DI-VENUS in the meristematic stele. Seedlings were transferred from 1/2 MS plates to 1/2 MS containing

combinations of Abscisic acid and/or ACC at five days after germination. , stained for cell walls for 1 minute 30s with

5 mg/ml Propidium iodide washed with deionised water for 1 minute 30 seconds and imaged with an SP5 LSCM.
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6.10. Summary

Previously, a large amount of evidence has shown how important the stress response
hormones ABA and ethylene are for protection against osmotic stress. As well as regulating
stress responses that occur on the short to medium scale, such as compatible solute
accumulation (Cheng et al., 2013) or regulating stomatal aperture size (Bauer et al., 2013), ABA
and ethylene also have numerous developmental roles (De Smet et al., 2003; Ortega-Martinez
et al., 2007), and regulate the levels and distribution of other phytohormones (Stepanova et
al., 2005; Ruzicka et al., 2007; Swarup et al., 2007; Stepanova et al., 2008; Shkolnik-Inbar &
Bar-Zvi, 2010).

Data presented in this chapter show that the auxin response in the primary root meristem is
reduced under osmotic stress, and this is associated with a reduction in the levels of the auxin

transporters PIN1, PIN4 and AUX1. There is also an increase in PIN2 expression under stress.

Ethylene and abscisic acid responses were found to increase under osmotic stress and both
can affect auxin transport. Under unstressed conditions, ethylene increases PIN1 levels, and
abscisic acid reduces PIN1 levels. The reduction in PIN1 under osmotic stress is modulated by
the increase in abscisic acid responses, which can override the effect of increased ethylene

responses on PIN1 levels.

PIN2 expression can be increased by ethylene, abscisic acid or osmotic stress; however under
stress ABA reduces PIN2 expression indicating a complex system of regulation of PIN2
expression. This complexity indicates that the combination of a) reduction of auxin response,
b) increase of ethylene response and c) increase of ABA response under osmotic stress is

important in regulating PIN2 expression.

There is some evidence of a reduction in cytokinin responses under osmotic stress, with ARR5
and various other cytokinin responsive genes showing reduced expression, however the
pTCS:GFP line shows no statistically significant reduction in fluorescence. Nevertheless
cytokinin levels have previously been shown to be reduced under drought stress and ABA

treatment (Dobra et al., 2010; Nishiyama et al., 2011).

Overall, as demonstrated by experimental data in this chapter, osmotic stress elicits complex
changes in the hormone transport, response and distribution in the root tip, which may

determine the growth responses under osmotic stress conditions.
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7 Construction of hormonal crosstalk networks under osmotic stress

conditions
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7.1. Introduction

The experimental data shown in previous chapters demonstrate that root growth under
osmotic stress conditions is regulated by the interplay between ABA, auxin, ethylene and
cytokinin. One of the important properties of this interplay under osmotic stress is that a
change in one hormone and/or its related signalling components leads to changes in other
hormones and/or their related signalling components. Therefore, in order to elucidate how
root growth is regulated under osmotic stress conditions, it is necessary to study the interplay
between ABA, auxin, ethylene and cytokinin as an integrative system. In this chapter, |
construct hormonal crosstalk networks for the regulation of root growth by osmotic stress. The
systematic and comprehensive approach to their creation means they can provide insight to
hormone interactions and growth as well as providing the framework for further kinetic

modelling.

Our group has previously developed a hormonal interaction network for a single Arabidopsis
cell by iteratively combining modelling with experimental analysis (Liu et al., 2010). This paper
described how such a network regulates auxin concentration in the Arabidopsis root, by
controlling the relative contribution of auxin influx, biosynthesis and efflux; and by integrating
auxin, ethylene and cytokinin signalling. Recently, this hormonal interaction network was
developed to include PIN1 or PIN2 activities in a single Arabidopsis cell model (Liu et al., 2013;
Liu et al., 2014), and moved on to study the spatiotemporal dynamics of hormonal crosstalk in
a multi-cellular root structure (Moore et al., 2015). In this chapter, ABA is integrated into the
existing hormonal crosstalk network by incorporating my experimental data with the data
available in the literature. By establishing the regulatory relationships between osmotic stress
and relevant hormones, | construct two novel hormonal crosstalk networks for osmotic stress
conditions. The aim was that these new networks would bring new understanding to hormone

interactions and regulation of root growth under osmotic stress conditions.

7.2. Construction of hormonal crosstalk networks for root growth under osmotic stress

conditions

7.2.1. Formatting note
In this chapter the following formatting and nomenclature are used. Unbolded text refers to a
real protein, mRNA transcript or hormone, whereas bold text refers to its representation in the
networks. An asterisk represents an active form of a component, e.g. CTR1* is the active form
of CTR1. The subscript ., represents an mRNA gene transcript, whilst p represents the final
protein i.e. PLS,, is translated to PLSp. As an example, Figure 7-1 describes the interplay of

three hormones (auxin, ethylene and cytokinin) and their associated regulatory and target
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genes in a single root cell when root growth is not subjected to osmotic stress. Figure 7-2

describes how cell-cell communications are established in a 2-dimensional root structure.
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Figure 7-1 Hormonal crosstalk network of auxin, ethylene, cytokinin and their associated genes in a
single cell when root growth is not subjected to osmotic stress, representing the kinetic model
developed in Liu et al. (2010, 2013), Moore et al. (2015)

Species: Auxin: Auxin, ET: ethylene, CK: Cytokinin, PINm: PIN mRNA, PINp: PIN protein, PLSm: POLARIS mRNA,
PLSp: POLARIS protein, X: Downstream ethylene signalling, Ra*: Active form of auxin receptor, Ra: Inactive form of
auxin receptor, Re*: Active form of ethylene receptor, ETR1. Re: Inactive form of ethylene receptor, ETR1, CTR1*:
Active form of CTR1, CTR1: Inactive form of CTR1, AUX1 m: AUX1 mRNA, AUX1 p: AUX1 protein.

Reactions: Arrows V;-V3;: Reactions e.g. V; represents auxin biosynthesis/influx. Dotted arrows: The species
promotes this reaction, Dotted flat headed arrows: The species inhibits this reaction
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Figure 7-2 Schematic description of the 2-dimensional root structure and cell-cell communications,
used for construction of the spatiotemporal model, as described in Moore et al. (2015)

A. Multicellular root structure (adapted from (Grieneisen et al., 2007) defined by a matrix of grid points which form
the root map. MZ — meristematic zone. EZ — elongation zone. B. Species flux between nearest neighbouring grid
point by diffusion within the cytosol (all species) or cell wall (hormones) and hormone flux across the plasma
membrane by diffusion (ET and CK) and permeability (auxin). C. Dynamic recycling of the auxin carriers PIN and
AUX1 by exocytosis and endocytosis to and from the plasma membrane. Auxin inhibits endocytosis of the PIN
proteins (Paciorek et al., 2005).

In the following, | combine my experimental data with biological knowledge in the literature

and construct hormonal crosstalk networks representing cells under osmotic stress conditions.

7.2.2. Auxin signalling and crosstalk under unstressed conditions
The phytohormone auxin is important for pattern formation, development and growth
(Vanneste & Friml, 2009). Auxin concentration, distribution and flux control numerous
developmental processes including root growth. Root growth and development can be
considered an emergent property regulated by the auxin distribution within the root
(Grieneisen et al., 2007; Vanneste & Friml, 2009; Mahonen et al., 2014), which is determined

by regulation of biosynthesis, polar auxin transport and conjugation/degradation.

For a given cell, two sources of auxin must be considered; auxin transported into the cell and

local auxin biosynthesis. Passive diffusion into the cell is relatively slow, and so the AUX1/LAX
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family of auxin carriers is responsible for the majority of auxin influx (Bennett et al., 1996;
Kramer & Bennett, 2006; Rutschow et al., 2014). In our network the AUX1/LAX family is
represented by a single class of influx carrier, AUX1, which regulates all auxin influx (Figure

7-1, Figure 7-2c).

Under ethylene application, roots increase basipetal auxin transport by increasing AUX1 and
PIN2 levels (Ruzicka et al., 2007), therefore ET also increases AUX1p levels through X, which

increases AUX1,, transcription.

The majority of auxin biosynthesis occurs in the aerial tissues (Ljung et al., 2001) and is then
transported from the shoot in a manner inhibited by ethylene (Suttle, 1988). Because the
molecular mechanism behind this inhibition has not been described, our model considers an
unknown molecule or molecules, designated 'X', downstream of ET signalling to be the source

of the inhibition (Figure 7-1;(Liu et al., 2010).

The network also assumes that ET also promotes local Auxin biosynthesis and CK represses

Auxin biosynthesis (EkIof et al., 1997; Stepanova et al., 2007) .

The polaris (pls) mutant displays enhanced ethylene signalling but has reduced auxin levels
(Casson et al., 2002; Chilley et al., 2006). Modelling initially predicted that, when treated with
ACC (an ethylene precursor), increased auxin would occur in both wildtype and pls, however
experiments showed that this did not occur in planta (Liu et al., 2010). This experimental and
modelling analysis therefore reveals a secondary role for the POLARIS peptide in regulating
auxin accumulation, though the mechanism is uncharacterised. The network therefore

assumes that PLS directly regulates Auxin biosynthesis (Figure 7-1).

Auxin is removed from the cell by efflux, degradation and conjugation (Figure 7-2B). As auxin
(IAA) is ionised in the cytosol, it becomes membrane impermeable (Kramer & Bennett, 2006).
Therefore, auxin efflux is chiefly regulated by the non-polar PGP family of ABC transporters
and the polar PIN-FORMED (PIN) family of auxin carriers, which work synergistically to

facilitate pattern formation (Geisler et al., 2005; Petrasek et al., 2006; Blakeslee et al., 2007).

In our existing network Auxin promotes PIN1,, or PIN2,, transcription, whereas CK (cytokinin)
represses PIN1, and PIN2, transcription (Paciorek et al.,, 2005; Ruzicka et al., 2009). ET
(ethylene) regulates the transcription of PIN1, and PIN2, expression through downstream

signalling molecule X (Ruzicka et al., 2007).

PIN1p, PIN2p and AUX1p are cycled to the plasma membrane and Auxin inhibits the
internalisation of PIN1p and PIN2p (Figure 7-2C; Paciorek et al., 2005).
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TIR1

Auxin is perceived by the SCF'™" complex, which ubiquitinates AUX/IAA proteins when bound
to auxin (Dharmasiri et al., 2005; Kepinski & Leyser, 2005; Maraschin et al.,, 2009). The
degradation of AUX/IAA proteins allows auxin response factors to dimerize and activate auxin
responsive transcription. Our network simplifies this signalling cascade and assumes that the
auxin receptor (Ra) is activated (Ra*) by auxin to allow auxin responsive transcription, such as

PLS.

7.2.3. Auxin signalling and crosstalk under osmotic stress
To incorporate my experimental data into the hormonal crosstalk networks under osmotic
stress conditions, | include DR5,, and Dllp in the networks (Figure 7-3; Figure 7-4). The active
form of auxin receptor (Ra*) increases DR5,, transcription, representing DR5::GUS or
DR5::VENUS transcription and increases the breakdown of Dllp, which represents the
DII:VENUS biosensor.

Whilst it has been reported that exogenously applied ABA can increase PIN2 and basipetal
auxin transport (Xu et al., 2013), other work indicates that PIN1, PIN2 and AUX1 levels are
reduced by high levels of ABA (Belin et al., 2009; Shkolnik-Inbar & Bar-Zvi, 2010; Yang et al.,
2014).

Contemporary and classic studies show that ABA biosynthesis increases under osmotic stress,
and is responsible for many stress responses (Wright & Hiron, 1969; Zhang & Davies, 1987; Lee
et al., 2006; Verslues & Bray, 2006; Xu et al., 2013; Waadt et al., 2014; Kumar & Verslues,
2015). As we see a decrease in AUX1 expression under osmotic stress (Figure 6-11), we

assume that AUX1m transcription to be repressed by ABA (Figure 7-3; Figure 7-4).

As the auxin efflux carriers PIN1, which is expressed in the stele, and PIN2, which is expressed
in the epidermis/cortex cells, show differential responses to osmotic stress we have assumed

tissue specific responses to osmotic stress.

In unstressed plants, low levels of ABA application can overcome the promotive effect of ACC
on PIN1:GFP accumulation (Figure 6-16). This occurs at an ABA concentration that is two
orders of magnitude lower than that required to reduce PIN1 levels in the absence of ACC.
This unusual relationship may imply that ABA acts on PIN1 expression in two ways: firstly at
low concentrations it acts downstream of ethylene signalling, to supress PIN1 responses.
Secondly at high concentrations it negatively regulates PIN1 levels through what is probably a

separate mechanism.

Whilst the decrease in PIN1 expression could be rescued by inhibiting ABA biosynthesis under

moderate stress, under severe stress it could not (Figure 6-15). This presents multiple
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possibilities. The first possibility, which is most plausible, is that the level of fluridon used was
insufficient to inhibit the large increase in ABA biosynthesis under osmotic stress. A second
possibility is that osmotic stress may regulate PIN1 levels directly, which could be synergistic
to, or independent of, ABA signalling. A third possibility is that osmotic stress may reduce
xylem and phloem transport rates, therefore reducing the flow of shoot sourced auxin (Ljung
et al., 2001; Sevanto, 2014). Although reduced root to shoot transport under drought is well
documented, the evidence for reduced shoot to root transport is indirect and we are unaware
of any data measuring auxin transport rates under stress. The network (Figure 7-3) does not
explicitly include vascular transport. However, we may consider that PIN1 transport of Auxin

is functionally similar to vascular transport.

In the first incidence, the network assumes that ABA can act downstream of ET signalling, to
repress ET mediated PIN1,, transcription, and that ABA also acts independently of ET signalling

to down regulate PIN1,,, transcription (Figure 7-3).

PIN2 is expressed in the cortex/epidermis and unlike PIN1 shows increased expression under
osmotic stress (Xu et al., 2013). This increase under osmotic stress appears to be regulated by
ethylene responses (Figure 6-18), implying that ABA does not override the effect of ethylene
on PIN2 levels. The effect of ABA on PIN2 in unstressed or mildly stressed plants appears to be
promotive (Xu et al., 2013), whereas under moderate to severe stress PIN2 appears to be
negatively regulated by ABA (Figure 6-17). In our network it is assumed that ABA does not
directly upregulate PIN2,, expression and high levels of ABA negatively regulate PIN2,
transcription (Figure 7-4). Instead the increase in PIN2,, expression is assumed to be attributed
to increased ET biosynthesis under osmotic stress conditions. Experimental measurements
previously showed that exogenous application of IAA and ACC can each increase PIN2
transcription and protein levels at the plasma membrane (Paciorek et al., 2005; Vanneste &

Friml, 2009) .

7.2.4. Abscisic acid and osmotic stress
ABA biosynthetic genes NCED3 and ABAZ2 are expressed in the root tip and vasculature, with
increased expression under osmotic stress, indicating this is the site of ABA biosynthesis

(Cheng et al., 2002; Tan et al., 2003; Boursiac et al., 2013).

The PYR/PRL/RCAR family of ABA receptors are expressed differentially across root tissues;
PYR1, PYL1, PYL2 and PYL4 show expression in the stele, PYR1 and PYL5 show expression in the
cortex of the upper part of the root and PYL1, PYL4 and PYL8 show expression the columella
(Gonzalez-Guzman et al., 2012). When bound to ABA, the receptor inhibits action of PP2C,

allowing SnRK2s to phosphorylate ABFs activating ABA-responsive transcription (Cutler et al.,
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2010). In our network, for the sake of simplicity, we abstract the interaction of ABA and its
receptors using a single receptor (Raba). The active form of this receptor (Raba*) directly

activates ABA responsive gene expression, such as RD29B,,,.

Contemporary and classic studies show that abscisic acid biosynthesis increases under osmotic
stress, and is responsible for many stress responses (Wright & Hiron, 1969; Zhang & Davies,
1987; Lee et al., 2006; Verslues & Bray, 2006; Xu et al., 2013; Kumar & Verslues, 2015; Wang et
al., 2015). This increase is larger in shoot tissues than roots (Christmann et al., 2005) but is
important for root growth under stress. There are at several putative osmosensors (Urao et al.,
1999; Reiser et al., 2003; Wohlbach et al., 2008; Kumar et al., 2013; Yuan et al., 2014) but the
full signalling pathway leading to increased ABA biosynthesis is unknown. In our networks, we

assume ABA biosynthesis increases in direct response to Osmotic stress.

Ethylene insensitive/deficient mutants have been shown to hyperaccumulate ABA, so our
network also assumes that ET inhibits ABA biosynthesis (Beaudoin et al., 2000; Ghassemian et

al., 2000; Wang et al., 2007; Cheng et al., 2009; Dong et al., 2011).

7.2.5. Ethylene signalling and crosstalk under unstressed conditions
Our previous networks have assumed no active ET (ethylene) transport, and therefore ET
levels are regulated through biosynthesis, degradation and passive diffusion (Figure 7-1, Figure

7-2b).

Auxin and CK (cytokinin) can promote ET (ethylene) biosynthesis, but Auxin- and CK-
independent biosynthesis also occurs (Vogel et al., 1998; Stepanova et al., 2007; Liu et al.,

2010).

Ethylene is perceived by the five ethylene receptors ETR1, ETR2, ERS1, ERS2 and EIN4 (Chang
et al., 1993; Hua et al., 1995; Hua et al., 1998; Sakai et al., 1998). In previous modelling
analyses, these receptors are represented by a single receptor (Re), which when not bound to
ethylene the receptor is active (Re*), and phosphorylates CTR1 to its active form CTR1* (Diaz
& Alvarez-Buylla, 2006; Liu et al., 2010; Liu et al., 2013; Moore et al., 2015b). Our group’s
networks (Liu et al., 2010; Liu et al., 2013; Moore et al., 2015b) simplify the cascade, whereby
CTR1* inhibits the expression of ethylene responsive genes such as ERF1,, (Figure 7-3; Figure

7-4).

The POLARIS (PLS) peptide inhibits ethylene responses by interacting with the ethylene
receptor ETR1 (Mehdi, 2009; Mudge, 2015). Our network assumes that PLS inhibits the
conversion of Re* to the inactive form Re, i.e. activates the receptor to inhibit downstream

ethylene responses. In accordance with previous experimental evidence PLS expression is
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positively regulated by Auxin and negatively regulated by ET (Casson et al., 2002; Chilley et al.,
2006).

7.2.6. Ethylene signalling and crosstalk under osmotic stress
There are several reports of increased ethylene biosynthesis under osmotic stress and
ethylene signalling has been shown to be important in many drought stress responses (Spollen

et al., 2000; Skirycz et al., 2011; Cheng et al., 2013; Cui et al., 2015).

Classically ABA was thought to repress ethylene biosynthesis to help maintain root growth
under stress (Spollen et al., 2000; Sharp, 2002; Li et al., 2011). Although ABA represses the
expression of ethylene response genes such as ERF1 (Cheng et al., 2013), as well as preventing
ethylene induced quiescent centre cell division, there is now growing evidence that ABA
promotes ethylene biosynthesis to inhibit root growth (Ortega-Martinez et al., 2007; Zhang et
al., 2010; Cheng et al., 2013; Luo et al., 2014). An intact ethylene signalling cascade is required
for ABA inhibition of root growth and this requires ethylene induced basipetal auxin transport
components such as PIN2 and AUX1 (Beaudoin et al., 2000; Ghassemian et al., 2000; Luo et al.,
2014; Thole et al., 2014).

My experimental measurements (Figure 6-19) show that ABA application also decreases
DII:VENUS levels in the epidermis and cortex (implying increased auxin levels), agreeing with

this hypothesis.

Therefore, experimental evidence supports the view that ABA can promote ET biosynthesis
but negatively regulates aspects of its response downstream of the main signalling cascade,
such as PIN2,, PIN1, and ERF1,, transcription. Our networks have included these regulatory

relationships (Figure 7-3, Figure 7-4).

7.2.7. Cytokinin signalling and crosstalk
The auxin:cytokinin ratio provides tight developmental control over numerous developmental
processes (Skoog & Miller, 1957; Sachs, 1982), including cell differentiation and root growth
(Dello loio et al., 2007; Dello loio et al., 2008; Moubayidin et al., 2010) . Our group’s previously
published networks (Liu et al., 2010; Liu et al., 2013; Moore et al., 2015b; Figure 7-1) include
inhibition of CK biosynthesis by Auxin, as based on published experimental observations
(Nordstrom et al., 2004). The networks for hormonal crosstalk under osmotic stress include
this relationship (Figure 7-3; Figure 7-4) as well as additional regulation by ABA and osmotic

stress.

Drought and ABA negatively affect trans-zeatin type cytokinin levels by modulating expression

of cytokinin biosynthesis/metabolism enzymes (Dobra et al., 2010; Nishiyama et al., 2011). As
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it is unclear whether osmotic stress affects cytokinin levels directly or through ABA signalling,
we have assumed both ABA and Osmotic stress limit CK biosynthesis in our networks (Figure

7-3; Figure 7-4).

Cytokinin signalling is transduced primarily through phosphorylation. Cytokinin is perceived by
a series of HISTIDINE KINASE RECEPTORS (AHK2-4), which autophosphorylate in the presence
of cytokinin (Inoue et al., 2001; Suzuki et al., 2001; Ueguchi et al., 2001; Yamada et al., 2001)
and transfer the phosphoryl group to one of the ARABIDOPSIS HIS POSPHOTRANSFER PROTEIN
(AHP1-5) family (To & Kieber, 2008). When phosphorylated, these AHPs phosphorylate and
activate type-A and -B ARABIDOPSIS RESPONSE REGULATORS (ARRs) (Tanaka et al., 2004).
Active type-B ARRs activate cytokinin-responsive transcription (Sakai et al., 2000; Mason et al.,
2005), whilst active type-A ARRs provide a negative feedback regulation of the cytokinin

signalling cascade (To et al., 2007).

In our networks, this signalling cascade is simplified to a single receptor (Rck), which when
active (Rck*) directly activates the expression of the cytokinin responsive gene ARR5,,. ARR5,,

is translated to ARR5p, which inhibits ARR5,, transcription (Figure 7-3; Figure 7-4).

Cytokinin deficient/insensitive mutants display reduced ABA levels but increased ABA
sensitivity and drought induction of ABA biosynthesis was similar to wildtype (Nishiyama et al.,
2011). Lower basal levels of ABA could either be due to an increase in auxin and ethylene
signalling in these mutants, suppressing ABA biosynthesis, or cytokinin could be directly
regulating ABA biosynthesis. So, in the first instance, we assume no direct regulation of ABA

biosynthesis by CK (Figure 7-3, Figure 7-4).
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Figure 7-3 A hormonal crosstalk network for osmotic stress, for a cell expressing PIN1 in the stele

Symbols: Auxin: auxin, Ra: inactive auxin receptor, Ra* active auxin receptor, DRSm: DR5 regulated YFP mRNA
transcript, DR5p: DR5 regulated YFP protein, Dllp: DII-VENUS protein, PINIm: PINI mRNA transcript, PIN1p: PIN1
transporter protein, AUX1m: AUX1 mRNA transcript, AUX1p: AUX1 transporter, PLSm: POLARIS mRNA transcript,
PLSp: POLARIS peptide, ET: ethylene, Re: inactive ethylene receptor, Re*: active ethylene receptor, CTR1: inactive
CTR1 kinase, CTR1* active CTR1 kinase, X : the unknown factor that regulates auxin transport from the aerial
tissues, ERF1Im: ERFI mRNA transcript, ABA: abscisic acid, Raba: inactive abscisic acid receptor, Raba*: active
abscisic acid receptor, RD29Bm : RD29B mRNA transcript CK: Active cytokinin, Rck: inactive cytokinin receptor,
Rck*: active cytokinin receptor ARR5Sm: ARR5 mRNA transcript, ARR5p: ARR5 protein, Osmotic stress: The osmotic
stress imposed by the growth medium

Arrows: Reactions, Dotted arrows: The species promotes this reaction, Dotted flat headed arrows: The species
inhibits this reaction
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Figure 7-4 A hormonal crosstalk network for osmotic stress for a cell expressing PIN2 in the epidermis
or cortex

Symbols: Auxin: auxin, Ra: inactive auxin receptor, Ra* active auxin receptor, DR5m: DR5 regulated YFP mRNA
transcript, DR5p: DR5 regulated YFP protein, Dllp: DII-VENUS protein, PIN2m: PIN2 mRNA transcript, PIN2p: PIN2
transporter protein, AUX1m: AUX1 mRNA transcript, AUX1p: AUX1 transporter, PLSm: POLARIS mRNA transcript,
PLSp: POLARIS peptide, ET: ethylene, Re: inactive ethylene receptor, Re*: active ethylene receptor, CTR1: inactive
CTR1 kinase, CTR1* active CTR1 kinase, X : the unknown factor that regulates auxin transport from the aerial
tissues, ERFIm: ERFI mRNA transcript, ABA: abscisic acid, Raba: inactive abscisic acid receptor, Raba*: active
abscisic acid receptor, RD29Bm : RD29B mRNA transcript, CK: Active cytokinin, Rck: inactive cytokinin receptor,
Rck*: active cytokinin receptor ARR5m: ARR5 mRNA transcript, ARR5p: ARR5 protein, Osmotic stress: The osmotic
stress imposed by the growth medium

Arrows: Reactions, Dotted arrows: The species promotes this reaction, Dotted flat headed arrows: The species
inhibits this reaction
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Figure 7-5 A simplified hormonal crosstalk network for root development under osmotic stress

A) A network describing hormonal crosstalk for cells in the stele, expressing PIN1. B) A network describing hormonal
crosstalk for cells in epidermis/cortex, expressing PIN2.

Symbols: Auxin: auxin, DR5p: DR5 regulated YFP protein, Dllp: DII-VENUS protein, PIN1: PIN1 transporter protein,
AUX1: AUX1 transporter, PLS: POLARIS peptide, ET: ethylene, X : the unknown factor that regulates auxin transport
from the aerial tissues, ERFIm ERFI mRNA transcript, ABA: abscisic acid, Raba: inactive abscisic acid receptor,
Raba*: active abscisic acid receptor, RD29Bm : RD29B mRNA transcript, CK: Active cytokinin, ARR5m: ARR5 mRNA
transcript, TCS: pTCS driven GFP protein, Osmotic stress: The osmotic stress imposed by the growth medium

Arrows: Promotion of accumulation. Flat headed arrows: Inhibition of accumulation
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7.3. Summary

This chapter demonstrates that, by integrating my experimental data with the biological
knowledge in the literature, it is possible to construct crosstalk networks to account for the
interactions of auxin, ethylene, cytokinin and abscisic acid in the context of osmotic stress.
These networks show that these hormones and their regulatory and target genes act as an
integrative system under osmotic stress conditions. The two networks produced (Figure 7-3,
Figure 7-4) can be simplified to allow easy comprehension (Figure 7-5). Figure 7-5 clearly
shows the complex and nonlinear regulatory relationships of the four hormones (auxin,

ethylene, cytokinin and abscisic acid) and their associated genes.

In the networks, osmotic stress promotes ABA and ethylene biosynthesis and inhibits cytokinin

biosynthesis. ABA also promotes ethylene biosynthesis and inhibits cytokinin biosynthesis.

Differential regulation of PIN1 and PIN2 under stress means two different networks are
required for different tissues. One network, for the stele, requires unusual regulation of PIN1
expression, where small increases in ABA can override the promotive effect of ethylene and

large increases in ABA inhibit PIN1 expression.

The other network, for PIN2 expression in epidermal and cortical cells, requires simpler
regulation of auxin efflux. PIN2 expression is promoted by ethylene and inhibited by ABA,
which allows PIN2 levels to increase under moderate osmotic stress due to increased ethylene
responses, and return to unstressed levels under severe stress due to increased ABA

responses.

The two networks constructed in this chapter form the foundation for exploring the
spatiotemporal dynamics of hormonal crosstalk by developing kinetic models. Analysis of
spatiotemporal dynamics of hormonal crosstalk will allow us to examine how multiple
hormones control their levels and patterning within the root, to regulate growth and

development.

The regulation of PIN1 expression by both ethylene and ABA provides an interesting problem
for the analysis of kinetic modelling, as the experimental data show complex and unintuitive
regulatory relationships between PIN1 expression and the two hormones. In particular, the
regulation of PIN1 expression by ethylene can be overridden by ABA. To the best of my
knowledge, little is known about how an overriding mechanism can be formulated when two
hormones interact, and there are no existing kinetic models in the literature. Thus, a modelling

analysis is required to elucidate how the regulation of PIN1 expression by ethylene can be
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overridden by ABA. The next chapter develops kinetic modelling analysis to investigate one

possible mechanism to produce this overriding effect.
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8 Construction of a kinetic model to understand PIN1 regulation by

abscisic acid and ethylene
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8.1. Introduction
The experimental work in previous chapters demonstrates that the regulation of auxin
transport to the root by PIN1 is crucial to understanding root growth responses to osmotic
stress. In this chapter the regulation of PIN1 levels by ABA and ethylene are investigated
through kinetic modelling. A new kinetic model examining the regulation of PIN1 transcription
by ABA and ethylene was constructed, based on the experimental evidence and the network

discussed previously.

This model is not designed to explain the detailed molecular basis on how PIN1 levels are
regulated by ethylene and ABA, as there is not enough evidence about the signalling molecules
involved. Instead, it abstracts existing biological data related to the effects of ethylene and
ABA on PIN1 levels into a kinetic model, proposing several plausible mechanisms for how both

ethylene and ABA could modulate PIN1 levels, and examining their merits.

The kinetic model developed in this chapter includes the flux of various pathways leading to
PIN1 biosynthesis. Effects of the flux through each pathway on accumulated PIN1 levels were
examined and an alternative model was constructed. By doing so, it was possible to evaluate
the contribution of the various pathways to PIN1 levels. This work indicates that it is difficult to
completely separate pathways regulating PIN1 biosynthesis and reproduce the trends similar

to all the experimental data, offering new insight into the regulation of PIN1 levels.

8.2. A kinetic model for ABA to override ethylene to repress PIN1 transcription
The regulation of PIN1 by ethylene and ABA forms a novel and interesting problem.
Experimental data (Chapter 6) demonstrate that exogenous ethylene can upregulate PIN1
expression, but low concentrations of exogenous ABA can override this effect. As far as we are
aware, there are no existing kinetic models that can produce this sort of regulation. Under high
levels of ABA, the PIN1 levels are also reduced. Our experimental work shows that the
regulation of PIN1 by ABA and ethylene is crucial to understanding the effects of osmotic

stress (Chapter 6).

As in the previous chapter, BOLD text refers to the representation of a species in the model.
Bold numbers proceeded by the letter R (e.g. R1) refer to reactions in this model, detailed in

the schematic Figure 8-1 and Table 11-1.
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Figure 8-1 A kinetic model for the regulation of PIN1 expression by ethylene and ABA

Symbols: ET: Ethylene, ACC: Exogenously applied 1-aminocyclopropane-1-carboxylic acid (ACC), ABA: Abscisic acid,
PIN1:PIN1 auxin transport protein, Osmotic stress: Exogenously applied osmotic stress

Reactions: R1: Conversion of exogenously applied ACC to endogenous ET, R2: Conversion of exogenously applied
ABA to endogenous ABA, R3:ET biosynthesis, R4: ABA biosynthesis, R5:ET loss/degradation from the cell, R6:ABA
loss/degradation from the cell, R7: ET catalysed production of hypothetical molecule Y, R8: Degradation of Y, R9:
ABA catalysed conversion of Y and P to Y* and P, R10: degradation of Y*, R11: Degradation of PIN1, R12: Y*
catalysed production of PIN1, R13: Ethylene catalysed production of PIN1, R14: ABA inhibited production of PIN1

8.2.1. Simplifying assumptions
This model abstracts from the network described in the previous chapter and the literature,
and for simplicity examines only those interactions that are most pertinent to the problem.
Initially, the model was fitted to the effects of ABA and ET on PIN1-GFP levels and the known
cross-regulatory mechanisms that determine ET and ABA levels. The model was then used to

predict the responses of PIN1, ET and ABA to osmotic stress.
As such the following assumptions and simplifications were made:

e Phenotypic analysis of double ethylene and ABA mutants have revealed no evidence
for interactions between their signalling cascades (Cheng et al., 2009), so signalling
cascades were excluded and hormone levels were assumed to be equivalent to
response.

e Cytokinin, auxin, POLARIS and all related transport and signalling components were

excluded for simplicity.
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e As analysis of the ethylene and ABA effects were performed by confocal assays of
PIN1-GFP fusion protein levels, we cannot be certain that PIN1-GFP levels are being
regulated by transcription or at the protein level. We have assumed that PIN1 protein

levels are regulated through biosynthesis, but regulating degradation may also be able

produce equivalent results.

8.2.2. Regulation of ethylene and abscisic acid homeostasis
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Figure 8-2 Model predictions of ABA and ET cross regulation and homeostasis under osmotic stress
A) Model predictions of ABA levels in response to ACC application. B) Model predictions of ET levels in response to

exogenous ABA application. C) Model predictions of ABA levels in response to osmotic stress. D) Model predictions
of ET levels in response osmotic stress.

Both ABA and ET levels are assumed to be regulated by biosynthesis (R3 and R4) and their

degradation (R5 and R6) are assumed to follow mass action kinetics.

ABA levels are assumed to be low under unstressed conditions and biosynthesis is assumed to
be promoted by Osmotic stress (Wright & Hiron, 1969; Zhang & Davies, 1987; Christmann et

al., 2005; Jones et al., 2014). As ethylene insensitive mutants have increased ABA biosynthesis
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and accumulation (Cheng et al., 2009), ET is assumed to inhibit ABA biosynthesis, by

competitive inhibition kinetics (R4).

ET is biosynthesis is assumed to be promoted by both Osmotic stress and ABA (R3), following

modified Michaelis-Menten kinetics (Luo et al., 2014).

After minimal parameter fitting (Table 11-1) these relationships can produce a situation where
ACC application inhibits ABA accumulation, ABA application promotes ET accumulation and

where Osmotic stress increases both ET and ABA levels (Figure 8-2).

8.2.3. Regulation of PIN1 expression
The nature of PIN1 co-regulation by ethylene and ABA is poorly defined. As such we assumed
that there are three possible reaction schemes to regulate PIN1 biosynthesis - an ET-
(ethylene) and ABA-regulated reaction (R12), an ET-regulated reaction (R13) and an ABA-

regulated reaction (R14).

Auxin has been found to positively regulate PIN1 expression and cytokinin negatively regulates
PIN1 expression through the turnover of the AUX/IAA protein SHY2 (Dello loio et al., 2008). As
ethylene promotes auxin biosynthesis and auxin inhibits cytokinin biosynthesis (Nordstrom et
al., 2004; Swarup et al., 2007), increasing ethylene concentrations with ACC application will
therefore increase PIN1 expression, via modulation of this pathway, which may be
independent of ABA. There is therefore justification for ET-mediated ABA-independent
regulation of PIN1 levels (R13).

The expression of the ABA-responsive transcription factor gene ABI4 is also upregulated by
cytokinin treatment and negatively regulated by auxin (Shkolnik-Inbar & Bar-Zvi, 2010). ABA
promotes ABI4 transcription, which negatively regulates PIN1 expression. As ACC application
increases auxin biosynthesis and auxin inhibits cytokinin biosynthesis (Nordstrom et al., 2004;
Swarup et al., 2007), PIN1 expression will increase via modulation of ABI4 under ethylene
treatment. Therefore a pathway for ethylene and ABA to regulate PIN1 levels is plausible

(R12).

As very low concentrations of endogenous ABA can override the promotive effect of ACC on
PIN1, we have created an overriding mechanism in this pathway as follows. A signalling
molecule (Y) is produced in response to ET (R7). The activated form of Y (Y*) promotes PIN1
biosynthesis (R12). ABA inhibits the conversion of Y to Y¥*, following uncompetitive inhibition
(R9). This activation can be thought of in similar terms to a posttranslational modification, such
as phosphorylation, so for clarity we have included a second molecule P, which can be thought

of as being similar to a protein kinase. The uncompetitive inhibition in R9 can be thought of in
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the following manner: Y binds P, forming a YP complex, which becomes Y*P. Y*P dissociates to
release Y* and P. YP can also bind with a downstream signalling molecule from ABA (assumed
to be ABA here as signalling is excluded) to form a YP-ABA complex, therefore inhibiting the
conversion of Y to Y*. This reaction mechanism allows ABA to override the effects of ET on
PIN1, consistent with experimental observations and allows this occur downstream of

ethylene levels (Figure 8-3)

As the concentration of ABA required to reduce PIN1 levels significantly is two orders of
magnitude larger than that required to produce the overriding mechanism, we also
hypothesised that ABA is regulating PIN1 independently of ethylene. In the model, this is
realised by ABA competitively inhibiting PIN1 biosynthesis (R14).

8.2.4. Model can reproduce PIN1responses to ACC application
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Figure 8-3 Model results (blue line) of PIN1 responses to exogenous ACC application are in agreement
with the experimental PIN1:GFP data (red points with SEM error bars).

Low to medium levels of ACC application increase PIN1 expression, whereas high levels of ACC
application reduced PIN1 levels to those found in untreated plants, implying that low levels of
ACC promote PIN1 expression whereas high levels may inhibit PIN1 expression. To
accommodate this, substrate inhibition kinetics were assumed for the effects of ET on PIN1

biosynthesis (R7, R13).
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Model fitting could produce a model where PIN1 levels increase under low concentrations of
exogenously applied ACC, and return to baseline levels at higher concentrations, in agreement

with our experimental data of PIN1:GFP fluorescence (Figure 8-3).

8.2.5. The model can reproduce reduction in PIN1 levels under ABA treatment, and

the overriding effect of ABA on PIN1 responses to ACC
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Figure 8-4 Model results of the effect of exogenous application of ABA and ethylene on PIN1 levels

A) Model predictions (lines) for ABA application reduce PIN1 levels, matching experimental data (Points with SEM
error bars). When ACC is applied (red), the model can replicate the increase in PIN1 levels when ABA concentration
is very low, however at higher ABA concentrations this increase is lost. B) Model predictions for PIN1 levels under
combined ABA and ACC levels. ACC application increases PIN1 levels, however this increase is lost with ABA

application.

After fitting, the model can replicate the reduction in PIN1 levels seen experimentally under

ABA application (Figure 8-4A). When ACC is applied in the absence of ABA, PIN1 levels
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increase, however simultaneous ACC and ABA application causes a reduction in PIN1 levels to
match those in the absence of ACC, in agreement with the experimental data (Figure 8-4A).
This overriding effect is best seen in Figure 8-4B, which shows that simultaneous ABA and ACC
application has two effects. Firstly ABA dampens the increase in PIN1 levels that occur under
ACC application. Secondly, high levels of ABA reduce PIN1 levels, regardless of ACC

application.

8.3. Model predictions

8.3.1. The model can reproduce the reduction in PIN1 levels under osmotic stress

and the overriding effect of osmotic stress on ethylene regulated PIN1 levels
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Figure 8-5 Osmotic stress can override the effects of ethylene, to reduce PIN1 levels

Model predictions (lines) for PIN1 levels show the same trend as experimental results (points, displaying SEM)
under combined ethylene perturbation and osmotic stress. Silver thiosulphate (equivalent to reducing R4:K1 to
0.00008, blue) reduces PIN1 levels under stressed and unstressed conditions, whilst ACC application (red) increases
PIN1 levels under unstressed but not stressed conditions.

The model predicts that increasing Osmotic stress will decrease PIN1 levels, in agreement with
experimental data (Figure 8-5). Under unstressed conditions, ACC application increases PIN1
expression, however osmotic stress overrides this effect, presumably due to increased ABA
(Chapter 6). The model can qualitatively replicate this behaviour (Figure 8-5). As the model
does not distinguish between hormone levels and signalling, the effect of ethylene perception

115




Construction of a kinetic model to understand PIN1 regulation by abscisic acid and ethylene
inhibitors can also be examined by reducing the ET biosynthetic rate (by reducing R3:k1 to
0.00008, see model parameters Table 11-1). Experimentally inhibiting ethylene perception
reduces PIN1 levels under stressed and unstressed conditions, behaviour which the model can

also replicate (Figure 8-5).

8.3.2. The model can qualitatively reproduce the overriding effect of osmotic stress

on PIN1 levels
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Figure 8-6 The model can correctly predict the trend of exogenously applied ABA and inhibiting ABA
biosynthesis under osmotic stress

Model predictions (lines) for PIN1 levels show the same trend as experimental results (points, displaying SEM)
under combined ABA perturbation and osmotic stress. Fluridon (equivalent to reducing R4:K1 to 0.0005) increases
PIN1 levels under stressed and unstressed conditions, whilst ABA application reduces PIN1 levels under stressed
and unstressed conditions.

Under moderate osmotic stress inhibiting ABA biosynthesis can rescue PIN1, whereas
supplemental ABA enhances the reduction in PIN1 (Figure 8-6). The model can correctly
predict this behaviour, by adding exogenous ABA or inhibiting ABA biosynthesis (R4:kl =
0.0005, see model parameters Table 11-1).
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8.3.3. Examination of reaction fluxes reveals relative importance different
pathways to regulation of PIN1 levels.

The nature of PIN1 co-regulation by ethylene and ABA is poorly defined. As such, based on
biological knowledge in the literature, it was initially assumed that there are three possible
reaction schemes to regulate PIN1 biosynthesis - an ethylene- and ABA-regulated reaction
(R12), an ethylene-regulated reaction (R13) and an ABA-regulated reaction (R14). To
understand the relative contributions of these three pathways to how our model reproduces

the experimental data, effects of their reaction fluxes were investigated.

For the parameter set used, under unstressed and untreated conditions, the ABA-regulated
pathway (R14) is responsible for the majority of PIN1 biosynthesis (Figure 8-7A). The ET- and
ABA-regulated pathway (R12) also makes a contribution to the PIN1 levels, but only 30% of the
contribution of the ABA-regulated pathway. The ET-regulated pathway (R13) makes very little
contribution to PIN1 biosynthesis. As ABA levels increase the flux of R12 initially increases, due
to increased ET levels, but as R14 flux is decreased, there is very little change in PIN1 levels.
Under higher levels of exogenous ABA application, R12 flux returns to untreated levels and

R14 flux decreases, reducing total PIN1 biosynthesis and levels.
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Figure 8-7 Modelled reaction fluxes for PIN1 biosynthesis under various scenarios

A) The reaction flux for R12 (Y* regulated PIN1 biosynthesis), R13 (ET regulated PIN1 biosynthesis) and R14 (ABA
regulated PIN1 biosynthesis) under combined ABA and ACC application (dashed lines). B) The reaction flux for R12,
R13 and R14 under combined osmotic stress and ACC treatments (dashed lines).

Under ACC application, there is little change in the contribution of the ABA-regulated pathway

to PIN1 levels, but the ET- and ABA-regulated pathway (R12) displays different behaviour. PIN1

biosynthesis increases through R12 when exogenous ABA is low and ACC is applied to 50% of

the rate of R14 (Figure 8-7A). However, increasing exogenous ABA reduces the R12 flux with

greater sensitivity than in the absence of ABA, providing the overriding mechanism.
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Analysis of the reaction fluxes under osmotic stress show similar patterns to ABA application,
including the decrease in R14 flux under osmotic stress and the overriding effect of osmotic

stress on R12 flux (Figure 8-7B).

8.4. Investigation into whether alternative reaction schemes can reproduce the

experimental data

8.4.1. Alternative model reaction scheme
The analysis of reaction fluxes in the kinetic model (Figure 8-7) demonstrated the relatively
minor role of R13 (the ET-regulated pathway) for the parameters used, but the shape of the
flux curve for R13 was similar to that for R12 (ABA and ET regulated pathway). Therefore it was
examined whether it is possible to achieve the same overriding effect using just R13 and R14

(the ABA-regulated pathway).

The same ABA and ET homeostatic parameters were used for this study, but R7, R8, R9, R10

and R12 were removed (Figure 8-8).

Osmotic
ACC stress

Osmotic ABA
stress

Figure 8-8 The alternative kinetic model for ABA and ET to regulate PIN1 levels

Symbols: ET: Ethylene, ACC: Exogenously applied 1-Aminocyclopropane-1-carboxylic acid (ACC), ABA: Abscisic acid,
PIN1:PIN1 auxin transport protein, Osmotic stress: Exogenously applied osmotic stress

Reactions: R1: Conversion of exogenously applied ACC to endogenous ET, R2: Conversion of exogenously applied
ABA to endogenous ABA, R3:ET biosynthesis, R4: ABA biosynthesis, R5:ET loss/degradation from the cell, R6:ABA

loss/degradation from the cell, R11: Degradation of PIN1, R13: Ethylene catalysed production of PIN1, R14: ABA
inhibited production of PIN1
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8.4.2. Alternative model fitting

Other parameters were fitted in the same way as the previous kinetic model, and required a

much greater biosynthetic rate for R13 (Table 11-8). After fitting, the model could reproduce

the increase PIN1 levels under ACC application, the decrease in PIN1 levels under ABA

application (Figure 8-9). It could also reproduce the overriding effect of ABA on ACC’s

regulation of PIN1 levels (Figure 8-10).
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Figure 8-9 The alternative model results (blue line) of PIN1 responses to exogenous ACC application
are in agreement with the experimental PIN1:GFP data (red points with SEM error bars).
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Figure 8-10 The alternative model can reproduce the ABA-mediated reduction in PIN1 levels and
overriding the effect of ABA on ACC regulation of PIN1 levels

A) Alternative model predictions (lines) for ABA application reduce PIN1 levels, matching experimental data (Points
with SEM error bars). When ACC is applied (red), the model can replicate the increase in PIN1 levels when ABA
concentration is very low, however at higher ABA concentrations this increase is lost. B) Model predictions for PIN1
levels under combined ABA and ACC levels. ACC application increases PIN1 levels, however this increase is lost with
ABA application.
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8.4.3. Alternative model predictions

When the effects of osmotic stress were examined, the model could reproduce the reduction

in PIN1 levels that occurs under osmotic stress (Figure 8-11). The model could also predict the

correct responses to ABA perturbation under osmotic stress. Increasing exogenous ABA

reduces PIN1 levels further under stress, whilst inhibiting ABA biosynthesis can rescue PIN1

levels under moderate stress.
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Figure 8-11 The alternative model can correctly predict the PIN1 response to osmotic stress and ABA
perturbation

Alternative model predictions (lines) for PIN1 levels show the same trend as experimental results (points, displaying
SEM) under combined ABA perturbation and osmotic stress. Fluridon (equivalent to reducing R4:K1 to 0.0005)

increases PIN1 levels under stressed and unstressed conditions, whilst ABA application reduces PIN1 levels under
stressed and unstressed conditions.

The reduced model can also correctly replicate the effect of exogenous ACC application and
osmotic stress, with moderate osmotic stress overriding the effect of ethylene on PIN1 levels
and more severe Osmotic stress reducing PIN1 levels (Figure 8-12). However, when ethylene
biosynthesis is limited in the model, by reducing R3:kl, the model cannot replicate
experimental results. Experimental data show that, under low/unstressed conditions, reducing
ET response/biosynthesis reduces PIN1 levels, but under increased Osmotic stress, the
decrease in PIN1 levels is less severe (Figure 8-12). However, the model predicts that reducing

ET biosynthesis will maintain their PIN1 levels under osmotic stress.
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Figure 8-12 The alternative model can correctly predict the PIN1 response to osmotic stress and ACC
treatment, but not inhibited ET biosynthesis

Model predictions (lines) for PIN1 levels show the same trend as experimental results (points, displaying SEM)
under combined ACC treatment and osmotic stress. However the model predictions for silver thiosulphate
(equivalent to reducing R4:K1 to 0.00008, blue) increase PIN1 levels under osmotic stress, which disagrees with
experimental data (points with SEM error bars).

To assess whether this failure to replicate the experimental results is due to changing
dynamics in the ET-regulated pathway or the ABA-regulated pathway, the reaction fluxes
under osmotic stress were examined (Figure 8-13). As with the previous model, the ABA-
dependent PIN1 biosynthetic pathway (R14) is responsible for the majority of PIN1
biosynthesis when Osmotic stress is low. R14 flux decreases under Osmotic stress, with

reduced ET biosynthesis or increased exogenous ACC having very little effect.

The ET-regulated PIN1 biosynthetic pathway (R13) is responsible for the overriding effect
under osmotic stress and ACC treatment and also responsible for the unusual dynamics when
ET biosynthesis is inhibited. When ET biosynthesis is inhibited, and plants are unstressed, the
R13 reaction flux is small; however increasing osmotic stress rapidly increases R13 flux, to a

level that is higher than R14 flux, maintaining PIN1 levels.
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Figure 8-13 Alternative model PIN1 biosynthesis reaction flux under ethylene perturbation

To examine whether the failure to reproduce the experimental data was an artefact of a poorly
chosen initial parameter for ET biosynthesis, the steady state PIN1 level was examined for a
variety of osmotic stress values and R3:k1 rate constants. This revealed a complex, non-linear
relationship between the rate of ET biosynthesis and PIN1 levels under Osmotic stress (Figure
8-14). No obvious parameter range could replicate the trend seen in the data, without

compromising the effect of ET on PIN1 levels.
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Figure 8-14 Varying the rate of ET biosynthesis produces complex non-linear effects on PIN1 levels
under osmotic stress

R3:k1 (ET biosynthetic rate constant)

Modelling outcomes for PIN1 levels under various ethylene biosynthetic parameter settings (R3:K1), and various
levels of osmotic stress. Red: High PIN1 levels, Blue: Low PIN1 levels.

Analysis of which pathways were responsible for the PIN1 dynamics under either ABA and ACC
treatment, or ACC and Osmotic stress treatment provided great insights into the parameter
set chosen. In untreated conditions, the majority of PIN1 biosynthesis occurred through the
ABA-regulated pathway, which showed reduced flux under ABA or Osmotic stress treatment.
The ABA- and ET-co-regulated PIN1 biosynthetic pathway was also responsible for a significant
amount of PIN1 biosynthesis. This increased under ACC treatment, as expected, but the

increase was overridden by small levels of ABA or Osmotic stress treatment.

As the pathway regulated by only ET levels was found to be responsible for very little of the
PIN1 biosynthesis, but displayed similar shape of flux curve to the ABA- and ET-regulated
pathway, we decided to investigate whether excluding the ABA- and ET-regulated pathway
could still reproduce the experimental data. The second network was fitted to the same data
sets and could reproduce the PIN1 responses to ACC and ABA treatments. It could correctly

predict the PIN1 response to Osmotic stress, with or without ABA perturbation.
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Although this alternative model correctly predicts the overriding effect of Osmotic stress on
PIN1 levels under ACC treatment, it could not reproduce the reduction in PIN1 level under
Osmotic stress treatment when ET biosynthesis is inhibited. This may indicate that the simple
scheme presented here is insufficient to explain the experimental data and that some sort of

co-regulation as found in the first model is required to explain PIN1 levels.

Overall, this kinetic modelling analysis has provided us with a plausible reaction scheme to
explain regulation of PIN1 levels by osmotic stress, ABA and ethylene. The model abstracts
relevant existing biological knowledge in the literature into simple processes and describes key
processes for ABA and ethylene and osmotic stress to regulate PIN1 level. Whilst this model is
far from complete, it develops insights into how ABA could override the regulation of PIN1 by
ethylene. It also provides a basis for a larger model, integrating the network described in the
previous chapter and our previously published models (Liu et al., 2010; Liu et al., 2013; Moore
et al., 2015b). This would allow us to improve our understanding of hormone crosstalk and

growth under osmotic stress.
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9. Discussion

Drought stress is a major limitation on crop vyields (Boyer, 1982) and root growth and
development is an important determinant of crop yields and survival under drought stress
(Uga et al., 2013; Lynch et al.,, 2014). Plants adapt their root growth and development
significantly in response water stresses, indicating that it is an important strategy in drought
resistance (van der Weele et al., 2000; Sharp, 2002; Bao et al., 2014; Lynch et al., 2014). Low
level osmotic stress can induce increased growth rates, hydrotropism and changes in
patterning, to increase water uptake (van der Weele et al., 2000; Takahashi et al., 2002; Bao et
al., 2014) whilst moderate to severe osmotic stress limits growth as a protective measure (van

der Weele et al., 2000).

The cross-regulation of different hormones controls a host of developmental processes in
plants e.g. (Skoog & Miller, 1957; Sachs, 1982; Ghassemian et al., 2000; Sharp, 2002). In this
thesis | have endeavoured to understand how hormones coordinate these developmental
changes in the context of the exposure of roots to osmotic stress. The scope of this thesis
covers i) the generation of novel experimental data, aiming to examine the regulation of root
growth under osmotic stress conditions; ii) the construction of a hormonal crosstalk network,
aiming to elucidate the experimental data as an integrative system; and iii) the development of
a kinetic model, with the aim of the understanding how ABA overrides the effects of ethylene
on PIN1 levels under osmotic stress conditions. By examining the responses to hormones
traditionally associated with drought such as ABA and ethylene, and hormones associated with
growth such as auxin and cytokinin, | have investigated hormonal regulation of root growth
under stress. Construction of a hormonal crosstalk network and use kinetic modelling has led
to new insights into the cross-regulation of these hormones, which is crucial in understanding
root growth under stress. By developing a kinetic model, | have proposed mechanisms by
which ABA might override the effects of ethylene on PIN1 levels under osmotic stress

conditions. In the following, | further discuss some important points relevant to this work.

9.1. Abscisic acid limits root growth under stress, reducing meristem size
My experimental data have shown that ABA-dependent and ABA-independent stress
responses increase under osmotic stress. ABA is a stress-responsive hormone which shows
increased biosynthesis under drought and osmotic stress (Wright & Hiron, 1969; Finkelstein et
al., 2002). Root growth is inhibited under osmotic stress in an ABA-dependent manner, as
inhibiting ABA biosynthesis with fluridon was found to rescue root growth under moderate

osmotic stress (Figure 5-9).
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Examination of root morphology under osmotic stress allowed us to understand how root

growth was limited under stress.

Using proWOX5::GUS, as a marker for QC-specification, and confocal z-stacks, to examine
cellular patterning, revealed no obvious abnormal QC/root tip organisation. WOX5 is a
transcription factor that is expressed exclusively in the quiescent centre (QC) and is an
important determinant of cell identity (Sarkar et al., 2007). WOX5 expression inhibits QC cell
division and represses differentiation in the surrounding stem cell initials (Sarkar et al., 2007,
Forzani et al., 2014). It is unsurprising that the reduction in root length was not associated with
failure of the quiescent centre, as ABA promotes WOX5 expression and inhibits QC cell division
(zhang et al., 2010) and has numerous reported roles in promoting dormancy and quiescence

(Karssen et al., 1983; Lopez-Molina et al., 2001; Nakashima et al., 2009).

The idea that ABA inhibits cell division is consistent with both the observed osmotic stress
mediated changes to the primary root meristem, which was smaller, with fewer cells (Figure
5-2) and with results in the literature. For example, other authors have reported reduced
meristematic cell division as well as premature differentiation under osmotic stress (Ji & Li,
2014, lJi et al., 2014). Both of these processes were shown to be ABA regulated (Ji & Li, 2014)

and are therefore the likely cause of reduction in root length under osmotic stress.

One way ABA may be regulating meristem size and growth is through the GA-DELLA signalling
pathway. DELLA proteins are degraded as part of the GA signalling pathway and are viewed as
master regulators of plant growth (Dill et al., 2001). Levels of the DELLA protein RGA increase
under osmotic stress (Figure 5-5) and ABA has previously been shown to increase RGA stability
(Achard et al., 2006). High DELLA levels can reduce cell proliferation and the rate of
differentiation to regulate meristem size (Ubeda-Tomads et al., 2008; Achard et al., 2009;
Ubeda-Tomas et al., 2009). My experimental data support this relationship between ABA and
DELLA proteins (Figure 5-2; Figure 5-5)

However, auxin, cytokinin and ethylene can also interact with DELLA signalling (Achard et al.,
2003; Fu & Harberd, 2003; Moubayidin et al., 2010) and can regulate the balance between cell
division and differentiation (Dello loio et al., 2007; Dello loio et al., 2008; Moubayidin et al.,
2010; Street et al., 2015). Therefore their effects on root growth under stress were also

investigated.
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9.2. Understanding the role of ethylene on root growth under osmotic stress
My experimental data have shown that inhibition of root growth under stress does not require
ethylene signalling. In unstressed Arabidopsis roots, ABA can promote ethylene biosynthesis
(Luo et al., 2014), increasing auxin biosynthesis and basipetal transport to regulate root growth
(Ruzicka et al., 2007; Swarup et al., 2007; Thole et al., 2014). Increased auxin in the cells of the

elongation zone limits cell expansion, reducing root growth.

As ABA and ethylene biosynthesis increases under osmotic stress (Skirycz et al., 2011; Waadt
et al., 2014), it was thought this mechanism may be limiting root growth. Intriguingly,
inhibiting ethylene responses genetically or pharmacologically could not rescue root growth
and supplementing wildtype roots with the ethylene precursor ACC reduced root lengths in an
additive manner with osmotic stress (Figure 5-6). Together these results imply that the
increase in ethylene under osmotic stress is not large enough to significantly affect root

growth and that ABA must be regulating root growth independently of ethylene signalling.

Studies in the maize system grown on drought stress vermiculite show that under certain
conditions ethylene is key in regulating root growth under water deficit, conflicting with data
from agar based systems (Sharp, 2002). In dark-grown maize, ABA-deficient roots show
reduced growth under drought stress (Sharp et al., 1994) and fluridon application to limit ABA
biosynthesis was found to drastically increase ethylene emission under drought stress (Spollen
et al., 2000). Inhibiting ethylene biosynthesis or signalling could rescue the reduction in root
length in ABA-deficient plants, implying that ABA maintains root growth under drought by
limiting ethylene biosynthesis (Spollen et al., 2000). Dark-grown maize roots show an increase
in auxin levels under osmotic stress (Ribaut & Pilet, 1994), which is consistent with an increase
in ethylene levels, but inconsistent with our observations of auxin responses in Arabidopsis

roots under osmotic stress (Figure 6-6; Figure 6-7; Figure 6-8).

This difference may be resolved by consideration of the fact that de-etoliated Arabidopsis
roots behave differently to dark-grown roots under osmotic stress (van der Weele et al., 2000).
In Arabidopsis, ABA can limit ethylene biosynthesis by increasing the binding of HY5 to the
ERF11 promoter, which inhibits the transcription of several ACS genes, which mediate ethylene
biosynthesis (Li et al., 2011). As HY5 is a critical component in the regulation of light-mediated
development and gene expression, and is destabilised in the light (Osterlund et al., 2000), it
therefore follows that the inhibition of ethylene biosynthesis by ABA is stronger in dark grown

seedlings. This offers one way of resolving the different results between experimental systems.

It is also worth noting that drying soils offer more mechanical resistance to growing roots, and

mechanical impedance increases ethylene emission (Sarquis et al., 1991; Whalley et al., 2005).
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Members of our lab have examined the effect of mechanical impedance on ethylene responses
and their effects on auxin transport and distribution in the Arabidopsis root (Jacobsen &
Lindsey, unpublished data) . Under mechanical impedance root length is reduced in an
ethylene dependent manner, and there are associated increases in PIN2 levels and auxin
response (Jacobsen & Lindsey, unpublished data). As ABA inhibits subsets of ethylene
responses (Ortega-Martinez et al., 2007; Cheng et al., 2013) and in some cases biosynthesis (Li
et al., 2011), it would be interesting to investigate the combined effects of mechanical

impedance and osmotic stress on root growth.

9.3. Reduced Auxin levels limit root growth under osmotic stress
Whilst the work described in this thesis has demonstrated that ethylene does not play an
essential role in limiting root growth under osmotic stress, my experimental data have shown
that auxin can rescue root growth and meristem size. Therefore, basipetal auxin transport may
still be important, so its effect was investigated. The basipetal auxin transport mutants aux1
and eirl/pin2 (Pickett et al., 1990; Roman et al, 1995) displayed normal root growth
phenotypes under osmotic stress (Figure 5-7), but other experiments showed that root
elongation under osmotic stress is still modulated by auxin levels. Root auxin response and
meristem size were both found to decrease under osmotic stress (Figure 5-7 ; Figure 5-8).
Whilst auxin-resistant mutants showed more severe reductions in root length under osmotic
stress, supplementing stress media with exogenous auxin could rescue meristem size and root
growth in wildtype (Figure 5-8). Together these data suggest that reduced auxin as a

consequence of osmotic stress causes a decrease in growth rate.

Other authors have demonstrated that the auxin transporter PIN1, which is essential for auxin
transport from shoot to root, shows decreased expression under ABA treatment, affecting
lateral root development (Galweiler et al., 1998; Shkolnik-Inbar & Bar-Zvi, 2010). The results
described in Chapter 6 demonstrate that PIN1 expression and protein levels decrease under
osmotic stress and this occurs in an ABA-regulated manner, so we present the hypothesis that
ABA limits auxin transport to the root under osmotic stress via effects on PIN1 (Figure 9-1). The
resultant lower auxin levels would be predicted to lead to a reduction in meristem size and
reduced root growth (Dello loio et al., 2008), which is consistent with the rescue of root length

under moderate stress under auxin application (Figure 5-7).

Whilst this hypothesis can seemingly explain the phenotypes we observe under osmotic stress,

it also needs to be placed in the context of other phytohormones such as cytokinin, which
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regulates meristem size in concert with auxin (Dello loio et al., 2007; Dello loio et al., 2008;

Moubayidin et al., 2010).

Osmotic
stress

Figure 9-1 A model for how osmotic stress affects meristem size and growth through ABA and auxin

9.4. Implications of the altered auxin: cytokinin ratio on cell division, cell differentiation
and meristem size

My experimental data have shown that, under osmotic stress, cytokinin responses are only

slightly reduced. Cytokinin-deficient plants display increased ABA sensitivity, but cytokinin

receptor mutants show increased root growth under stress (Nishiyama et al., 2011; Kumar &

Verslues, 2015). This indicates that cytokinin signalling acts downstream of ABA in regulating

root growth under stress.

In Arabidopsis, the auxin: cytokinin ratio is critical in determining the rate of root growth.
Cytokinin inhibits root growth by antagonising auxin, to modulate the rate of cell division and
differentiation in the root apical meristem (Dello loio et al., 2007; Dello loio et al., 2008;
Moubayidin et al., 2010). As active cytokinin levels and cytokinin signalling are reduced under
drought and osmotic stress (as indicated by the reduced expression of the cytokinin-sensitive
proARRS5::GFP reporter (Figure 6-4; (Dobra et al., 2010; Nishiyama et al., 2011), but the
meristem is smaller, it seems likely that meristem size is primarily regulated by altered auxin

responses in these conditions. In cytokinin receptor mutants, auxin sensitivity would be
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predicted to increase, which may explain their increased resistance to root growth inhibition
under osmotic stress. The combination of increased ABA sensitivity and enhanced root growth
may account for the increase in drought stress tolerance of cytokinin-deficient plants (Tran et

al., 2007; Werner et al., 2010; Nishiyama et al., 2011).

9.5. The hormone crosstalk network helps us understand changes in hormone
distribution and root growth under osmotic stress

The experimental data presented in this thesis indicate understanding the regulation of root

growth under osmotic stress requires an integrated systems study of ABA, auxin, ethylene and

cytokinin interactions. To better understand these interactions, | developed a network

approach, combining my experimental data with evidence from the wider literature.

The hormonal crosstalk networks constructed in this thesis demonstrate the non-linear
relationships between hormones regulating plant development (Figure 7-3 ; Figure 7-4).
Ethylene and ABA biosynthesis is upregulated by osmotic stress (Skirycz et al., 2011; Waadt et
al., 2014), which also down-regulates cytokinin biosynthesis (Dobra et al., 2010; Nishiyama et
al., 2011). ABA promotes ethylene biosynthesis and inhibits cytokinin biosynthesis (Nishiyama
etal., 2011; Luo et al., 2014).

As PIN1 and PIN2 show differential responses under osmotic stress, under ethylene treatment
and under abscisic acid treatment, the networks assume different transcriptional regulatory
mechanisms (Figure 7-3 ; Figure 7-4). In cortical/epidermal cells, ethylene promotes and ABA
inhibits PIN2 transcription (Figure 7-4). As ABA also promotes ethylene biosynthesis, it requires
a relatively high concentration of ABA to inhibit PIN2 accumulation. This can explain the
increase in PIN2 accumulation under moderate osmotic stress, and return to unstressed levels
under severe stress (Figure 6-10). In the stele, ethylene still promotes PIN1 transcription,
however low levels of ABA can override the positive effects of ethylene on PIN1 levels (Figure

6-16). High levels of ABA decrease PIN1 transcription further (Figure 7-3).

These two networks can qualitatively explain the auxin distribution under osmotic stress,
ethylene treatment and ABA treatment. They form a fairly robust platform for understanding
hormonal crosstalk under a variety of conditions, but there are still gaps in our understanding

that require quantitative modelling and further experimentation.

One such gap is our understanding of the auxin: cytokinin ratio under osmotic stress. Based on
experimental data, our previous models predicted that if auxin levels decrease, auxin should
stop inhibiting cytokinin biosynthesis and so cytokinin levels should increase (Nordstrom et al.,

2004; Liu et al., 2010; Liu et al., 2013; Moore et al., 2015b). Under osmotic stress, however, as
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auxin levels decline due to decreased PIN1-mediated transport into the root tip, cytokinin
levels actually decrease (Dobra et al., 2010; Nishiyama et al., 2011). The network indicates that
ABA (and possibly osmotic stress itself) inhibits cytokinin biosynthesis, which allows the tight

regulation of the auxin: cytokinin ratio to be shifted under osmotic stress, inhibiting growth.

Conceptually this interpretation is valid, but it still needs to be shown that the model can
quantitatively reproduce these results, so it is important to produce a kinetic model for
hormonal crosstalk under osmotic stress. Because of the cell-specific regulation of auxin efflux
by ABA and ethylene and because of the importance of hormone patterning in growth and

development, a full spatiotemporal model would be the most appropriate way of proceeding.

To form the basis of further modelling work, additional investigations including modelling were

performed for different scenarios for the regulation of PIN1 levels by ethylene and ABA.

9.6. Understanding the regulation of auxin and PIN1 levels by abscisic acid and ethylene
ABA is thought to reduce PIN1 levels by upregulating transcription of the transcription factor
ABI4 (Shkolnik-Inbar & Bar-Zvi, 2010). ABI4 transcription is also downregulated by auxin and
promoted by cytokinin (Shkolnik-Inbar & Bar-Zvi, 2010).

SHY2 is also known to regulate PINI expression (Dello loio et al., 2008). SHY2 is an AUX/IAA
protein that is broken down in the presence of auxin, to allow auxin responses (Soh et al.,
1999; Gray et al., 2001; Tiwari et al., 2001). As such, SHY2 is a key determinant of meristem
size and PIN1 expression (Dello loio et al., 2008). SHY2 expression is known to be upregulated
by cytokinin, inhibiting auxin responses, decreasing PIN1 levels and meristem size (Dello loio et

al., 2007; Dello loio et al., 2008).

Although ethylene has previously been shown to upregulate auxin biosynthesis and PIN2
expression to limit cell expansion in the elongation zone (Stepanova et al., 2005; Ruzicka et al.,
2007; Swarup et al., 2007; Stepanova et al., 2008), it has now been shown to upregulate SHY2
expression in the stele, and limit root meristem size (Street et al., 2015). This may explain why
increases in PIN1 expression are not as large as those for PIN2 under ethylene application
(Ruzicka et al., 2007), and why high levels of ethylene application return PIN1 levels to

untreated levels (Figure 8-3).

Auxin and ABA have also been shown to regulate PLETHORA (PLT) gene expression, to regulate
growth and development (Blilou et al., 2005; Mahonen et al., 2014; Yang et al., 2014). PLT
proteins (PLT1, PLT2, PLT3, and PLT4/BBM, BABYBOOM) are transcription factors that control
root patterning (Aida et al., 2004; Galinha et al., 2007) and regulate PIN protein accumulation

(Blilou et al., 2005; Mahonen et al., 2014). It seems unlikely that ABA is primarily regulating
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PIN1 levels through PLT expression, as PLT responses and changes to meristem size occur at
longer temporal scales than the changes to PIN protein expression that we have observed
(Figure 5-3; Figure 5-2; Figure 5-8; (Mahonen et al., 2014; Yang et al., 2014). Therefore ABA is
most likely affecting auxin distribution which in turn modulates PLT expression to regulate

patterning and reinforce the pattern of auxin distribution.

As we do not know at which points these various pathways converge to regulate PIN1 levels,
and the experimental results for ABA and ethylene to regulate PIN1 levels produce an
interesting overriding effect, kinetic modelling of this regulation assumed three different

pathways.

e In the first pathway ethylene promotes PIN1 biosynthesis, by increasing the
production of a molecule (Y) which when active (Y*) promotes PIN1 protein
biosynthesis (R12). ABA inhibits PIN1 biosynthesis by inhibiting the conversion of a Y
into its active form (Y*). In this pathway, the production of Y due to ET includes
substrate inhibition to produce the bell-shaped ET response.

e In the second pathway ethylene (ET) promotes PIN1 biosynthesis with substrate
inhibition to produce the bell shaped ET response (R13).

¢ Inthe third pathway, ABA inhibits the biosynthesis of PIN1 (R14).

Kinetic modelling revealed that by using all three pathways and a simple model of the
interactions between ET, ABA and Osmotic Stress, the overriding effect of Osmotic stress or
ABA on PIN1 levels could be predicted. For the parameter set used in this model, flux analysis

revealed that only R12 and R14 are required to replicate the experimental data.

Because R12 and R13 had very similar shaped response curves to ABA and Osmotic stress, but
the scales of their fluxes were very different, we tried to remove the ABA and ET co-regulated
pathway (R12), and make R13 more prominent to determine whether it could match
experimental data. This produced a model that could replicate all of the experimental data,
except the effect of combined Osmotic Stress and silver thiosulphate treatment (which inhibits
ethylene signalling), indicating that it is difficult to match experimental PIN1 levels with ABA
and ET acting on completely separate pathways. As well as being useful for further modelling,
this also indicates that there may be crosstalk between ethylene and ABA’s regulation of PIN1
expression. Therefore examining the responsiveness of ABI4 expression to ethylene and
investigating SHY2 levels under ABA treatment may offer further insights to the regulation of

PIN1 levels.

133



Discussion

9.7. PIN1 independent regulation of auxin levels under osmotic stress
Inhibiting ABA biosynthesis or applying exogenous auxin can rescue root elongation under
osmotic stress. Our networks place auxin downstream of ABA, because ABA can regulate auxin
transport through PIN1 (Shkolnik-Inbar & Bar-Zvi, 2010; Yang et al., 2014), and reduced auxin
levels are associated with shorter roots. If this is true, inhibiting ABA biosynthesis should be

able to rescue auxin levels under osmotic stress, and this is now considered.

It is possible that the reduced auxin levels under osmotic stress are not solely due to reduced
PIN1 levels. Auxin can also be redistributed in the proximal root, depending on water
availability, a phenomenon known as hydropatterning (Bao et al., 2014). Auxin accumulates on
the ‘wet’ side of the root when plants are grown on agar plates or in cored soil. This may
provide directionality to lateral root formation and root hair formation, which are auxin
regulated processes (Casimiro et al., 2001; Jones et al., 2009), to allow the root to acquire
water (Bao et al., 2014). This phenomenon appears to occur independently of ABA
biosynthesis, but requires PIN3 and the auxin biosynthetic enzyme TRYPTOPHAN AMINO
TRANSFERASE OF ARABIDOPSIS 1, TAA1 (Bao et al., 2014) .

Both PIN3:GFP and TAA1l:GFP show differential fusion protein levels across this osmotic
gradient, indicating differential rates of auxin biosynthesis and transport (Bao et al., 2014). As
modulating TAA1 expression to effect auxin biosynthesis is key to ethylene’s inhibition of root
growth in unstressed conditions (Stepanova et al., 2005; Stepanova et al., 2008), this may help
explain why osmotic stress treatment does not increase root cortex/epidermis auxin response
(Figure 6-8), while combined ABA and ACC treatment does (Figure 6-19). It also offers one
explanation for the relative unimportance of basipetal auxin transport and ethylene responses

in regulating root growth under osmotic stress.

However, reduced TAA1 expression is unlikely to be solely responsible for the dramatic
reduction in root auxin levels under osmotic stress, as the majority of auxin in the root is
transported from the aerial tissues, the primary site of its biosynthesis (Ljung et al., 2001;
Petrasek & Friml, 2009). It possible that auxin transport from the aerial organs may be
modulated independently of PIN proteins under osmotic stress. Auxin is loaded into the
phloem in the leaves, and unloaded from the phloem in the roots (Swarup et al., 2001;
Marchant et al., 2002). Because severe drought and osmotic stress reduce xylem flow, which
can theoretically lead to phloem failure (Sevanto, 2014), it is possible that auxin transport from
the shoots is reduced; however this is experimentally difficult to measure and evidence in

herbaceous species is currently quite poor.
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9.8. Improving our understanding of the effects of cytokinin and auxin on root growth
Understanding how cytokinin and auxin interact to control growth is critical to our
understanding of stress-mediated development, so better defining their relationship is

essential for refining our model.

Based on experimental results (Nordstrom et al., 2004), our hormonal crosstalk networks
(Figure 7-3; Figure 7-4; Liu et al., 2013) describe a negative regulation of auxin biosynthesis by
cytokinin. However, Jones et al. (2010) have shown that cytokinin positively regulates auxin
biosynthesis in young developing tissues (10 DAG). In previous work, our hormonal crosstalk
network analysis revealed that both sets of experimental results (Nordstrom et al., 2004; Jones
et al., 2010) can be incorporated into the hormonal crosstalk network, leading to the same

conclusions about other regulatory relationships of hormonal crosstalk (Liu et al., 2013).

Recent spatiotemporal model analysis shows the complexity in the patterning relationships
between auxin and cytokinin (Moore et al., 2015b). Even though the single cell models can
correctly predict cytokinin responses under a variety of experimental conditions (Liu et al.,
2010; Liu et al.,, 2013), the spatiotemporal model has difficulty in reproducing cytokinin

patterning in the root (Moore et al., 2015b).

Including in the model factors such as cytokinin transporters (Ko et al., 2014) and tissue
specific biosynthesis (Miyawaki et al., 2004) may help address the cytokinin patterning and

improve model predictions.

9.9. Hydrotropism
There is also the possibility that ABA transport may influence root growth, providing an
interesting problem. Several proteins with the capacity to transport ABA into and out of cells
have recently been identified, which are expressed in the root and may imply coordinated
patterning (Kang et al., 2010; Kuromori et al., 2010; Kuromori & Shinozaki, 2010; Kuromori et
al., 2011; Kanno et al., 2012). ABA responses are also important for hydrotropism, causing
degradation of statoliths, and therefore suppressing gravitropism, but the mechanism that

provides directionality remains poorly characterised (Takahashi et al., 2003).

Auxin transport provides patterning for a host of plant developmental processes, but though
auxin responses are required for hydrotropism, its transport is not, indicating that some other
signal must be providing directionality (Kaneyasu et al., 2007). With the advent of new FRET-
based ABA biosensors, it is possible to look at changes in ABA levels and distribution at the

cellular level in vivo (Jones et al., 2014; Waadt et al.,, 2014). By examining changes in ABA
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distribution it would be possible to determine whether differential ABA distribution plays a

role in hydrotropism.

Recently, it has been shown that restoring ABA signalling exclusively to the cortex cells can
rescue the hydrotropic response of ABA signalling mutants (Dietrich et al., 2015). Under an
osmotic gradient, cortical cells were found to differentiate early, enter the endocycle and
expand rapidly in an ABA dependent manner, to allow bending of the root away from drier
areas (Dietrich et al., 2015). Whether the differential ABA-signalling effect on hydrotropism is

due to a true ABA differential remains to be determined.

It is possible that the hydrotropic effect may be contributing to root growth inhibition under
osmotic stress. However, the reduction in cell division and meristem size under osmotic stress
is not exclusive to the cortex (Ji & Li, 2014; Ji et al., 2014) and the cortex is the only tissue
responsive to ABA-mediated differentiation (Dietrich et al., 2015), indicating that other
mechanisms must be involved, such as regulation of auxin homeostasis. Auxin is known to
regulate PLETHORA gene expression, which controls patterning and growth in the Arabidopsis
root (Aida et al., 2004; Blilou et al., 2005; Galinha et al., 2007). ABA has recently been shown
to regulate both auxin transport and the levels of PLETHORA proteins to regulate root
meristem size, which is consistent with our hypothesis for root growth under osmotic stress

(Figure 9-1; Yang et al., 2014).

9.10. The effect of mild osmotic stress or low levels of ABA in promoting root
growth

Whilst this thesis has concentrated on growth inhibition under osmotic stress, mild osmotic

stress or low levels of exogenously applied ABA can actually increase root growth (Ghassemian

et al., 2000; van der Weele et al., 2000).

PIN2 transcription and PIN2 protein levels increase under low level ABA treatment as well as
mild to moderate osmotic stress (Figure 6-10; (Xu et al., 2013). The increase in root length
under mild osmotic stress is thought to be due to the increased ABA concentration and
requires basipetal auxin transport (Xu et al., 2013), however the increase in root growth does
not require ethylene signalling (Ghassemian et al., 2000; Li, X et al., 2015). This is in stark
contrast to high levels of ABA, which can inhibit PIN2 accumulation (Yang et al., 2014). Because
this increase in growth requires basipetal auxin transport, it is probably a different mechanism

to that which causes hydrotropism (Kaneyasu et al., 2007; Xu et al., 2013).

Examination of meristem activity under low concentration ABA application gave interesting

results. Meristem size (as measured by the epidermis) was larger, but this is not due to
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increased cell proliferation, as | have evidence of reduced division (Figure 5-3), but instead it
seems to be caused by a reduced rate of cell differentiation and expansion (Zhang et al., 2010).
Under low levels of ABA application, quiescent centre activity is also decreased, and stem cell
differentiation is inhibited (Zhang et al., 2010). However, root length assays were not reported
in the literature (Zhang et al., 2010). Therefore, it would be difficult to establish directly the
link between the growth promotion by ABA and the inhibition of cell division and

differentiation rate.

Low levels of auxin application can increase root growth, but higher levels are inhibitory (Evans
et al., 1994) and reducing auxin levels can reduce expansion of cells in the elongation zone.
Therefore it follows that low levels of basipetal auxin transport may promote expansion of
cells in the elongation zone whilst high levels inhibit expansion, which may explain the root

growth dynamics under ABA treatment.

9.11. Beyond hormone crosstalk: other factors regulating root growth
Auxin application and ABA biosynthesis inhibition cannot completely rescue root growth under
severe stress so factors other than auxin-mediated regulation of meristem size may also be

limiting growth.

ROS accumulation can cause programmed cell death under prolonged severe osmotic stress,
preventing growth (Duan et al., 2010). To determine if this occurs in our assays, examination of
cell death using TUNEL or propidium iodide staining at later time points could be performed

(Duan et al., 2010).

It is possible that at higher stress levels, cells exhibit reduced expansion due to reduced water
availability (Shabala & Lew, 2002). Solutes in a plant cell cause uptake of water through
osmosis, however the cell is constrained by a cell wall so the internal turgor pressure can be
very high. Loosening the cell wall through acidification therefore allows the plant to use this
pressure to provide growth, allowing penetrance through compacted soils. If the osmotic
pressure in a root’s surroundings is reduced, then the plant can respond by increasing ion
uptake, to maintain turgor pressure and growth. Whilst Arabidopsis roots can maintain
adequate turgor pressure under moderate stress (-0.5MPa) we have no quantitative evidence
for turgor maintenance under very severe stress (Shabala & Lew, 2002). Because the
cotyledons and early leaves show wilting under our severe stress regime (-1.2MPa) it seems
likely that the plants have some difficulty maintaining turgor and this may be contributing to
reduced root growth. Quantifying this effect could be addressed with the use of pressure

probes to measure cell turgor (Shabala & Lew, 2002)
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Under stress, plants must also divert significant resources to protective measures such as
compatible solute accumulation, antioxidant production, LATE-EMBRYOGENESIS-ABUNDANT
(LEA) gene transcription and chaperone transcription so constitutively drought tolerant plants

often display dwarf phenotypes (Bray, 1997; Kasuga et al., 1999).

There is also a reduction in photosynthetic capability under osmotic stress. Stomatal apertures
tend to close under water stresses, in response to locally synthesised abscisic acid, to limit
transpiration and water loss (Christmann et al.,, 2007; Bauer et al., 2013). Closed stomata
reduce the availability of carbon dioxide for photosynthesis, which when coupled with a
reduction in Rubisco levels, and increased chloroplast oxidative stress can mean considerable

reductions is photosynthetic capacity (Reddy et al., 2004).

Therefore, it is possible that the competition for resources between growth and protection
may be playing a role here, limiting root growth indirectly. Soil exploration is metabolically
expensive and may account for more than 50% of a plants energy allocation, so plants with less

metabolically expensive root structure have improved drought tolerance (Lynch, 2007).

9.12. Future work
Above | have discussed this work in the context of the wider literature, which in itself presents
many possible further avenues of research. Below, | have outlined several possible avenues for

researchers to continue this project.

9.12.1. Developing a spatiotemporal model of hormone crosstalk under osmotic

stress
As has been demonstrated in this thesis, hormonal crosstalk networks can be used to
investigate how an integrated system of ABA, auxin, ethylene and cytokinin is formed under
osmotic stress, due to the repression of ethylene effects by ABA via the enhanced transport of

auxin away from the meristem and to the elongation zone.

Recently, our group has shown that spatiotemporal modelling of hormonal crosstalk can
simulate and explain the level and patterning of hormones and gene expression in Arabidopsis
wildtype and mutant roots (Moore et al., 2015b). However, that hormonal crosstalk model
does not include the effects of osmotic stress. Therefore, the novel hormonal crosstalk
networks developed in this work provide a framework for spatiotemporal modelling of
hormonal crosstalk under osmotic stress conditions, and will allow us to analyse how the
patterning of multiple hormones regulate root development under osmotic stress. In
particular, this will allow us to examine the mechanisms by which ABA could override ethylene

induction of PIN1 gene expression, whilst still allowing PIN2 expression to increase. This would
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also allow us to examine spatial phenomena such as hydrotropism and hyrdopatterning, which

would be inadequately dealt with in a single- or two-cell model.

9.12.2. Improving modelling predictions for cytokinin patterning
As the current spatiotemporal model has difficulty reproducing cytokinin patterning, and
experimental evidence of auxin and cytokinin cross-regulation is conflicted (Nordstrom et al.,
2004; Jones et al., 2010), improving the modelling predictions is a priority for better

understanding of root growth.

The model currently assumes that cytokinin biosynthesis occurs predominantly in the vascular
and pericycle cells (modelled by limiting synthesis to the vascular and pericycle cells), and that
the cytokinin biosynthesis rate is regulated by auxin concentrations (Liu et al., 2010; Liu et al.,
2013; Moore et al., 2015b). Increasing the rate for cytokinin biosynthesis in the stele and root
cap would better reflect experimental evidence and may improve prediction of cytokinin
patterning (Miyawaki et al., 2004; Antoniadi et al., 2015). This requires the setting up of an in
silico rootmap with more realistic geometrical shape than a rectangular rootmap used in the

current model (Moore et al., 2015).

The potential effects of cytokinin transport may also be considered. The putative cytokinin
transporter ABCG14 loads cytokinin into the xylem in the roots, allowing transport to the
shoots (Ko et al., 2014). abcg14 mutant plants display a higher, but more uniform cytokinin

root response, which better reflects our spatiotemporal model .

It may be that the regulation of cytokinin levels is much more tightly controlled than the
simple regulatory systems that the previous iterations of the model have included. The
ISOPENTENYL TRANSFERASE (IPT) family of enzymes catalyse a crucial step in cytokinin

biosynthesis and show tissue specific expression sites (Miyawaki et al., 2004).

As a tissue map of root cytokinin levels has recently been published (Antoniadi et al., 2015),
which can be compared directly to a similar maps of auxin level and response to give the auxin:
cytokinin ratio in different tissues (Petersson et al., 2009; Brunoud et al., 2012; Bargmann et
al., 2013; Péncik et al., 2013). As expected, there is variation in the auxin: cytokinin ratio in
different tissues of the root (Antoniadi et al., 2015), and trying to reproduce this may help us

refine our models, as well as offering developmental insights.
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9.12.3. The promotion of growth by ABA or mild osmotic stress

Because the work in this thesis concentrated on the inhibition of growth under moderate
osmotic stress in which basipetal auxin transport did not play a prominent role, the
characterisation of PIN2 levels and auxin transport remains incomplete. Examining
cortical/epidermal auxin levels and PIN2 levels under mild osmotic stress and under combined
ABA and ACC treatment would give insight into the regulation of root growth under mild
stress. Examining root morphology under mild stress would also help understand how root
growth is regulated under these conditions. Some work has already been done on root
morphology under low level ABA application , but this has focused on quiescent centre activity
(Zhang et al., 2010), so further work, including a kinematic analysis of growth may help

elucidate how root growth is increased.

9.12.4. The effect of ACC on TAA1 levels and auxin biosynthesis under osmotic stress
Examining the expression of TAA1 under osmotic stress would help address how auxin levels in
the root are modulated. Examination of the effect of ethylene on TAA1 may help us dissect out
why ethylene responses and basipetal auxin transport are so unimportant in regulating root

growth under stress.

9.12.5. The effect of mechanical impedance on root growth under osmotic stress
Plants in drying soil do not just encounter osmotic stress, but soils become harder, making
growth more difficult (Whalley et al., 2005). Ethylene biosynthesis increases under mechanical
impedance, and is thought to alter auxin transport and responses (Sarquis et al., 1991;
Jacobsen & Lindsey, unpublished data). As ACC treatment can further reduce root length under
osmotic stress, one might hypothesise that the effect of osmotic stress and mechanical

impedance on root growth would be additive.

9.12.6. GA/DELLA signalling
The hormonal crosstalk network developed in this work will also allow us to further interrogate
interactions with other growth-regulating hormones such as the GA/DELLA system. Several
models already exist that detail how the GA signalling cascade is regulated by negative
feedback loops and how hormone dilution can explain the cessation of cell expansion in the
elongation zone (Band et al., 2012a; Middleton et al., 2012). By further integrating other
hormones into the network, we should in future be able to elucidate how ABA, cytokinin,

ethylene, auxin and gibberellic acid affect root growth under stress.
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9.13. Drought and the impact of this work

It is becoming more and more obvious that deeper rooting crops offer one method of
maintaining crop yields under drought stress (Uga et al., 2013). Whilst crops have been
selected for increased vyield, they may not necessarily have been selected for the physiology
that makes them most resilient to abiotic stresses like drought (Lynch et al., 2014). Therefore
understanding how root architecture contributes to drought tolerance and how development
is altered in response to drought stress is an important question for world agriculture. This
work has examined how osmotic stress, one component of drought stress affects growth and
development in Arabidopsis. Root growth is reduced in a regulated manner under osmotic
stress and the hormones abscisic acid and auxin are critical to this inhibition of growth. ABA
inhibits auxin transport to the root tip, by regulating the auxin efflux carrier PIN1. Reduced
auxin leads to reduced meristem size and root growth. The use of hormonal crosstalk networks
and kinetic modelling has supported this work and offered insights into how osmotic stress
affects hormone balance in the root. Therefore, this thesis goes some way to answering how

crosstalk between hormones regulates root growth under osmotic stress.
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11.1. Primers used for qPCR
Gene Primer sequences 5’-3’ Tm Notes
(°Q)
CTCTTTCGCCTCTTGGTTTG 57.3 Housekeeping gene, selected due to
AT5G15710 | TCCTTCCCACGAGAAACAAT 55.3 stability in roots/under hormones/under
abiotic stress (Czechowski et al., 2005)
RD29B GGG GAA AGG ACATGG TGA GG 60.03 | ABA -dependent drought responsive
59.96 | gene.
GGT TTA CCA CCG AGC CAAGA
DREB2B CCC ATC AGA GCCAAG ACCAA 59.67 | ABA -independent, drought responsive
GGA CCATTG CCT CAGAACTC gene, a TF which is expressed early,
58.26 | Primer works well for gPCR with
touchdown
ARR5 TGT CCT GATTCTTTCGGCTT 57.14 | Consistently produces a band but with
ACC CAT CTT TGT CACTCT TGA 56.85 | primer dimers
PIN4 CGGCAACAACGGAACACATA 59.13 | Auxin efflux carrier
CGGTAAGCAACAAGAGCCCA 60.61
PIN2 AATGCTGGTTGCTTTGCCTG 59.97 | Auxin efflux carrier
CCTTTGGGTCGTATCGCCTT 60.11
PIN1 TCGTTGCTTCTTATGCCGTT 58.20 | Auxin efflux carrier
AGAAGAGTTATGGGCAACGC 58.26
AUX1 TCTCTCGCTCACATGCTCAC 59.83 | Auxin influx carrier
CGTCCAGCTCGGCATAAAGA 60.18
ERF1 GGTATTAGGGTTTGGCTCGG 58.04 | Ethylene responsive gene
CCGAAAGCGACTCTTGAACT 58.22
PLS AGA CTT GTT GTG GTG ATG TT 55.10 | Ethylene signalling component
ACA TGG AGA AAT GGA CCTTC 55.02
ACT2 GGA TCG GTG GTTCCATTCTTGC 56.00 | Used to verify samples were free of
AGA GTT TGT CACACA CAAGTG CA 55.21 | genomic DNA contamination. Produces a
256bp cDNA band and a 342bp genomic
band
Table 11-1 Primers used for qPCR analysis of gene expression
11.2. Experimental datasets used for transcriptomic analysis

Chemical

AgNO3 / mock treated seedlings

TIBA / mock treated seedlings

Hormone

ABA study 12 (Col-0) / solvent treated seedling samples (Col-0)

ABA study 5 (Col-0) / untreated plant samples (Col-0)

ABA study 6 (Col-0) / untreated plant samples (Col-0)

ACC (1h) / mock treated seedlings (1h)

ACC (30min) / mock treated seedlings (30min)

ACC (3h) / mock treated seedlings (3h)
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IAA / FACS (E3754) / root xylem pole pericycle protoplast samples of mock treated E3754

IAA / FACS (PET111::GFP) / root cap columella protoplast samples of mock treated PET111::GFP

IAA / FACS (pWER::GFP) / root epidermis and lateral root cap protoplast samples of mock treated
pWER::GFP

IAA / FACS (pWOL::GFP) / root stele protoplast samples of mock treated pWOL::GFP

IAA study 10 (0h) / mock treated root samples (Oh)

IAA study 10 (12h) / mock treated root samples (12h)

IAA study 10 (24h) / mock treated root samples (24h)

IAA study 10 (2h) / mock treated root samples (2h)

IAA study 10 (4h) / mock treated root samples (4h)

IAA study 10 (8h) / mock treated root samples (8h)

IAA study 11 (3h) / mock treated root samples (3h)

IAA study 3 / solvent treated seedlings

IAA study 7 (C24) / untreated seedling samples (C24)

IAA study 7 (Col-0) / untreated seedling samples (Col-0)

IAA study 8 (C24) / untreated seedling samples (C24)

IAA study 8 (Col-0) / untreated seedling samples (Col-0)

IAA study 9 (C24) / untreated seedling samples (C24)

IAA study 9 (Col-0) / untreated seedling samples (Col-0)

zeatin (1h) / mock treated seedlings (1h)

zeatin (30min) / mock treated seedlings (30min)

zeatin (3h) / mock treated seedlings (3h)

zeatin study 3 (Col-0) / untreated whole plant samples (Col-0)

Stress

drought study 11 (Col-0) / mock treated seedling samples (Col-0)

osmotic study 2 (early) / untreated root samples (early)

osmotic study 2 (late) / untreated root samples (late)

osmotic study 4 (root) / mock treated Col-0 root samples

Genetic Background

C24
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C24 / Col-0

C24 / Col-0

C24 / Col-0

Table 11-2 Experimental data sets used for transcriptomic analysis in Genevestigator

11.3. CK responsive genes
CK responsive gene selection
Gene symbol Accession No.
ARR4,ATRR1,IBC7,MEE7 AT1G10470
ASL9,LBD3 AT1G16530
ARR7 AT1G19050
ARR15 AT1G74890
ARR16,RR16 AT2G40670
ARR5,ATRR2,IBC6,RR5 AT3G48100
ATRR4,ARR9 AT3G57040
CKX4,ATCKX4 AT4G29740
ARR6 AT5G62920
ATST4B,5T4B AT1G13420
CYP735A2 AT1G67110
ANN3,ANNAT3 AT2G38760
AT2G40230
ARR8,ATRR3,RR3 AT2G41310
CRF5 AT2G46310
ARR3 AT1G59940
AHK4,ATCRE1,CRE1,WOL,WOL1 AT2G01830
AT2G30540
ANNAT4 AT2G38750

Table 11-3 CK responsive gene selection used as a transcriptomic indicator of CK response

11.4. Auxin responsive genes
Gene symbol Accession No.
ATAUX2-27,AUX2-27,1AA5 AT1G15580
IAA19,MSG2 AT3G15540
ASL16,LBD29 AT3G58190
MAKR4 AT2G39370
ASL18,LBD16 AT2G42430
IAA29 AT4G32280
CKX6,ATCKX6,ATCKX7 AT3G63440

Table 11-4 Auxin responsive gene selection used as a transcriptomic indicator of auxin response

11.5. ABA responsive gene expression

ABA responsive gene expression

Gene symbol

Accession No.

ATCOR413-PM1,ATCYP19,COR413-PM1,FL3- AT2G15970
5A3,WCOR413, WCOR413-LIKE
ANAC072,RD26 AT4G27410
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ABI1,AtABI1 AT4G26080
KIN2,KIN1,AtCor6.6,COR6.6 AT5G15970,AT5G15960
APK2A,Kin1,PBL2 AT1G14370
ANAC029,ATNAP,NAP AT1G69490
RHL41,ZAT12 AT5G59820
ATBCB,BCB,SAG14 AT5G20230
ATCADS5,CAD-5,CAD5 AT4G34230
AT1G73480
GDH?2 AT5G07440
ANAC002,ATAF1 AT1G01720
EXL2 AT5G64260
ACX1,ATACX1 AT4G16760
ATABCG25,ABCG25 AT1G71960
NAC102,ANAC102 AT5G63790
AT1G78070
EXL4 AT5G09440
AT3G11420
AT3G15670

Table 11-5 ABA responsive gene selection used as a transcriptomic indicator of ABA response

11.6. ACC Biosynthetic gene selection
ACS genes
Gene symbol Accession No.
ACS1,ACS3,AT-ACS1 AT3G61510,AT5G28360
CIN5,ACS5,ATACS5,ETO2 AT5G65800
AtACS9,ETO3,ACS9 AT3G49700
ACS8 AT4G37770
ACS7,ATACS7 AT4G26200
ACS6,ATACS6 AT4G11280
ACS11 AT4G08040
ACS2,AT-ACC2 AT1G01480
ACC4,ACS4,ATACS4 AT2G22810

Table 11-6 ACC Synthase genes used as a transcriptomic indicator of ethylene biosynthesis

11.7. Model parameters for first PIN1 model

11.7.1. Global parameters

Osmotic ratio=

Osmotic ref=-0.15

Osmotic stress-osmotic ref

osmotic ratio

OsmoticET coefficient =1

OsmoticABA coefficient=1

OsmoticET= OsmoticET coefficient - Osmotic ratio

OsmoticABA= OsmoticABA coefficient - Osmotic ratio
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Reaction | Description Reaction | Rate law Parameters
label scheme
R1 Exogenous ACC ACC -> ET [AcC] km=5 uM
to endogenous ET km + [ACC] V=0.005 puM/s
R2 Exogenous ABA ABAex -> [ABAex] km=5 uM
to endogenous ABA km + [ABAex] V=0.01 puM/s
ABA
R3 ET biosynthesis >ET k1-[ABA]- (1 + osmoticgr) | k1=0.08 1/s
1+ [AI:?;A] k2=100 puM
2
R4 ABA biosynthesis | -> ABA k1-(1+ osmoticypy) k1=0.001 pM /s
1+ % k2=0.01 uM
2
R5 ET degradation ET -> k1-ET k1=11/s
R6 ABA degradation | ABA -> k1-ABA ki=11/s
R7 Y production >y k1 ? k1=0.2 uM/s
Z k2=0.1 uM
1+ % + % k3=5e—8uuM"2
R8 Y degradation Y -> k1Y k1=0.011/s
R9 Y* production Y ->Y* kl-% kl=1 uM /s
1+% k2=1 uM
—1 k3=1e-6 umol/I
1+[4BA] = k2
R10 Y* degradation YYs* -> k1-Y* k1=0.51/s
R11 PIN1 degradation | PIN1 -> k1-PIN1 k1=0.011/s
R12 Y* regulated PIN1 | ->PIN1 i1 Y« k1=31/s
production 1+ % k2=0.1 uM
R13 ET regulated PIN1 | -> PIN1 k1 - E0 k1=0.001 1/s
production k2 k2=0.001 uM
. [ET] | [ET]?
(independent of 1+ 2 T s k3=1e-7 uM~*2
ABA)
R14 ABA regulated -> PIN1 k1 k1=0.005 uM/s
PIN1 production 1+ [Alf;zA] k2=0.01 uM

(independent of
ET)

Table 11-7 Parameters for the model for ABA to override the effects of ET on PIN1 levels

11.8.

Model parameters for alternative PIN1 model

11.8.1. Global parameters

Osmotic ratio=

Osmotic ref=-0.15

Osmotic stress-osmotic ref

osmotic ratio

OsmoticET coefficient =1

OsmoticABA coefficient=1

OsmoticET= OsmoticET coefficient - Osmotic ratio

OsmoticABA= OsmoticABA coefficient - Osmotic ratio
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Reaction | Description Reaction Rate law Parameters
label scheme
R1 Exogenous ACC ACC -> ET [AcC] km=5 uM
to endogenous ET km + [ACC] V=0.005 puM/s
R2 Exogenous ABA ABAex -> [ABAex] km=5 uM
to endogenous ABA km + [ABAex] V=0.01 puM/s
ABA
R3 ET biosynthesis >ET k1-[ABA]- (1 + osmoticgr) | k1=0.08 1/s
1+ [1‘1:;14] k2=100 pM
2
R4 ABA biosynthesis | -> ABA k1-(1+ osmoticyg,) k1=0.001 uM /s
1+ 1] k2=0.01 pM
k2
R5 ET degradation ET > k1-ET k1=11/s
R6 ABA degradation | ABA -> k1-ABA k1=11/s
R11 PIN1 degradation | PIN1 -> k1-PIN1 k1=0.011/s
R13 ET regulated PIN1 | -> PIN1 k1 - ET1 k1=0.001 1/s
production T "Z[ET]Z k2=0.0002 uM
(independent of T+ + k3=5e-8 pM~"2
ABA)
R14 ABA regulated -> PIN1 k1 k1=0.1 pM/s
PIN1 production 1+ [A:;A] k2=0.001 uM
2

(independent of
ET)

Table 11-8 Parameters for the alternative model for ABA to override the effect of ET on PIN1 levels
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