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Abstract

The case for improving Phosphorus-Use Efficiency in crops is widely recognised. Al-
though much is known about the underlying molecular and regulatory mechanisms,
improvements have been hampered by the extreme complexity of phosphorus (P) dy-
namics in soil and plants (across all physical scales), including its soil chemistry and
uptake, distribution and deficiency responses in plants. The urgency and direction of
phosphate research is also being driven by the limited availability of finite P stocks to
farmers and the need to reduce environmental hazards. Thus, systems approaches be-
come essential to identify the most potent (combinations of) target genes for improving
phosphate uptake and utilisation in crops. This study has applied these approaches
with the aim of increasing understanding of the regulation of phosphate uptake at
three separate spatial scales, primarily in rice, but also in Arabidopsis.

The first and major part of this study has focused on the cell scale, wherein novel
mathematical models for molecular regulation of phosphate acquisition have been
developed. Owing to the sparsity of the data, advanced techniques for parameter
fitting were employed, which resulted in an original model, which accurately reflected
the profiles of all the genes apart from PHO2. It was clear that miR399-mediated
degradation was insufficient to explain the apparent early reduction in PHO2 mRNA
levels. Five hypotheses were explored mathematically, of which the most plausible is
that there is a phosphate-sensitive transcriptional repressor (PsTR) of PHO2 mRNA
synthesis. To support this hypothesis, mRNA was extracted from phosphate-starved
and untreated roots over a short, 12-hour time course. Quantitative Polymerase Chain
Reactions (qPCR) of PHO2 mRNA both confirmed the early decline predicted by the
hypothesis and also revealed a temporary restoration of mRNA levels, which points
to PHO2 (a type-2 ubiquitin ligase) regulating its own transcript levels. Sensitivity
analysis of these models indicates that the utilisation rate of cytosolic phosphate is
the biggest influence on this system.

Output from simulations with the original and PsTR models qualitatively repro-
duced the phenotypes of various published phosphate-research papers, with the ex-
ception of RNA-SEQ data in which phosphate-starved rice roots were resupplied with
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phosphate. In this instance, the observed rapid drop in mRNA levels for PHO2 and
IPS1 were incorrectly predicted, pointing to one or more other regulatory mechanisms
not represented in these models. The IPS1 gene encodes a long non-coding RNA that
has a poly-A tail. Its RNA also binds to miR399 and accumulates to extremely high
levels in plant roots during phosphate stress. A sudden loss of IPS1 would release the
bound miR399 causing the observed rapid loss of PHO2 mRNA. The observed IPS1
profile can be explained by either the gene having a “super-promoter” that is capable
of extremely high RNA synthesis under low phosphate conditions, or the transcript
being protected from degradation by phosphate-sensitive RNA-binding proteins. In-
formatics analyses favour the latter and a revised model incorporating RNA protection
was found to have parameters for IPS1 synthesis that are similar to those normally
used in modelling gene regulation. The analyses also point to PUMILIO proteins
playing this role.

The second part of this work has explored the role of tissue geometry in determining
root phosphate levels and flux. Multi-cellular vertex-based models of published Ara-
bidopsis and rice root cross-sections were produced using CellSeT, into which equations
for phosphate uptake, flux and utilisation were embedded using OpenAlea. Simula-
tions suggest that Arabidopsis trichoblasts have lower cytosolic phosphate levels than
neighbouring epidermal cells, because they have a larger area through which phos-
phate flows into the inner tissues. This implies that trichoblasts are more sensitive to
phosphate stress and reduced phosphate levels could therefore be part of the trigger
for initiating root-hair growth. Adding root hairs of varying lengths into this geome-
try shows that a hair does not have to grow much before the phosphate levels in this
trichoblast exceeds those in the neighbouring cells and that phosphate flows to them.
This potentially suppresses root-hair formation in nearby trichoblasts. The rice simu-
lations show that aerenchyma dramatically reduce cytosolic phosphate in surrounding
cells and point to a role for lacunae in rapid uptake of phosphate, without the need for
large water fluxes. Alongside aerenchyma, a higher proportion of fluid-filled lacunae
could be a desirable trait for improving nutrient-uptake efficiency.

At the whole-plant scale for the third part of this work, a time-course dataset has
been generated to record the effect of phosphate starvation over 21 days on the uptake
dynamics of eleven other macro- and micro-nutrients. This dataset will be of use in

future systems studies of nutrient uptake and interactions.
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Chapter 1

Introduction

Ensuring a secure and sustainable food supply for the growing human population is
a global priority. With the increasing scarcity of fresh water, limited availability of
land and fertiliser stocks, and global climate change, current agricultural production
is unsustainable, particularly as phosphate fertiliser stocks are forecast to become
prohibitively expensive as global supplies run out. As phosphorus (P) is an essential
nutrient for crop growth and production, global P security has a direct implication
for global food security. In addition, adverse environmental and socio-economic con-
sequences of excessive application of phosphate fertilisers have further heightened the
concern regarding sustainability of P in agricultural systems.

Various approaches have been proposed to address this global challenge, which
either aim to improve fertiliser management strategies, develop efficient recycling pro-
cesses or modify plant traits (Syers et al., 2008). In longer run, the latter presents the
ultimate solution, which involves exploitation of genetic variation and modification
of target genes to breed crop varieties that can thrive in poorer soils with minimum
phosphate input. Crop improvement programs to improve Phosphate-Use-Efficiency
have received much attention for decades, but their success in terms of practical ap-
plication has been limited to date (Gaxiola et al., 2011). This is particularly due to
the extreme complexity of phosphate dynamics in both soil and plants, which involves
several physico-chemical and spatio-temporal factors/traits and interactions between
them. Certainly, there is an increasing need for smarter approaches to untangle the
coordination between the molecular and phenotypic responses to low phosphate avail-
ability, in order to inform the development of phosphate-efficient high-yielding crop
varieties.

Nearly half of the global population consume rice as the major source of their diet.

Thus, the development of rice varieties able to thrive in poorer soils with less input
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can significantly contribute to achieving global food security. Also, from a research
perspective, rice is the ideal model to study cereal crops/monocots due to its relatively

simple genetic structure.

1.1 Aims and Objectives

The aim of this research project is to make a positive impact towards sustaining food
security and reducing environmental pollution by increasing understanding of the regu-
lation of phosphate uptake principally in rice. The scope of this study stretches across
physical, temporal and biological scales and combines theoretical and experimental

methodologies. The specific objectives of this thesis are to:

o Develop and study parameterised mathematical models of the molecular regu-
lation of phosphate uptake in rice, with a view to gaining a quantitative under-

standing of the processes involved.

e Develop and study multi-cellular models for phosphate uptake and flux us-
ing realistic root cross-sections to identify potential mechanisms by which root

anatomy is influenced by and contributes to nutrient uptake.

» Generate data to study the impact of phosphate stress on the uptake dynamics

of other nutrients.

1.2 Thesis outline

In this thesis, three physical (i.e. cell, tissue and whole-plant) and two biological (i.e.
elements/ions and molecular) scales have been explored, under typical and deficient
external phosphate conditions. This was done mainly using theoretical (mathemati-
cal, statistical and bioinformatics) approaches, but laboratory experiments were also
performed to generate the data and validate some model predictions. This thesis is
structured in the following manner :

Chapter 2 is derived from a review currently under revision for New Physiologist
(Ajmera I.,Wu P., Hodgman TC., Lu C. 2015, submitted). It presents a detailed liter-
ature survey illustrating the extreme complexity associated with phosphorus dynamics
in soil and plants, outlines the current strategies for improving phosphate use and in-
troduces integrative systems approaches. The latter includes their prior applications
in the area of plant biology and their potential role to direct and enhance research

informing the development of high-yielding phosphate-efficient crops.
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In Chapter 3, the development of mathematical models for the molecular regula-
tion of phosphate uptake are described. They have been parameterised by fitting to
gene expression data for miR399, PHO2 and IPS1.This study has revealed that the
well established miR399-mediated regulation of PHO2 mRNA is insufficient to explain
its dynamics, especially, at early times following phosphate stress. Five hypotheses
have been tested mathematically of which the most likely is that a drop in cytosolic
phosphate activates a repressor of PHO2 transcription. A short time-course experi-
ment confirmed the early decline in PHO2 mRNA levels and also indicated that PHO2
might negatively regulate its own transcription.

Chapter 4 extends the previous chapter. The models incorrectly predicted the RNA
profiles of PHO2 and IPS1 in response to phosphate resupply. Following sequence,
structural and expression analyses, an expanded regulatory model has lead to the
credible hypothesis that IPS1 RNA is protected from degradation in phosphate starved
plants. The protecting agents are most likely to be phosphate-sensitive RNA-binding
proteins. Chapter 3 and 4 have been structured in the style of manuscript in which
the results and discussion are presented before the methods.

In Chapter 5, multi-cellular models of phosphate uptake and flux through realistic
root cross-sections for Arabidopsis and Rice are developed. Different geometries in-
cluding root hairs of different lengths and root cortical aerenchyma, have been tested
to explore their effects on cytosolic phosphate levels. Chapter 5 presents the data
and methods first so that it is easier to understand how the simulation results were
generated. Chapter 6 concludes this thesis by compiling the findings of this work in
the form of experimentally testable hypotheses and proposing future directions for
extending this study.

The main body of the thesis is supplemented with six appendices. Appendix A con-
sists of the time-series ionomics data from normal and Pi-starved plants. Appendices
B and C relate to Chapter 2. Appendix B describes current strategies implemented at
global, national and field scales for improving efficiency of phosphorus management,
recycling and reuse. Appendix C comprises a catalogue of systematically classified,
published models for various plant systems. Appendix D and E includes various sup-

plementary information for Chapters 3 and 4, respectively.



Chapter 2

Literature Review

Abstract

This review chapter illustrates the extreme complexity associated with phosphorus
dynamics in soil and plants. This includes its soil chemistry and uptake, distribution
and deficiency responses in plants. After outlining the current strategies for improving
phosphate use and stressing the need for translational research, integrative systems
approaches are introduced. This includes their prior applications in the area of plant
biology and their potential role to direct and enhance research informing the develop-

ment of high-yielding phosphate-efficient crop varieties.
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2.1 Introduction

On current trends, global agricultural production needs to double by 2050 to feed the
projected increase in the human population (Ray et al., 2013). With the advent of
green revolution, crop production in past four decades kept pace with the food demand
(Godfray et al., 2010), but this has been through unsustainable farming practices, in-
cluding deforestation, increasing use of chemical fertilisers, biocides, and modernised
irrigation techniques. This has led to a loss of biodiversity, degradation of land quality,
scarcity of fresh water and environmental pollution (Gregory & George, 2011). Con-
sequently, in recent years there has been stagnation or slowing of crop-yield growth
(Ray et al., 2012). Indeed, the challenge now is to revive the rate of agricultural pro-
duction with minimal environmental impacts, limited resources and socio-economic
constraints.

Currently, agriculture practice has become highly dependent on the use of fertilis-
ers, without which global food production would reduce to half (FAO, 2002). Particu-
larly, the dependency on phosphate fertilisers has become unsustainable, as the stocks
of phosphate ore are finite and are forecasted either to run out or become prohibitively
expensive in the next 5-10 decades (Gilbert, 2009). Given the fact that phosphorus
is a non-replaceable limiting resource essential for food production, global phosphorus
security has a direct implication for global food security. In addition, the concern over
sustainability of phosphorus also arises from environment issues such as eutrophication
caused by the runoffs from the fertilised fields (Elser, 2012).

Various possible approaches have been suggested and being assessed to address
this global challenge (Johnston & Steen, 2000). Most of these either aim to improve
fertiliser management strategies, develop efficient recycling processes or modify plant
traits (Syers et al., 2008). The latter has received greater attention for several decades,
but the success in terms of practical application has been limited to date (Gaxiola
et al., 2011).

2.2 Fate of phosphorus in soil

Phosphorus is an essential element in nucleic acids, phospholipids, phospho-proteins
and metabolites. These encompass all physiological aspects of plant growth and de-
velopment (Maathuis, 2009). In nature, elemental phosphorus (P) always exists in
combination as “phosphate” anions. Depending on the source, phosphate in soil can

be broadly characterised as organic (Po) and inorganic (Pi). Unlike other macronutri-
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Figure 2.1: Phosphorus dynamics in soil.
The availability of P is shown as a series of concentric ellipses (in shades of brown)
around a root (coloured in pink). The box on the lower right defines the entities and
their reactions, while the flanking pentagons denote the factors affecting P availability.

ents, the concentration of soluble phosphate, mostly Pi, in the soil is often low, owing
to its complex physico-chemistry, making it a major limiting factor for plant growth
(Schachtman et al., 1998) . The dynamics of phosphorus in soil is depicted in Figure

2.1 and described as follows.

2.2.1 Phosphate dynamics in soil

The dynamics of soil phosphate and its availability to plants, broadly depend upon:
its forms and soil distribution, soil properties (physical, chemical and biological), en-

vironmental conditions, biotic content and agricultural practices (Ziadi et al., 2013) .
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Forms and distribution

Phosphorus is most abundant in the upper layers of soil, particularly in the top 15
cm and greatest in the top 5em of soil (Jobbagy & Jackson, 2001). Distribution to
any further depth in soil is either through addition of fertilisers or lysis of crop-root
residues (Larsen, 1967). To some extent, its mobility and bioavailability depend upon
its form. Soil phosphate can be broadly characterised as organic (Po) and inorganic
(Pi), depending on their source. They differ in their behaviour and fate in soil (Shen
et al., 2011), but are equally adept at supplying phosphate ions. Plants prefer Pi, but
Po accounts for >50% of the total soil phosphate (Schachtman et al., 1998), acts as
an important reservoir, and certain forms can be directly taken up by plants.

Being trivalent, phosphate is able to react with mono-, di- and trivalent cations.
As a result, particles having a high anion exchange capacity (for example Al/Fe oxides
and clays) will form strong bonds with phosphate producing stable compounds that
are often insoluble and immobile. In contrast, anions, such as silicates, sulphates, and
carbonates, compete with phosphate for sorption sites, increasing phosphate availabil-
ity in the soil solution. This is known as mineralization. The presence of phosphate
binding and competing particles varies with the soil type and its reaction with phos-
phate also depends on various other factors (Shen et al., 2011).

In agronomic terms, soil phosphorus is conceptually characterised to exist in four
different pools on the basis of its accessibility to plants (Johnston & Steen, 2000;
Syers et al., 2008). The first phosphorus pool is the soil solution from where it is
immediately taken up by the roots. In the second pool, phosphorus is weakly bound
to soil particles and can be readily transferred into soil solution during phosphorus
limitation. Third pool consists of more strongly absorbed and less readily extractable
phosphorus that can eventually become available to the plant, while the phosphorus
in fourth pool has extremely low extractability, probably spanning over a period of
many years. The inter-exchangeability of phosphorus between different pools mainly
relates to the differences in the bonding energy for the phosphate across the various
sites within the soil matrix. Often, the bound phosphorus eventually tends to form
less readily soluble compounds with strong bonding energies. This lost or trapped
phosphate poses environmental risk in the form of eutrophication (Johnston & Steen,
2000).
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Soil properties

Mineralization and immobilisation of phosphorus occurs simultaneously in the soil
and the net process is determined by soil carbon: phosphate ratio (Marschner, 2008).
Besides these, the release of Pi from Po is also affected by organic matter content,
soil mineralogy, soil moisture, temperature and pH (Shen et al., 2011). Additionally,
Pi loss is also influenced by the competition from Po for the sorption sites (Berg &
Joern, 2006).

Compared to coarse-textured podzolized soils, fine-textured gleyed soil tends to
release more phosphate through water extraction and allow a higher rate of diffusion.
Soil aeration and compaction have opposite effects on phosphate diffusion. Compact
soil has diminished pore spaces and a decreased thickness of water films on soil par-
ticles through which phosphate diffuses. This also limits oxygen in the soil, which
restricts Pi absorption by roots. In contrast, well aerated soil enables roots to respire
and produce the energy needed to exude metabolites that promote phosphate mineral-
isation. Soil pH is an important factor affecting phosphate speciation and availability.
The maximum solubility and corresponding availability of Pi in most soil occur in pH
range 6 — 7 (Schachtman et al., 1998; Ziadi et al., 2013).

Environmental effects

Soil phosphate exists as primary and secondary minerals. Primary phosphate minerals
are very stable and release phosphate in the available form by a quite slow weathering
process in order to meet with the crop demand. In contrast, secondary phosphate
minerals have variable dissolution rates depending on the particle size and soil pH.
Weathering of the parent material contributes to the pool of available soil phosphate
(Cross & Schlesinger, 1995).

Low temperature and moisture reduces the availability of soil phosphorus and its
uptake by plants. Seasonally snow-covered temperate soils are subjected to freezing
and thawing cycles (FTCs), which stimulate soil mineralisation and lysis of residual
plant cells thereby elevating available Pi and Po during early spring. With the given
projection of increase in air temperature in coming decades, cold and temperate regions
may encounter an increase in number of FTCs due to reduced snow coverage. This
could result in either an increase in or loss by runoff of available phosphate in early
spring (Ziadi et al., 2013).

Drying and re-wetting cycles in soil follow rainfall of particularly high intensity

and short duration. This rapidly alters soil water-content and in turn concentration
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of available phosphate. During re-wetting, the levels rise as a result of disintegration
of occluded soil organic matter and increased microbial activity. The latter is thought
to utilise soluble organic phosphate compounds which then get released during the
drying phase. Unfortunately, there is little information in the literature on the long-

term impacts of climate change on this process (Ziadi et al., 2013).

Biotic effects

Phosphate availability is increased by mycorrhizal symbiosis, microflora, plant root
architecture and exudation. Mycorrhizal hyphae can be very long and carry Pi from
large distances to the plant, in exchange for photosynthate. Soil biota slowly convert
Po into Pi by mineralisation, thereby increasing phosphate levels, and it has been
observed that the Po fraction drops during crop growth. The release of exudates from
root and biota reduce the pH with the effect of solubilising Pi, and the root structure
provides a network for rain water to get to where it will most benefit phosphate
solubilisation. Altogether, these biological controls significantly alter soil physico-
chemical properties and phosphate availability (Hinsinger et al., 2015; Richardson
et al., 2011).

Effect of agricultural practices

The first and second pools of soil phosphorus contribute most toward available phos-
phate. It is, therefore, important to determine soil phosphate levels so that the op-
timum level of fertiliser can be applied to the soil. The level achieving 90-95% of
maximum crop yield is referred to as “critical soil-P level”, and several tests have been
developed for this purpose (Kruse et al., 2015; Wolf & Baker, 1985). The interpre-
tations of different tests might vary and do not always correlate. In long-term field
experiments on four different soil types, the critical soil-P ranged from 10 to 28 mg/kg
for the optimal yields of wheat, maize and rice (Bai et al., 2013).

The type of mineral phosphate fertiliser significantly affects the soil physico-chemical
properties (Shen et al., 2011), thus, it is essential to identify an appropriate sort for
the soil properties in the field. In acidic soil, the application of powdered phosphate
rock showed relatively efficient crop growth, though, even after applying bulk quanti-
ties of mineral fertilisers, crops barely capture 15-20% of the total phosphate applied
(Schachtman et al., 1998). Other ions are also applied in fertilisers. These might
not only affect the soil chemistry, as noted above, but also the ability of crops them-
selves to take up phosphate. Thus, sufficient nitrate is needed for efficient phosphate
acquisition (Panigrahy et al., 2009).
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Agricultural practices such as crop rotation, tillage and fertilisation also have an
impact on phosphate availability. Crop species and varieties vary in their root sys-
tems and soil organic-matter deposition, which affect both their uptake efficiency and
the available-phosphate level. To avoid stratification in the topsoil, ploughing and
harrowing (i.e. tillage) allow the mixing of phosphate throughout the ploughing layer
(10-20 cm)

2.2.2 Phosphate dynamics in rhizosphere

The volume of soil around living roots that is directly influenced by various root
activities, including growth, uptake, respiration and rhizo-deposition, is referred to as
the rhizosphere (Hinsinger et al., 2005, 2015; McNear Jr., 2013). Depending on the
considered activity, this root-soil interface ranges from the sub-pm to supra-cm scale
(Hinsinger et al., 2009). It forms the primary site for nutrient availability (Syers et al.,
2008). To meet with plant demand, soluble phosphate in the soil solution should be
replaced 20 to 50 times per day by delivering more from bulk soil into the rhizosphere.
Owing to its low availability and slow diffusion (107'% to 107 m?2s™1) in soil, high
phosphate uptake rates create a depletion zone (~ 0.2 - 1 mm) and concentration
gradient away from the root surface in the rhizosphere. The above mentioned biotic

effects particularly come into play here.

2.3 Fate of phosphate in plants

2.3.1 Phosphate dynamics in tissues, cells and organelles

The primary sites for phosphate uptake from the soil solution are the root tips, epider-
mal cells (especially those with root hairs) and cortical cells via apoplastic diffusion
(Raghothama & Karthikeyan, 2005). As the concentration of phosphate ions in soil
solution and apoplasm (<10pM) is far less than that in cytosol (5 — 17mM), epider-
mal and cortical cells acquire phosphate against an electrochemical potential gradient
using an active co-transport process (Schachtman et al., 1998). Inside the cell, Pi
participates in various processes with destinations being dependent on the tissue type
and metabolic requirement. It will also move towards the stele via plasmodesmata to
supply phosphate to the rest of the plant (Smith, 2002; Smith et al., 2003). However,
it is used to produce nucleic acids, phospholipids, metabolites such as P-esters and

phosphorylated proteins (Veneklaas et al., 2012).
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For proper functioning of plant processes, it is essential to maintain Pi homeostasis.
Within cells, this is achieved by tightly regulating the phosphate concentration in each
organelle. On entering a cell, Pi traverses the membrane of different organelles in
exchange for other solutes or protons. In Pi sufficient conditions, vacuoles serve as
the storehouse, accounting for 85-95% of total cellular phosphorus (Pratt et al., 2009).
They act as a source or sink to maintain cytoplasmic phosphate levels. Vacuolar Pi
uptake occurs via both ATP- and pyrophosphate-responsive proton pumps that exhibit
saturation kinetics with a Km of ~ 5mM (Rausch & Bucher, 2002). Translocation by
chloroplastic and Golgi phosphate transporters can affect Pi allocation across the plant
(Shen et al., 2011). Though mitochondria are a major site for metabolism, little is

known about Pi transport across the mitochondrial inner membrane (Poirier & Jung,
2015; Zhu et al., 2012).

2.3.2 Phosphate dynamics across whole plant

The concentration of Pi in xylem ranges from 1 to 7mM in phosphate deficient and
sufficient plants, respectively (Mimura et al., 1996). The gradient of hydrostatic pres-
sure and water potential in the xylem drives the transport of Pi across the plant in
response to physiological demand (Smith et al., 2003). Phosphate can be transferred
between phloem and xylem via the few intermediary cambial cells separating them,
so that it can reach the tissues where it is most needed. In Pi sufficient conditions,
root-acquired Pi is transported to the younger leaves through the xylem, while phos-
phorus from older leaves is returned to the phloem as a mixture of Pi and Po. When
shoot-to-root translocation exceeds demand in the root, a considerable transfer of Pi
back to the shoot via the xylem is suspected to occur in roots (Schachtman et al.,
1998).

In the life cycle of a plant, most phosphate is absorbed during the vegetative phase
of growth. During the reproductive stages, approximately 65-85% of this phosphate
is remobilised as salts of K, Mg, Fe and Zn to the developing seed in the form of
phytic acid (Raboy, 2009). The enzyme phytase releases the phosphate from the grain
during germination. Hence, seed phytate is the major source of phosphorus to support
seedling establishment, especially in P-deficient soil (Marschner, 1995).
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2.4 Response to phosphate starvation

Since the concentration of phosphate in soil solution is quite low (Pierre & Parker,
1927), plants are often prone to phosphate stress. Being essential for growth and
development, phosphate uptake and utilisation need to be tightly regulated. The con-
centration of cytosolic phosphate is generally thought to remain constant under normal
circumstances (Raghothama, 1999) though on short time scales fluctuations have been
observed (Pratt et al., 2009). This involves transport of phosphate between various
inter- and intra- cellular phosphate pools (Mimura, 1999, 2001) .The membrane-bound
phosphate transporters are regulated by various genes, discussed below.

When phosphate is abundant, its rate of absorption exceeds demand. Under such
conditions, plants prevent phosphate toxicity by reducing uptake from the soil, increas-
ing phosphate efflux and storage in the vacuoles (Schachtman et al., 1998). Conversely,
under limiting conditions, plants maintain cytosolic phosphate levels in several ways:
eliciting processes to facilitate the availability of external phosphate and increasing its
uptake, recycling and consumption of nonessential molecules containing phosphorus
(Sdnchez-Calderén & et Al., 2011). These processes principally take place at three

sites, which will be considered in turn.

2.4.1 Shoot

With the depletion of vacuolar phosphate reserves, a lack of cytoplasmic phosphate re-
duces photosynthesis (Foyer & Spencer, 1986), eventually inhibiting plant growth and
development. Typical phenotypic symptoms of phosphate deficiency include stunted
shoot growth and branching, dark to blue green colouration of leaves, weaker and thin
stems, reduced tillering, imperfect pollination, fewer flowers, delayed maturity, poor
grain quality and low yield (Kennelly et al., 2012). Phosphorus deficiency in leaves may
interfere with the normal opening of the stomata and compartmentation of Pi leading
it to be in cytosol and chloroplasts, presumably for metabolic processes (Hernandez
& Munne-Bosch, 2015; Pratt et al., 2009). It triggers senescence of older leaves, mo-
bilising phosphate from older to younger leaves, meristems, flowers and seeds (Smith,
2002). Moreover, starved plants translocate roughly half of the phloem-derived Pi
back to the xylem (Jeschke et al., 1997) .

At the cellular level, various physiological changes are triggered, such as reduced
photosynthesis, increased sugar concentration, accumulation of anthocyanin, transfer
of di-galactosyl-diacyl-glycerol (DGDG) galactolipid from chloroplasts to mitochon-

dria and release of vacuolar phosphate that may be insufficient to compensate for
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the decreasing cytosolic Pi levels (Jouhet et al., 2004; Zhang et al., 2014). Besides
these, alteration in the expression of development and shoot-specific genes has been
observed (Hammond et al., 2003). Currently, the molecular mechanism underlying

local phosphate sensing and signalling in the shoot remains unknown.

2.4.2 Root

Persisting phosphate deficiency alters the Root System Architecture (RSA) by stim-
ulating lateral-root development, expanding the absorptive root-surface area by in-
creasing both root-hair length and density, and in some species, attenuating primary
root elongation and development of cluster roots (Lambers et al., 2011; Niu et al.,
2012; Péret et al., 2011).

Generally, RSA is under the regulation of developmental and hormone related genes
Svistoonoff et al. (2007) . In addition, cell division is perceived to govern phosphate
demand in growing organs and determines the magnitude of expression of Phosphate
Starvation Induced (PSI) genes (Lai et al., 2007) . On sensing low phosphate, a re-
duced rate of root cell elongation and progressive exhaustion of root meristematic
cells causes attenuation of primary root growth (Ticconi et al., 2009) . Along with
the proliferation of lateral roots, this leads to shallow root systems allowing better
exploration for phosphate in the top soil (Williamson et al., 2001). Moreover, lateral
roots promote phosphate solubilisation by secretion of exudates (Niu et al., 2012). In
general, this includes organic anions (malate, citrate and oxalates), enzymes (phos-
phatase, phytases), phenolic acids and protons (Richardson et al., 2011). Owing to the
exhaustion of primary root meristem, mitotic activity is shifted to the site of lateral
root formation, thereby increasing their number (Sanchez-Calderén et al., 2005). Each
lateral root then behaves like a primary root, eventually growing more lateral roots of
its own (Lopez-Bucio et al., 2002).

Root-hair proliferation is arguably the most characteristic local response to phos-
phate deficiency and is regulated by an array of cellular and genetic processes (Foreman
& Dolan, 2001; Schiefelbein & Somerville, 1990) . Under phosphorus stress, the emer-
gence of root hairs closer to root tips increases the root surface area, elevating the
potential for phosphate uptake (Ma et al., 2001). The final length of root hairs is
related to the level of metabolic activity in these cells, which is elevated under phos-
phate stress. These cells may eventually die off, providing anchorage to the roots and
their nutrients used elsewhere in the plant. Along with root hairs, cluster or secondary
roots are a feature of some plant species that play a key role in phosphate uptake.

Internal phosphate is known to regulate cluster/secondary root formation (Niu et al.,
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2012). Enhanced phosphate uptake inhibits the formation of cluster/ secondary roots
thereby removing the need to invest energy and material in their growth.

All the above changes are the results of various cellular and sub-cellular modifica-
tions. Thus, it is important to understand the fate of individual tissues in response to
phosphate stress, especially the epidermis and pericycle, see Figure2.2, and cortex (see
below). Cell division and rate of elongation are reduced significantly modifying the
root anatomy, as observed in longitudinal and transverse sections (Ma et al., 2001). In
Arabidopsis, these modifications result in more cortical cell files and smaller epidermal
cells, thereby increasing root-hair density (Ma et al., 2003).

Under mild phosphate stress, lateral root formation is stimulated prior to the
attenuation of primary root growth in Arabidopsis (Lopez-Bucio et al., 2002). More-
over, in response to various stresses, cortical cells undergo programmed cell death
forming aerenchyma in many species (He et al., 1992). Certainly, these architectural
and anatomical adaptations have underlying molecular mechanisms which still remain
ambiguous (Zhang et al., 2014).

2.4.3 Rhizosphere

Plants also respond to phosphate deficiency by altering the biochemical environment
of the rhizosphere (Javot et al., 2007). This involves exudation of organic anions,
principally malate or citrate, and enzymes such as phosphatases, which competitively
bind with the cationic phosphate partners and liberate the phosphate from organic
compounds, respectively(Dakora & Phillips, 2002; Tomscha et al., 2004). Some exu-
dates promote recruitment of soil microbes by providing a carbon source and chemo-
attractants (McNear Jr., 2013), for example, strigolactones (Czarnecki et al., 2013).
These microbes in turn release exudates, which solubilise inorganic and organic phos-
phate substrates (Richardson et al., 2011).

Commonly, plants use fungal symbionts, Arbuscular Mycorrhizal Fungi (AMF), to
enhance phosphate and other nutrient forage and acquisition. AMF grow within root
cortical cells and subtends hyphae far into the soil (Smith et al., 2011). Influx of P in
roots colonized by mycorrhizal fungi is 3-5 times higher than in non-mycorrhizal roots.
In response to low phosphate, exuded strigolactones stimulate hyphal AMF branching
thereby attracting them to the plants (Brewer et al., 2013). The consequent inter-
plant root-hyphal network offers increased exploration for soil phosphate (Paszkowski
& Gutjahr, 2013).

Upon AMF colonisation, some phosphate transporters are repressed, particularly
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in the epidermis, while several phosphate-starvation-induced genes are activated, in-
cluding P-type H+ ATPase, mycorrhizal-induced phosphate transporters and phos-
phatases (Zhang et al., 2014). Furthermore, with the high availability of phosphate
in the soil, the rate of AMF colonization decreases perhaps due to decrease in root
exudation (Smith et al., 2011). Besides phosphate uptake, the AMF also influences
root system architecture, most prominently, by enhancing lateral root formation. The
mechanism of AMF colonisation and its associated effects on phosphate uptake and
RSA has been extensively reviewed by (George et al., 1995; Paszkowski & Gutjahr,
2013)

2.4.4 Integrated response

All the above PSRs act at different scales (Figure2.3). Plants integrate intrinsic and
extrinsic factors eliciting such responses to counter phosphate stress. This relies on
both local and systemic sensing/signalling mechanisms that monitor external and
internal phosphate status. External phosphate is sensed by a local system, mainly in
the root-tip, and independently modulates primary growth and root hair development
in Arabidopsis (Chiou & Lin, 2011). Along with genetic regulation, hormone dynamics

play an important role in such local responses, see Figure2.4.

Internal phosphate status is governed by systemic signalling, to increase phosphate
availability, recycling, uptake and transport (Lin et al., 2013). This involves metabolic
reprogramming, degradation of expendable nucleic acids and de-repression of high-
affinity phosphate transporters (Panigrahy et al., 2009), see Figure2.4. Moreover,
lateral and cluster root growth are also partially regulated at a systemic level (Zhang
et al., 2014).

Systemic signalling (Figure2.3b) integrates the local responses across the plant
by trafficking various signals through the vasculature. This encompasses phloem-
mediated shoot-to-root signals (miRNAs, sugars and CAX - Ca?*/H™ transporters)
and xylem-mediated root-to-shoot signals (phosphate, cytokinins and strigolactones).
A large body of work has been done on systemic signalling and has been reviewed
elsewhere (Lin & Chiou, 2008; Lin et al., 2013).

Phosphate deprivation triggers various metabolic modifications, especially in shoot,
to increase mobilisation and reduce utilisation of internal plant phosphate (Jones et al.,
2015; Plaxton & Tran, 2011). Primarily, photosynthesis, glycolysis and respiration are

affected. These result in lower requirement for orthophosphate or adenylates, remobi-



17

2.4 Response to phosphate starvation

‘sosuodsol uoryearr)s 91eydsoyd JO MOIAIOAO POJRISOIU :€'F OINSI

n_v sawAzug .h_u n_v
juapuadaq ldd 19353-d 2350 oY
0—d—0 ~22RAMd 0 4-0-4—0 oo
O%H 1d
Il Il Il
0 0 0
/w .\ wsijoqea |
1d te|nj3d
4 usd auag |sd A

uopesypow ww q

upewoy)

!

€aw bYEH + 9y

\

/

\
o o
o.
s 00

o] O (=]
N O [ O -0
[e] L LIS Ilo non

-1
.

..“. e
cos ] ®

Usd .Alm._mAA.

14~

j00y

Jo0ug

s

soqoDIW | -ss

(VOMINT'STS ‘sase-d)
sayepnx3

/ \

elaed  JWY
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Figure2.3 Integrated overview of in phosphate starvation responses.The responses and
signalling mechanisms operate at a range of scales and different locations which are
depicted in nine connected panels: (a) denotes the whole plant and field scale; the
numbers in red circles represent under normal and low-phosphate conditions (1) phos-
phorus playing a major role in various plant growth and developmental process includ-
ing photosynthesis; (2) the highest level of phosphate being found in the vegetative
parts of the young plant, which on maturation move into (3) fruit and seeds; (4) root
development correlating with phosphate levels; (5) phosphate helping to increase wa-
ter use efficiency and contribute to disease resistance; (6) abnormal leaf discolouration
under low phosphate conditions; and (7) shallow root system with more root hairs and
lateral roots. (b) denotes the whole plant scale with systemic signals SSR from shoot
through the phloem to the root and SRS from the root to the shoot through the xylem,
inorganic phosphate (Pi), and of course water and other nutrients also go up to the
shoot by this route. (c) denotes cells from any part of the plant which respond to phos-
phate deprivation altering lipid content, releasing phosphate stores from the vacuole
where phosphate is liberated from esters by Acid phosphatases (APase). (d) denotes
the epigenetic effects (principally chromatin modification) that influence transcription
of PSR genes. (e) denotes the pyrophosphate-dependent glycolytic bypass enzymes
and metabolic inorganic phosphate recycling system. (f) denotes rhizosphere activ-
ities, specifically the exudation of acid phosphatases (P-ases), Strigalactones (SLs)
and Low Molecular Weight Organic Acids (LMWOA) which stimulate bacterial activ-
ity and attract Arbuscular Mycorrhizal Fungi (AMF) that form arbuscular structures
within the root — mycorrhizal delivery of phosphate is depicted in red. (g) denotes
a close-up view of the rhizosphere boundaries between the root, soil sheath (SS), mi-
crobes and soil where exudates and sugars (Glu — glucose, Suc — sucrose and Fru —
fructose) are secreted through efflux transporters respectively to solubilise phosphate
compounds and stimulate bacteria to do the same and phosphate is imported through
transporters of varying affinity; the exudates/sugars, transporters and phosphate are
respectively depicted by hollow ellipses, lozenzes with directional arrows and black
circles. (h) denotes the alteration in meristem and elongation zone length and the
formation of root hairs. (i) denotes a cross section through a root and the paths taken
during phosphate uptake: the positions of different tissues within a root, namely epi-
dermis, exodermis, schlerenchyma+ cortex, endodermis, pericycle, phloem, cambium
and xylem are marked respectively by red, blue, green, pink, yellow, orange, pale
brown and purple; and transport of shoot-to-root signal molecules; symplastic/inter-
organellar phosphate and apoplastic phosphate are depicted respectively by red, blue
and dashed yellow arrows.
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lization of phosphate, conversion of phosphorylated glycolytic intermediates to sugars
and organic acids and modulation of various primary and secondary metabolite concen-
trations (Morcuende et al., 2007; Plaxton & Carswell, 1999). The primary metabolites
includes polyols, organic acids, amino acids, polyhydroxy-acids, fatty acids, nitroge-
nous compounds and phosphates, while secondary metabolites includes glucosinolates,
benzoides, phenylpropanoids and flavonoids (Pant et al., 2015).

Interestingly, the concentration of sugars, particularly sucrose, increases in the
shoot in response to low phosphate (Hammond & White, 2008) and has implica-
tions for the transcriptional reduction of photosynthesis (Hermans et al., 2006)and
transcriptional elevation of sulfolipids, galactolipids, phosphatase, RNase, phospho-
enolpyruvate carboxylase (PEPcase), anthocyanins and inorganic phosphate trans-
porters (Karthikeyan et al., 2007; Solfanelli et al., 2006). Such alterations recycle
substantial amount of phosphate by compensating for phosphate precursors, protect
nucleic acids and chloroplast against photo-inhibition and facilitate phosphate avail-
ability in and uptake from the rhizosphere (Hammond et al., 2004; Hernandez &
Munne-Bosch, 2015). Furthermore, the export of triose-phosphates from the chloro-
plast is reduced, producing starch and releasing phosphate (Natr, 1992). Although
hexokinase activity is down-regulated under phosphate stress (Rychter & Randall,
1994), its role in sugar mediated phosphate starvation signalling is unclear (Hammond
& White, 2008).

Increased shoot sucrose up-regulates the expression SUC2 transporters proteins,
which transfer sucrose to the phloem (Lloyd & Zakhleniuk, 2004) serving as a systemic
signal (Muller et al., 2007). This correlates with the expression of various PSI genes,
giving several of the root and rhizosphere responses described above (Hammond et al.,
2003; Obata & Fernie, 2012; Ticconi & Abel, 2004). Sucrose has been postulated to be
a phosphate sensor. However, its effect is downstream of the initial phosphate sensing
(Muller et al., 2007), negating this notion.

Phosphate deficiency triggers a cascade of responses involving a large number of
genes (Rojas-Triana et al., 2013), summarised in Figure2.4, while there are tissue-
specific difference in the expression levels of PSR genes under normal conditions,
presented in Table2.1, revealing a greater level of complexity in the system. PSR
genes are classified as early or late in expression (i.e. within few hours or over one
day of phosphate depletion) and whether they are shoot-, root- or non-specific. In
Arabidopsis, the early genes encode protein kinases, Transcription Factors of the MYB,
ERF, WRKY and bHLH families, phosphate transporters, exudates, membrane re-

modelling and the initiation of lateral root formation (whose emergence is not until
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later times). The late responsive genes mainly encode the downstream regulators for
phosphate transport, recycling and metabolic bypass processes (Chiou & Lin, 2011;
Lin et al., 2009). Recently, OsCSLF6, a cellulose-synthase like protein, has been
identified in rice, which was found to affect Pi accumulation and root development,
by modulating carbon metabolism (Jin et al., 2015). This novel understanding has
opened a new avenue for research.

On locally sensing low phosphate around the root tip, the activities of PDR2,
LPR1/2, SCR and SHR attenuate primary root growth in Arabidopsis (Chiou & Lin,
2011; Scheible & Rojas-Triana, 2015). In roots, persisting low phosphate elicits ex-
pression of genes involved in phosphate uptake, exudation and, importantly, hormone
regulation leading to altered RSA. In addition to PSR genes, chromatin remodelling,
post-transcriptional and post-translational modifications also play an important in
regulating PSRs (Lan et al., 2015; Plaxton & Shane, 2015).

The core pathway underlying phosphate acquisition involves dissociation and se-
quential sumoylated activation of a Phosphate-Responsive transcription factor (named
PHR1 in Arabidopsis and PHR2 in rice) (Rubio et al., 2001). This triggers a network
of responses that include gene activation, microRNA-mediated repression, a reduc-
tion in directed ubiquitination and active trafficking of phosphate transporters to the
plasma membrane (Liu et al., 2014). Furthermore, recent study on Arabidopsis in-
dicates PHR1 as a prominent factor for metabolic reprogramming under phosphate
stress (Pant et al., 2015). However, the molecular mechanism underlying this interplay

is yet to be deciphered.
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Gene MSU id EES Cortex EPS
(LOC_Os)
ARP6 01gled14
At4** 03205334
bHLH32 03215440
CAX1 11g05070
CAX3** 02221009
IPK1 04256580
IPS1** 03205334
LPRI1 01203530
MYB62** | 01g03720
PHF1 07209000
PHO1 02g56510
PHO2 05248390
PHRI1 03221240
PHR2 07225710
PHT1;1%** 04210800
PHT1;2 03205620
PHT1:4 04210750
PHT1:6 08245000
PHT1;8 10230790
PHT2;1** 02238020
PLDI 05229050
PTF1 06209370
SIZ1 05203430
SPX1 06g40120
SPX3 10g25310
SQD1 07201030
ZAT6** 03232230

Very High Medium Low Very low Nil
high

Table 2.1: Expression of PSI genes in rice root tissues under normal conditions.
EES: Epidermis, Exodermis, Sclerenchyma ; EPS: Endodermis, Pericycle, Stele
**Overall expression is very low, relative differential expression in shown Note:
The table is generated using the dataset available on RiceXPro database (ricex-
pro.dna.affrc.go.jp). This gene expression dataset represents different tissue types
from root tip and elongation zone, under normal conditions




22

"1J0] ToMO[ 9} U0 A9Y o) Ul UMOYS
oIe SWAUOIOR oY) JO SUIUROW pueR (SUOIDRINIUL) $a8po Jo sodA) o1} (S[RUSIS DIUDISAS J001S-01-1001 PUR J00I1-03-}00YS 9JOUIP
09 ATeAryoadsor soxoq ojdind pur UedIs UL OWOS YIM JIOMIDU 9} UL 90UO UR() dI0UL IO SUO 9INJedJ A9} J0U IO ISYJOUYM UO
Ssurpuadep onjq pue pal Ul PalOUSP oIk SI0)R[NFSI PUR [RUSIS wreal)sdn oY) DA0qe pur MO[a( A[9A1}09dSaI PajRaUI[ap UOIJR[NSDI
oWIAZUL /TeusIs/1010€] UoNdLIOSURI) PUR UOIIR[NSDI [RUOULIOY (M ‘SpUR] A9I3 oY) Ul peyloads are sesuodsel JUISHIP oY,

2.4 Response to phosphate starvation

‘sosuodsoar uoryeare)s oyeydsoyd ur SurRUSIS JR[NOS[OJN :°F 9INSI

€hrns

t

& sjuaWwa|3 jo aeydn F
S U7 =—>34

bieu1INs

Hzu1ns

|

bjzdiz

T t

ﬂ

EE]

]

uopesyjiqow 1d
|eut2ixy

YOM1 sasedy

h

Buiphoal
1d [eU43u]

=l

SNY

!

Buipeoj
wahy iId

d-LiHd--; a
Ay

1OHd

*--1LHd

vill

[3sonns] (518 Je—> ,upny

¥

*« VAV

sauowLIoy passaldal-d Mo .

S3UOWLIOY PI5NPUl-d MOT 4

N\_— juawgid ujueddoyjue Jo uoRINPOId Z/ldvd
asejeydsoyd ppe ayding :dvd

WS|OqRIBW PRLIPOIN SN

poe djuedio 3yBiam Jejmsjow moT VoM
18uny [ezjyL105AW JBINOSNQUY WY

s[eu3|s 300ys 0} 300y _H_

iy

s|eus|s 3001 0} Joous
uonIqIyul pauYIpUN

UoREARE PIURPUN

ayeydn

.

-

Sunydueug
300ys
YIN
T9aAW
9LVZ

"VTH/9dYY

3004 J235ND

Z1ey 300y

£f1xds
ZPdHd
TIHOHd ) yN-s12
ab(osb4e

T It

widi

Awojeuy
anssi]

1001 |e137E]

3004 Lewg

1
SSHY
1Sy
9aHy

Z/riHd

54150

SOY <= ON

S

uopns>npoud
uuef>oyyuy

--eﬂﬁfae

T98AN
SLNHUM
9LVZ

uopqiyuy
UOREAIDY

35U0 Uy} 10w
Buseadde sjeudis |54 weansdn

sjeuBis |Sd weansdn

Suijjapowal

WwW pidi| aueaquiapy

dug Wdd 5450 Haysp

9aAN Ioabs
91VZ

54152

25042NS

T/ :uuoq
DWDW

L HDEEE

/1y .._n_ oYM
1-dTEAW
9LvZ

¢om< s9T

1Sdifbiy -—— QEE

i —

txds 1Z1S

Il

E

Thud14dS

[Lzguyu ]

—

[—T

H

EXdS

\‘lr 298AN €ON [EiXVD] 1ild  EHIHG  SLNHM

€19/101L

A fugan

L74:)

olyz tHdd

ZEHTHY

ommEEEv U
W/rdvd

m\ﬂnus_a

ova Za0s

.EL A
vd

_D#_H

2d

Z/dHd




2.4 Response to phosphate starvation 23

2.4.5 Core regulators of Pi-starvation responses

Various regulators (genes, transcripts, miRNA, proteins, hormones and ions) relevant
to Pi-stravation responses are depicted in Figure2.4. Each of these regulators are

briefly described as follows:

PHR1/2 Phosphate starvation Response-1 (PHR1) gene encoding a MYB tran-
scription factor is the key regulator component that binds to P1BS DNA motif of
PSR genes, prompting series of adaptive responses against Pi stress in plants. Based
on amino acid sequence homology, two PHR genes, OsPHR1 and OsPHR2 were iden-
tified in Rice, of which OsPHR2 is the orthologue of AtPHR1. Both AtPHRI1 and
OsPHR2 genes encoding MYB protein are involved in Pi signalling pathways and
regulates other PSR genes. Overexpression of only OsPHR2 results in increased Pi
accumulation in the shoot while mimicking Pi starvation responses under sufficient
Pi conditions. PHRI is a key transcriptional activator regulating Pi uptake, mobil-
isation, anthocyanin accumulation and carbon metabolism (Bari et al., 2006; Rubio
et al., 2001; Zhou et al., 2008).

SIZ1 As the expression of AtPHRI1 is independent of Pi status, post-translational
modification is suggested to be the regulatory factor for PHR1 activity. Supporting
this hypothesis, the SIZ1 gene, encoding a SUMO E3 ligase, was identified as the
post-translational regulator for PHR1 protein. Proteomic identification of in-vitro
sumoylated Arabidopsis proteins found modifications to AtPHR1 as predicted by se-
quence motif analysis (Miura et al., 2005). SIZl-mediated sumoylation is involved
in PSRs both dependent and independent PHR1. Besides Pi deficiency, SIZ1 is also
involved in other oxidative stress responses such as salt, drought and cold (Miura &
Ohta, 2010; Miura et al., 2007, 2011a, 2013). Under Pi stress, SIZ1 negatively regu-
lates root architecture remodelling, by preventing auxin patterning, and anthocyanin
accumulation. This suggests that SIZ1 acts as both negative and positive regulator
for different Pi stress responses by activating or repressing PSR genes (Miura et al.,
2011b). Furthermore, increased expression of certain PSR genes in Atsizl mutants
represents SIZ1 as a downstream regulator of Pi starvation sensing mechanism, while
the expression of genes that are not specifically involved in Pi starvation responses in-
dicates that SIZ1 may be a critical upstream regulator for such determinants (Castro
et al., 2012).
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miR399 In plants, different stress conditions up-regulate the expression of specific
miRNAs that contributes to stress-adaptation responses, by reducing the availability of
its target mRNAs. These short, non-coding regulatory RNAs recognize specific mRNA
through target mimicry, leading to translational repression or site-specific cleavage.
The microRNAs are one of the key regulators involved in Pi-deficiency signalling and
regulation of Pi homeostasis. Under Pi stress, miR399 is specifically up-regulated by
MYB transcription factor PHR1. Although miR399 is expressed in both roots and
shoot tissues, its expression levels remain relative high in shoot. Mature miR399 is
translocated via the phloem to the root system, where they elicit appropriate action.
This movement of miR399 serves as the systemic signal for increasing Pi uptake by
roots while communicating between shoots and roots, and maintaining Pi homeostasis.
Six members of miR399 family are found in Arabidopsis while there are eleven members
in rice(Aung et al., 2006; Bari et al., 2006; Franco-Zorrilla et al., 2007; Kuo & Chiou,
2011; Lin et al., 2008; Pant et al., 2008).

PHO2 PHO2 mRNA has five miR399 binding sites in it 5’ untranslated region. Both
PHO2 and miR399 are co-localized, mainly in vascular tissues but are expressed in
opposite fashion. PHO2 encodes an ubiquitin-conjugating E2 enzyme (UBC24) that
causes degra- dation of Pi transporters and other gene products involved in translo-
cating Pi from root to shoot. In roots, miR399 binds to PHO2 transcript resulting
in the formation of silencing complexes (double stranded RNAs) that are eventually
cleaved. The absence of UBC24 proteins promotes expression of transporter proteins,
facilitating increased Pi uptake (Aung et al., 2006; Bari et al., 2006; Hu et al., 2011).

At4/IPS1  At4/IPS1 expression is activated by SUMOylated PHR1 and its tran-
script negatively regulates miR399 activity in order to maintain optimum Pi levels.
At4/TPS1 transcript being partially complementary to miR399 is unable to cleave
miRNA but rather sequester it. At4/IPS1 thus functions as a riboregulator, inter-
rupting miR399-PHO2 binding. This concomitantly reduces Pi uptake and shoot Pi
content. In Pi deficient conditions, At4/IPS1 is upregulated in order to prevent Pi
toxicity by lowering the availability and activity of miR399 (Franco-Zorrilla et al.,
2007; Hou et al., 2005; Shin et al., 2006).

PHT In higher plants, Pi absorption is mediated by two types of Pi and H+ sym-
porters: low affinity and high affinity Pi transporters, acting constitutively and under
low Pi conditions, respectively. Among all Pi transporters families in plants (PHT1-

PHT4), members of the PHT1 family form integral membrane proteins involved in
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Pi uptake and translocation across the plant. Arabidopsis and rice respectively have
9 and 13 members in their PHT1 families. Of the rice transporters, OsPHT1;2 and
OsPHT1;6 are highly induced by Pi starvation. OsPHT1; 6 is involved in Pi uptake
and translocation across the plant whereas OsPHT1; 2 is a low-affinity Pi transporter
involved in translocation of stored Pi in plant. OsPHT1; 8 is distinctly expressed in
various tissues and organs in order to regulate Pi homeostasis while OsPHT1; 11 and
OsPHT1; 13 are AMF-induced. More details pertaining to PHT1 transporters can be
found in review by (Nussaume et al., 2011; Poirier & Jung, 2015).

In PHT2 family, only PHT2; 1 has been functionally characterised. PHT2; 1 is
a low-affinity Pi transporter, preferentially expressed in chloroplast (Versaw & Har-
rison, 2002). PHT3 proteins belong to mitochondrial phosphate transporter family,
mediating the mobilisation of Pi across inner mitochondrial membranes (Poirier &
Bucher, 2002). A fourth family, PHT4, has been characterised in Arabidopsis and
play a role in Pi transport between the cytosol and chloroplasts, plastids and Golgi
complex (Guo et al., 2008). Additionally, Phosphate Transporter Traffic Facilitator
(PHF1) has been identified to play a role in transfer of PHT1 transporters proteins
from ER to the plasma membrane, enabling Pi uptake (Bayle et al., 2011; Gonzalez
et al., 2005)

PTF1 OsPTF1, a rice bHLH transcription factor, is Pi-starvation induced in roots
and shoots. Overexpression of OsPTF1 enhances plant tolerance to Pi stress by ele-
vating tillering ability, root-to-shoot ratio and phosphate content in plants. Under low
Pi conditions, this mutant showed a significant increase in root surface area, leading to
high Pi uptake, but no high-affinity Pi transporter genes were up-regulated. Moreover,
OsPTF'1 also regulates the expression of genes involved in the efficient utilization of
absorbed Pi in plant (Li et al., 2011; Yi et al., 2005).

MYB62, WRKY75, bHLH32 and ZAT6 In addition to PHR1/2, other tran-
scription factors from MYB, WRKY, bHLH and C2H2 ZFPs families also acts as the
key components in PSRs. In Arabidopsis, overexpression of MYB62, a phosphate-
starvation-induced (PSI) transcription factor, negatively regulates the expression of
several PSR genes and suppresses GA biosynthesis. MYB62 is, thus, presumed to link
GA signalling and PSR (Devaiah et al., 2009). Plant-specific WRKY transcription fac-
tor family are involved in various stress responses. WRKY75 is involved in modulation
of Pi acquisition by positively regulating several Pi starvation responses. In contrast,

WRKYT75 negatively controls lateral-root and root-hair growth independently of Pi



2.4 Response to phosphate starvation 26

status. WRKY6 and WRKY42, are involved in PSR by regulating the expression of
PHO1. In normal conditions, WRKY6 inhibits PHO1 transcript by binding to its
promoter to maintain Pi homeostasis. During Pi stress, PHO1 inhibition is relieved
by 26S mediated proteolysis of WRKY®6 proteins, enabling xylem loading and translo-
cation of Pi from root to shoot (Chen et al., 2009; Devaiah & Raghothama, 2007;
Devaiah et al., 2007b).

Of the two Pi deficiency induced bHLH transcription factors, bHLH32 serves as the
negative regulator while OsPTF1 is the positive regulator. In Arabidopsis, PHLH32 re-
presses a wide range of biochemical and morphological Pi-starvation-induced processes.
It down-regulates the expression genes encoding phosphoenolpyruvate carboxylase ki-
nase (PPCK) that modifies the metabolism to secure optimal Pi levels. PPCK genes
are upregulated by TTG1 and GL3 which interact with bHLH32. Besides this, FXB2
also interacts with bHLH32 and negatively regulates PSRs. Altogether, it is suggested
that FBX2 can potentially recruit bHLH32 triggering degradation of other bHLH32
interacting protein, i.e. TTG1 and GL3, thereby modulating PSR (Chen et al., 2007,
2008).

ZAT6, a C2H2 zinc-finger transcription factor, is upregulated at low Pi concentra-
tions and function as the transcriptional repressor. ZAT6 overexpressed Arabidopsis
seedlings exhibits attenuated expression of several PSR genes, reduced Pi content,
short primary roots and retarded growth. Also, the root architecture is altered in
older ZAT6 over- expressed plant lines, with increased lateral root growth resulting in
increased root to shoot ratio and Pi content. ZAT6 thus regulates root development
independent of plant Pi status, influencing Pi acquisition and homeostasis (Devaiah
et al., 2007a; Liu et al., 2013).

SPX proteins Several proteins of the yeast PHO regulon possess SPX domains
and are involved in Pi sensing and signalling (Secco et al., 2012a). Although equivalent
thePHO regulon does not exist in plants, proteins containing SPX domain in plants
play an essential role in maintaining Pi homeostasis. It is directly involved in fine-
tuning of Pi transport and signalling through physical interaction with other proteins.
In plants, they are classified into four families, based on the presence of additional
domains, namely SPX, SPX-EXS, SPX-MFS and SPX-RINGs. In Arabidopsis and
rice, the family with single SPX domain, consists of four and six members respectively.
Expression of these single SPX domain genes is differentially regulated under Pi stress
and occurs downstream to SIZ1-PHR1. These proteins have a broad range of sub-

cellular localization, ranging from roots, stems, leaves, cotyledons and pollens and are
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specifically involved in regulating Pi uptake and mobilisation (Secco et al., 2012b).

Phosphate starvation strongly induces the expression of AtSPX1 and AtSPX3 while
AtSPX2 is weakly induced and AtSPX4 is suppressed. AtSPXI1 positively regulates
several PSR genes by inhibiting AtSPX3. In rice, the orthologue of AtSPX3, OsSPX1
is positively regulated by OsPHR2 but provides a negative feedback, counteracting
the activity of OsPHR2(Liu et al., 2010; Wang et al., 2009a,b). The constitutive
transcription factor OsPHR2 remains bound to OsSPX4 in presence of Pi. Under Pi
stress, proteasome-mediated degradation of SPX4 leads to the release of PHR2, in
turn triggering the signalling for PSRs (Lv et al., 2014). SPX proteins with additional
EXS domains play a critical role in xylem loading of Pi (Secco et al., 2010) while
understanding of other two SPX families with MFS and RING domain is very limited,
with the exception of NLA protein from SPX-RING family (Lin et al., 2010) .

Acid Phosphatases (APases) and Ribonucleases (RNases) In response to Pi
starvation, plant enhances the expression of genes encoding APases and RNases. Intra-
cellular APases play a role in recycling of Pi from expendable intracellular organophos-
phate pools while secretion of APases mobilise Pi from organophosphates prevalent in
soil. The regulation of APase gene expression is known to be complex under Pi de-
privation, where certain temporal and tissue-specific APase isoforms are induced with
associated down regulation of other APases. The upregulated intracellular and se-
creted APases have been characterised as Purple APases (PAPs) (Zhang et al., 2011).
In Arabidopsis, PHR1, WRKY75 and ZAT6 TFs regulate PSI APases whereas PAP26
is up-regulated by post-transcriptional mechanisms (Hurley et al., 2010; Robinson
et al., 2012; Tran et al., 2010; Veljanovski et al., 2006). Nucleic acids in organic mat-
ter decaying in soil are also used as the Pi source by the plant. In low Pi conditions,
plants induce the expression of RNases, namely RNS1 (released into the rhizosphere)
and RNS2, to cleave nucleic acids releasing Pi (Bariola et al., 1994; Green, 1994).

Calcium and Inositol Polyphosphates (IPs) Calcium ions (Ca2+) and Inositol
Polyphosphates (IPs) are the vital secondary messengers mediating signals involved in
plant responses to abiotic stresses. Cytoplasmic Ca ion concentrations are regulated
by sequestration of Ca into endomembranes. A tonoplast Ca2+/H + antiporter,
CAX1 and its homologue CAX3 sequester Ca into vacuoles and have implication
in Pi-starvation responses. CAX1 and CAX3 are preferentially expressed in leaves
and roots, respectively. Analyses on caxl, cax3 and caxl/cax3 double mutants have

indicated the role of CAX1 and CAX3 in plant growth, hormone responses and ion
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homeostasis. Moreover, only the caxl/cax3 double mutant showed higher shoot Pi
than wild type plants, suggesting the involvement of Ca2+ in Pi homeostasis (Cheng
et al., 2005; Mei et al., 2009).

An inositol polyphosphate kinase-1-1 (IPK1-1) gene encodes inositol tetrakisphos-
phate (IP4) and inositol pentakisphosphate 2-kinase (IP5-2K) involved in the biosyn-
thesis of phytate (i.e. inositol hexakisphosphate kinase (IP6)), which may function as
a co-factor of TIR1 auxin receptor (Tan et al., 2007). The ipkl-1 mutant showed over-
accumulation of Pi in leaves similar to pho2 mutants(Stevenson-Paulik et al., 2005).
In low Pi conditions, ipkl mutants produce long root hairs and show less sensitivity
to high external Pi, suggesting the possible role of IP signals in PSR. As IP4, IP5 and
IP6 act downstream of IP3, calcium can possibly link with Pi homeostasis through
IP3 modulation (Chiou & Lin, 2011).

Reactive Oxygen Species (ROS) The concentration of ROS drastically increases
in roots soon after the deprivation of Pi or other nutrient. This eventually triggers
the expression of several nutrient-starvation-induced gene thereby eliciting different
adaptive responses. Moreover, nutrient-specific differential localisation of ROS in root
tissues is presumed to have implications in RSA modulation. Specifically, during Pi
stress, ROS are produced in the cortex and may act as a signal for the initiation and
development of lateral roots(Shin et al., 2005; Tyburski et al., 2009).

Hormones Phytohormones play a pivotal role at various stages of growth and
develop- ment. Modulations in Pi availability alter synthesis, sensitivity and transport
of hormones to elicit PSRs. Hormones, including Auxin, Cytokinins, Ethylene, Gib-
berellin, Abscisic acid and Strigolactones, have implications in almost all Pi-induced
RSA alterations, and has been reviewed in (Rubio et al., 2009).

In particular, Auxin and the associated polar auxin transport mechanism simulate
lateral formation in response to Pi stress but arrest primary root growth. However,
attenuation of primary root growth and stimulation of root hairs may be independent
of auxin. Thus, there are suggestions for the coexistence of both auxin dependent
and independent pathways for PSI-RSA modulation. A recent finding has shown
that SIZ1 negatively regulates PSI- RSA remodelling through the control of auxin
patterning (Miura et al., 2011b). Notably, the role of auxin in Pi homeostasis is more
complex and needs further investigation(Chiou & Lin, 2011; Lopez-Bucio et al., 2002;
Mayzlish-Gati et al., 2012; Overvoorde et al., 2010; Perez-Torres et al., 2009; Zhang
et al., 2014).
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Like auxin, the hormone ethylene inhibits primary root growth and promotes
lateral-root and root-hair elongation, but not initiation. There are also some sug-
gestions for ethylene-independent pathways for root-hair development in low Pi con-
ditions. Additionally, there are indications of crosstalk between ethylene signalling,
programmed senescence and Pi homeostasis. The role of ethylene in Pi starvation has
been broadly reviewed by (Nagarajan & Smith, 2012).

Cytokinins promote shoot growth but inhibit lateral root formation. On the other
hand, Pi starvation decreases the sensitivity and levels of cytokinins, thereby suggest-
ing a bidirectional interaction between cytokinins and Pi signalling. However, there
are also arguments regarding the role of cytokinins as a systemic repressor of PSI genes.
Additionally, they inhibit galactolipid synthesis in response to Pi stress (Martin et al.,
2000; Yuan & Liu, 2008).

Gibberellin (GA) also plays a negative role in response to Pi stress. Under low Pi
conditions, the level of bioactive GA decreases, and in turn causing accumulation of
DELLA proteins, which negatively regulate GA responses and modulate several signif-
icant adaptive PSRs. GA — DELLA mediated signalling contributes to PS-specific RA
modulation and anthocyanin accumulation but not in Pi uptake and the regulation of
PSR genes (Devaiah et al., 2009; Jiang et al., 2007).

In response to Pi deficiency, a novel class of phytohormones, named strigolactones,
are synthesised in roots that act as a rhizosphere signal ,inducing hyphal branching
in AMF (Czarnecki et al., 2013). In species like Arabidopsis, that are not the host of
AMF, strigolactones are also transported to the shoot in order to modulate shoot ar-
chitecture (Cheng et al., 2013; Marzec et al., 2013; Mayzlish-Gati et al., 2012). Thus,
strigolactones serve to improve both Pi acquisition and utilisation (Umehara et al.,
2010). There are also some speculations regarding the involvement of Abscisic acid
(ABA) in PSRs (Jaschke et al., 1997; Trull et al., 1997). Though no direct relationship
between has been established, it has been proposed that ABA could suppress the ex-
pression of PSI genes by regulating ABA-INSENSITIVEL (ABI1) protein phosphatase
2C (Ribot et al., 2008).

Ions In recent times, the elemental composition, the ITonome, of a plant tissue has
been identified as a multivariable signature, defining the specific physiological state of
the plant, including phosphate stress (Baxter, 2009, 2010; Lahner et al., 2003; Salt,
2004; Salt et al., 2008)). The corre- lated accumulation of different elements is largely
driven to maintain vacuolar, cytoplasmic osmolarity and charge balance, and also

serves as a detoxification mechanism (Conn & Gilliham, 2010). In Arabidopsis leaf,
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phosphate limitation has been observed to increase the concentrations of B, Zn and As
and decrease the concentration of P, Cu and Co Baxter et al. (2008) while in maize leaf,
it significantly increases the concentration of K, Mn, Zn, V, Ni and Rb and deceases
the concentration of S, Mg, Ca, Mo, Sr, Li and As (Schliiter et al., 2013). Different
cell types accumulate certain elements in varying amounts in their vacuoles. The role
and mechanisms underlying the cell-specific distribution of different elements in plants
is poorly understood. Although the location of element accumulation is fairly robust,
alterations in expression of certain solute transporters, through genetic modification
or by growth under stress, result in perturbations to these patterns (Conn & Gilliham,
2010). For example, it has been shown that P limitation increases As uptake via high-
affinity Pi transporters while N deficiency increases Pi uptake via a miRNA/NLA
signalling pathway. More such examples can be found in (Baxter & Dilkes, 2012;
Ohkama-Ohtsu & Wasaki, 2010).

2.5 Current strategies for improving phosphate use

Of the total phosphorus used for global food production annually, only 20% actu-
ally becomes part of the food consumed, while the majority is lost permanently or
temporarily at various stages from mine to fork (Cordell & White, 2013). Such con-
siderable losses offer substantial opportunities for improving efficiency of phosphorus
management systems, recycling and reuse and enhancing uptake and use efficiency by
plant. These opportunities operate at different scales; global, national, local, field and
plant scales. Major initiatives at the field and higher scales could help in ensuring ad-
equate phosphate supply for many decades to come. The existing global, national and
field scale strategies and practices are described in Appendix B and (Withers et al.,
2015). However, there is still a need in the long term to improve plant genotypes.
Plant phosphorus use efficiency (PUE) can be referred to as the ability of plant
species to produce optimal yield under P limiting conditions. Improving plant PUE re-
quires enhanced phosphate acquisition from the soil (Phosphate Acquisition Efficiency;
PAE) and increased utilisation of phosphorus in the processes leading to high pro-
ductivity (Phosphate Utilisation Efficiency; PUtE) (Reynolds et al., 2012). For many
years, modifying root systems and function have been the target to improve phosphate
efficiency in plants either by breeding or developing transgenics (Syers et al., 2008).
Using either strategy, the potential routes to improve PAE include modification of
RSA, root anatomy, rhizodeposition, rhizosphere-microbial interaction and phosphate

acquisition; and to enhance PUtE includes optimisation of harvest index while re-
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ducing plant phosphorus demand and/or enhancing its internal utilisation/recycling.
Far more progress has been achieved toward understanding the mechanisms under-
lying PAE than PUtE, perhaps because of the complexity of the processes involved.
Various targets (genes or traits) for improving PAE and PUtE (Ha & Tran, 2014;
Lopez-Arredondo et al., 2014; Rose et al., 2013; Zhang et al., 2014) and the costs
and benefits of different P-uptake mechanisms (Brown et al., 2013) have already been
reviewed.

Compared to conventional and marker-assisted breeding, transgenic approaches
have been successful in introducing single genes to improve, mostly, PAE, at least,
offering a proof-of-concept for their activity (Scheible & Rojas-Triana, 2015). At
various occasions, the result are not reproducible or have negatively affected other
traits, and it is currently unclear how to predict the trade-offs. Altogether, the low
success rate for developing phosphate efficient crop varieties (Clemente et al., 2013;
Mittler & Blumwald, 2010; Ramaekers et al., 2010; Richardson, 2009; Tian et al.,

2012), emphasises the need for smarter approaches.

2.6 Translational studies

Model organisms serve as a platform for the comparatively easy study of fundamental
processes and to establish new technologies (Committee PSRS - 2011). Arabidopsis
has been the principal model, with rice increasingly becoming the model monocot
(Flavell, 2009). Having uncovered mechanisms in model species, it is logical to find out
if these same mechanisms are present in crops, and hence have potential commercial
applications. This is known as translation of knowledge or techniques, and has some
notable successes (Chew & Halliday, 2011; Oono et al., 2013a). Comparative genomics
has been instrumental in recommending homologous genes for further investigation in
crop species (Monaco et al., 2014).

With respect to the PSR, much of the core regulatory network has been identified in
model species and this appears to be conserved across most plant species (Fang et al.,
2009). Table2.2 lists the putative homologues of the core PSR genes in the major
crop species, which should be the first choice for study in the organism concerned. It
has been reported that there are many similarities between Arabidopsis and wheat in
the network regulating flowering, though one position is not held by the homologue
but a different gene (Amasino & Michaels, 2010). Moreover, genome annotation is
incomplete, especially with regard to non-protein coding RNA, like IPS1. This is

because they are not detected by conventional gene-finding algorithms, might rarely
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be expressed and/or have little sequence conservation. However, orthologues may
exist across multiple crop species and currently can only be found using bespoke
computational tools (Li et al., 2003).

Genetic variation for phosphate starvation responses, both in shoot and root, has
been demonstrated across wide range of plant species. Often, variations for complex
phenotypic traits are controlled by many genetic loci and might be uncovered by
genome-wide association studies (GWAS) and determination of Quantitative Trait
Loci (QTLs). The latter, linking root traits with PAE, have been identified in rice,
wheat, common bean, Arabidopsis, soybean, barely and maize (Vance, 2010). The
loci and underlying genes can become the focus of breeding programmes (Chin et al.,
2011; Lynch, 2011).

In view of the above, selecting natural variants in landraces or wild-relative crops
performing well in resource deficient conditions forms an excellent material for breeding
programmes. This can combine yield traits from elite varieties with resource traits
from landraces. For example, a low Pi tolerance QTL known as Pupl, was identified
by crossing (Pi tolerant indica landrace) Kasalath with (Pi sensitive japonica cultivar)
Nipponbare (Wissuwa et al., 2002). The resultant introgressed Pupl rice varieties
respectively showed 170% and 250% increase in Pi uptake and grain yield in P limiting
soil. The gene responsible for the Pupl trait was identified as PSTOLI, encoding a
protein kinase. Incorporation of this gene into Pi-sensitive varieties enhanced early
root growth, thereby enabling more Pi uptake. However, the mechanism by which
PSTOL1 results in this phenotype is yet to be characterised (Gamuyao et al., 2012).

Results from laboratory experiments can potentially apply to plants growing under
field conditions; this form of translation is possible. However, the external environment
is highly dynamic and variable, especially soil. Hence, extensive field evaluation is
needed to determine whether a desirable trait found in laboratory-grown plants is still
seen under agricultural conditions (Tonelli & Inze, 2009). In some cases, laboratory
experiments become difficult, e.g. in establishing mycorrhizal systems, making field
studies inevitable.

On the other hand, experiments are carried out in laboratories to reduce the num-
ber of variables, leading to substantially lower research costs and make discoveries
easier to achieve. But, in natural conditions, plants are confronted with a combina-
tion of stresses (Giehl et al., 2014), eliciting non-additive responses. Such responses
are often unpredictable and could not be extrapolated by studying individual stress in
the laboratory (Mittler & Blumwald, 2010). Though difficult, mimicking field environ-

ment in the laboratory can provide a more realistic view of plant responses. Indeed,
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such lab experiments required interpretation of huge multi-dimensional datasets, for
which high performance and advanced computational techniques could be helpful.

Altogether, bidirectional translation from field to lab and vice versa is required.

2.7 Integrative systems approaches

A systems approach considers both the components (nodes) and their interactions
(edges) within the system. Where these interactions result in feedback circuits, the
system becomes complex in the mathematical (and often the common) meaning of the
term and can lead to counter-intuitive behaviour, for example (Péret et al., 2012). For
biology, a node can represent a type of molecule, pathway, cell, tissue, organism and
population, depending on the physical scale of the system of interest. From this, it is
clear that a node at one scale may form a system when considered at a lower scale.
Likewise, above the biological (plant) population, there are local (field), national and
global scales.

The word ‘Integrative’ means serving or tending to integrate. In biology, this is
often considered to mean integrating systems at the same scale, for example, biochem-
ical with signal-transduction and gene-regulatory networks. However, the mechanistic
linkage between genotype and phenotype is likely to cross scales. Furthermore, a
quantitative understanding of the system processes requires activities that include
mathematics and statistics; and biological systems are so complex that informatics
and computer science should also be involved. Integrative systems approaches con-
sist of activities that address an issue by considering it as a (potentially multi-scale)
system whose study employs a multi-disciplinary network of people. Experience has
shown that these approaches can lead to novel discoveries and solutions (Hodgman &
Ajmera, 2015).

The development and analysis of models are characteristic features of systems
approaches. In this context, a ‘model’ is a simplified representation of a dataset or
a system, which provide a quantitative understanding of the data or system. A data
model reveals structure and relationships within a dataset. Biological examples include
QTL analysis and GWAS, but also inferred networks derived from omics data (Lee
et al., 2015; Marbach et al., 2012; Pan et al., 2013). A system model represents the
mechanism of the system, and can either be static or dynamic. The latter represents
the combined rates of change of its components as a result of their interactions and
system inputs, and can explain unexpected behaviour. These models can also be

extended to include the physical structure of the system in two or more dimensions,
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allowing even organ and whole plant growth to be modeled. All these modelling
approaches have already been extensively reviewed (Hill et al., 2013; Lavenus et al.,
2012; Lucas et al., 2011).

There are three main reasons for developing these models (Hodgman & Ajmera,
2015). The first is to test current understanding to see if it stands up to quantitative
scrutiny. Often this shows that there is a gap in current knowledge, suggesting areas
for further laboratory study. The second is that they provide a platform to carry
out in-silico experiments to predict behaviour under many more circumstances than
would be financially viable in-vivo. Hence, there third reason is to find out what are

the most incisive experiments to carry out to make useful discoveries.

2.7.1 Need for these approaches in plant P research

From its global scarcity down to its incorporation into food, phosphorus is a supremely
complex and multi-dimensional issue (Cordell & Neset, 2013), for which there is un-
likely to be a single solution. Undoubtedly, integrated strategies at the higher scales
outlined above will produce short and medium term benefits, but ultimately P supply
is finite. Improving PUE is therefore essential in the long run to reduce environmental
impacts, increase the nutritional value of grains and improve farm economies. However,
current breeding strategies have had little success, owing to a poor understanding of
the molecular mechanisms underpinning traits and their interactions (Veneklaas et al.,
2012). Integrative systems approaches can obviously assist in this area by helping to
identify the components of (and their relative contributions to) traits of interest. Fig-
ure 2.3 and 2.4, depict the phosphate-related systems from molecular to field scales,

and provide a starting point for integrative research into improving PUE.
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2.7.2 Current systems activities

Following the pioneering work by (de Wit, 1959), there has been a constant effort
to develop and improve crop models that predict the performance of the genotype
and assess the design of the adaptive strategies for the given environmental condition
(Tardieu, 2010). A large number of mathematical and computational models have been
developed over the last 10-15 years, improving the understanding on various aspects
of plant processes across scales of biological organisation. As part of this literature
survey, over 165 models for different plant process were systematically classified based
their physical scales, modelling method and gains from the models. The catalogue of
these models is presented Appendix Cand have been published (Hodgman & Ajmera,
2015).

With regard to resource acquisition by plants, a range of models at various physical
(generally, supra-tissue) scales has been developed. These represent aspects of uptake
of nutrient, water or contaminants (Heppell et al., 2015b; Keyes et al., 2013; Leit-
ner et al., 2010; Payvandi et al., 2014; Ptashnyk et al., 2011; Roose & Fowler, 2004;
Thornley, 1976; Zygalakis & Roose, 2012; Zygalakis et al., 2011), and the effect of
microbial (Schnepf & Roose, 2006; Schnepf et al., 2008, 2011), and exudate dynamics
on soil nutrient availability (Kirk, 2002). Pertaining to phosphorus, most models have
focused on its dynamics in soil, to identify ways of optimising phosphate availability
(Amijee et al., 1991; Barrow, 1983; Grant & Robertson, 1997; Silberbush & Barber,
1983; Tinker & Nye, 2000). Such models highlight the fact that when soil factors de-
termine the availability of Pi at the root surface, the effect of having more transporters
becomes negligible. The number and type of transporter is crucial, but primarily for
avoiding Pi toxicity. Furthermore, modelling has shown that a small optimisation of
RSA can lead to a large increase in Pi acquisition (Heppell et al., 2015a; Wissuwa,
2003), PAE can be enhanced by increased root hair length and longevity rather than
their density (Brown et al., 2013) and root cortical aerenchyma is beneficial for PUE
by reducing metabolic and exploration cost (Postma & Lynch, 2011b).
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Traditionally, forward genetics was used to identify genes by cross-breeding and
phenotypic screening, which is very time consuming. Omics technologies are a form of
integrative approach, as they bring together data notionally for all genes, transcripts
etc. Computational techniques have allowed these datasets to be brought together
(in databases) for comparison and advanced data modelling (to produce interaction
and inferred regulatory networks). Some of the inferred gene regulatory networks
underlying different processes in roots are listed in Table 2.3. Such activities allow
prioritisation of large gene lists so that trait-related genes can be found in much shorter
timescales (Hickman et al., 2013; Pan et al., 2013).

Biological phenomenon Species Data type Inference method Reference
Lateral root formation Arabidopsis | time-series RNA seq Time-Delay Correlation | (Lavenus ef al., 2015)
algorithm
Root epidermis cell Arabidopsis | cell type-specific temporal | Bayesian inference (Bruex er al., 2012)
differentiation microarray dataset (from | approach
genetic and hormonal
perturbation)
Stele-specific Arabidopsis | cell type-specific temporal | Bayesian inference (Brady er al., 2011)
transcriptional regulation microarray dataset along | approach
with Y1H and Y2H data
Nitrate-driven Arabidopsis | time-series microarray Machine learning (Krouk et al., 2010)
transcriptional regulation data (from control and approach
treatment)
Secondary cell wall Arabidopsis | tissue-specific microarray | Statistical packages (Taylor-Teeples er al., 2014)
synthesis in root xylem dataset (from abiotic (SIRENE,GENIE3
under abiotic stress stress condition) and Y1H | Inferelator, TIGRESS
data and ANOVerence)
Root transeriptional Arabidopsis | curated microarray data ARACNe algorithm (ChavezMontes ef al., 2014)
regulation
Lateral root initiation Arabidopsis time-series microarray Probablistic boolean and | (Muraro ef al., 2013)
data dynamic bayesian
approaches
Nitrate responsive Arabidopsis | microarray data(from Virtualplant platform (Vidal er al, 2013)
downstream regulation of control and mutants)
auxin receptor AFB3 in
roots
Gene-metabolite response | Arabidopsis | microarray and metabolite | Pearson correlation (Nikiforova et al., 2005)
to sulphur stress dataset(from control and | algorithm and
treatment) MetaGeneAlyse web tool
Early phosphate deficiency | Arabidopsis | time-series microarray Coexpression-based gene | (Lin eral., 2011)
signaling in roots dataset with short time- clustering
interval (from control and
treatment)
Carbon/Nitrogen- Arabidopsis | time-series microarray Coexpression-based gene | (Gutierrez er al., 2007)
responsive molecular dataset (from control and | clustering
regulation treatment)

Table 2.3: Inferred network models concerning various processes in plant roots.

2.7.3 Next steps

The current crop models include the concept of PUE, but only in terms of movement
of phosphorus from one compartment to another and ultimately into seed. There is no

connection made to the genotype of the plant. Certainly, there is an increasing need to
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explore, in greater detail, the interactions between genotype, phenotype, environment
and agricultural practices. More specifically, improving crop PAE should take into
account both root and soil characteristics, but this should not be at the expense of
the above-ground PUtE processes. Both aspects of PUE are vital and need equal
consideration.

Prior work has modeled the aspects of P acquisition. In the context of Figure 2.3,
this includes models representative only of panels a, f and g. The other panels relate
to different aspects of PUtE, including phosphate metabolism, remobilisation and
transport across plants, and have received little attention by modellers. Given the past
record, the application of systems approaches can certainly improve the understanding
of these processes, thereby offering both a genetic and quantitative insight into all the
components of PUE. Plant biologists and modellers should also pay attention to the
connections between the different aspects of PUE, because changes in one aspect /scale
will probably impact on and feedback from others.

A set of candidate genes for crop improvement are represented in Figure 2.4 and
Table 2.2, but there are too many to work upon. Moreover, altering one gene may
very well impact upon other parts of the regulatory /signalling network. Thus, priori-
tisation of genes is needed so that effort can be focused on the most likely candidates.
An essential step in this direction is to integrate the datasets for the genotype, pheno-
type, soil conditions, management practices and other environmental factors, thereby
bridging the gaps between genes and complex phenotypes and in turn, aiding gene
prioritisation. Models allow implicit integration of molecules to whole plant physiol-
ogy and environment enabling rapid evaluation of different traits on PUE and their
connection with different genotypes. Potentially, multi-scale models could be used to
assess the long-term impacts of a genotype on soil nutrient dynamics, crop produc-
tivity and sustainability of the cropping system for a wide range of environmental
conditions.

Finally, from an integrative systems perspective, a complete understanding of the
molecular basis of PUE would be insufficient. This is because the mechanisms for
phosphate uptake and utilisation affects other plant subsystems and vice versa. For
example, its links to salt tolerance and the uptake of other nutrients are well estab-
lished (Chapin III, 1991; Miura et al., 2011a; Raven, 2015; Selim, 2015). In view of
this, identifying genotypes appropriate for a different soil and environmental condi-
tions are also needed. Therefore, it will also become necessary to study the effects of
improving PUE on other traits, and finding optima among these competing effects to

achieve adequate crop yield in a given environment is a daunting challenge. Systems
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approaches seem to be the best way to find such optima.

Adoption of systems approaches might require some changes to research practice.
Apart from closer interaction between biologists of various skill sets and (mathematical
and computational) modellers, new types of experiment need to be designed. Mul-
tiscale models require multiscale dataset for both model development and testing of
predictions (Band et al., 2012). Particularly, dynamic studies necessitate time-course
data to discover how quickly different processes are affected. Furthermore, laboratory
experiments should closely mimic field conditions and one example is to grow plants at
different levels of phosphate input. This would show the order in which the different
plant subsystems respond to phosphate depletion.

2.8 Conclusion

The research to develop Pi-efficient crop varieties is hampered by extreme complexity
on many fronts. The latter ranges from molecular interactions in both soil and plants,
through agricultural practice, to national and geopolitical issues surrounding the cost
of P supply. In addition, plant responses to low phosphate can trigger other stresses
and vice versa. It is no surprise, therefore, that attempts to improve PUE have met
with little success, because various factors/traits and their interactions need to be
taken into consideration. Models (mathematical or computational) are able to repre-
sent and explain complex behaviour, meaning that systems approaches have a good
track record of making important novel discoveries in comparatively short timescales.
In the case of the crop models, they continue to have practical benefit to farmers.
Clearly, integrative systems approaches should be brought to bear in phosphate re-
search, so that the open questions remaining in this area can be addressed. Further-
more, modelling can help in ranking potential target genes (and combinations thereof)
on how likely they are to elicit the desired phenotype or trait. Essentially, multidisci-
plinary groups working on the different aspects of phosphate research (particularly at
the different scales) must come together and share a platform, so that models linking
genotypes to desirable traits can emerge. Furthermore, practical benefits are likely
to accrue faster if the systems projects turn away from purely scientific endeavours
to include application or translation of results to crop species under field conditions.
The most appropriate projects can be identified through increased engagement with

industrial companies, farmers and governmental licensing agencies.



Chapter 3

miR399-independent regulation of
PHO2 in phosphate starved plants

Abstract

This chapter describes the development of mathematical models for the molecular
regulation of phosphate uptake in rice. These models were parameterised by fitting to
gene expression data for miR399, PHO2 and IPS1. The model simulations revealed
that the well established miR399-mediated regulation of PHO2 mRNA is insufficient to
explain its dynamics, especially, at early times following P stress. Thus, five potential
hypotheses have been proposed and were tested in-silico. Among these, the hypothesis
that a drop in cytosolic phosphate activates a repressor of PHO2 transcription was
found to be most likely. A short time-course experiment confirmed the early decline
in PHO2 mRNA levels and also indicated that PHO2 might negatively regulate its

own transcription.
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3.1 Introduction

The regulatory network of phosphate (Pi) uptake includes seven key members, abbre-
viated to SIZ1, PHR2, IPS1, miR399, PHO2/LTN1, PHO1 and PHTs (see Chapter 2
for more details). SIZ1 alters the activity of proteins by covalently attaching SUMO
peptides. PHR2 (equivalent to PHR1 in Arabidopsis) is a transcription factor that is
activated by SIZ1 under Pi-deficient conditions and directly binds to the promoters
of IPS1 - a long non-coding RNA and miR399 (Chiou & Lin, 2011; Lin et al., 2009).
Next, miR399 causes mutual degradation of expression of PHO2 mRNA , which encodes
a ubiquitin-conjugating enzyme E24 (UBC24) that causes the degradation of PHTs
(high-affinity phosphate uptake transporters) and PHO1 proteins, which move Pi into
the xylem (Bari et al., 2006; Hu et al., 2011). In addition, IPS1 reversibly sequesters
miR399 to tightly regulate PHO2 level when the Pi supply is limited (Franco-Zorrilla
et al., 2007). However, the reasons for the bulk increase in IPS1 levels in response to
phosphate stress are unclear.

This study focuses on the regulation of phosphate uptake as this is often a limiting
factor for plant growth and development (Shen et al., 2011). A novel mathematical
model for molecular regulation of phosphate acquisition under its deficiency in rice has
been developed, with a broad aim to inform the development of phosphorus-efficient
crop varieties. This study has identified an area of phosphate regulation where current
knowledge was insufficient, that is the regulation of PHO2 mRNA levels, especially, at
early times following Pi stress. Credible hypotheses for these are presented along with
preliminary laboratory evidence for two extra levels of regulation of PHO2 mRNA
synthesis. In the long term, the models developed here could be integrated with
other models that concern different nutrients, growth conditions, productivity and
environment responses of a plant. For that reason, two extra species (variable) SIZ1
and PHR2 have been explicitly included in these models, as they are respectively

linked to stress and other aspects of root anatomy and physiology (see Figure 2.4).

3.2 Results

3.2.1 A new mathematical model for molecular regulation of

phosphate acquisition in plants

Uni-compartmental mathematical models describing the regulation of phosphate
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Figure 3.1: Molecular regulation of Pi uptake in plants.

Panel A represents the detailed molecular network regulating Pi acquisition. Thick
black boxes represent different compartments i.e. soil-solution, cell and vasculature
(including phloem and xylem). The simplified version of the network is depicted in
Panel B. Protein, ligand, mRNA, complexes and Pi ions are denoted by rectangles
(pink), red ellipse, parallelogram (green), squares (transparent) and blue ellipse, re-
spectively. Label acronyms are defined in Table 3.1. Pointed solid arrow denotes direct
interactions and fluxes, barred arrow denotes inhibition or repression and dashed lines
represent indirect interactions. ¢ denotes indigenous production and degradation of
the molecules.
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Species Species name Species type Initial value
acronym

SI7Z1 SUMO E3 ligase 1 Protein 0
PHR2 Phosphate starvation Response 2 Protein 0
PHR2S SUMO-bound PHR2 Protein-ligand complex 0
miR399 miRNA-399 micro-RNA 0
PHO2 Phosphate 2 mRNA 1 (fold)
PHO1 Phosphate 1 Membrane protein 0

PHT (High-affinity) Phosphate transporter Membrane protein 0

1PS1 Induced by Phosphate Starvation 1 long non-coding RNA 0

IMC IPS1-miR399 complex RNA complex 0
CytoPi Cytosolic phosphate Ion 5000 (uM)

E External Pi Ton 200 (uM)

Table 3.1: List of model variables and their initial values.

uptake in plants have been developed, using the simplest plausible molecular network

presented as Figure 3.1B. The acronyms for variable names are defined in Table 3.1.

3.2.1.1 Model assumptions

The model represents phosphate regulation in a hydroponic growth chamber. The
root is represented as a single cell with constant volume flanked by external solution
and vasculature because that is the resolution of most of the data generated. This
cellular compartment acts as a sink for external phosphate and a source for the inter-
nal plant phosphate. The decline in Cytosolic phosphate (CytoPi) levels (in seconds
and minutes) and the induced genetic/molecular response (hours and days) occur at
different time-scales.

In the model, both low-affinity and high-affinity phosphate transporters are as-
sumed to be embedded in the cell membrane, corresponding to all families of Pi
transporters. The constitutively expressed low-affinity transporters account for some
basal Pi uptake under all conditions. The rate of phosphate utilisation is assumed to
be constant and is solely dependent upon availability of Pi in cytoplasm. External Pi
concentration in the model is considered to remain constant under normal and defi-
cient conditions at 200 pM and 0.0001 pnM, respectively. Given the upper limit for the
concentration of cytoplasmic phosphate (i.e. 25mM) (Schachtman et al., 1998) and
the proportion of it stored in the vacuoles (~80%) (Bieleski, 1973; Poirier & Bucher,
2002), the CytoPi level is assumed to be at a steady state of 5mM under typical
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hydroponic external P condition i.e 200 p/M.

The abundance of an mRNA species is used as a proxy for protein concentration,
assuming that protein concentration is at quasi steady state. The molecular regulation
of Pi uptake is found to be conserved across various plant species (Chiou & Lin,
2011). Thus, the half-lives for all the transcripts in the model correspond to those of
Arabidopsis (Narsai et al., 2007). Published evidence (Secco et al., 2013) and qRT-
PCR results in the Appendix Figure D.2 shows that PHR2 mRNA levels (and hence
total protein) remain roughly constant. PHR2 is defined as the level of unbound
PHR2 available for sumoylation by SIZ1. SUMOylation of PHR2 is countered by
de-SUMOylating enzymes, potentially SUMO proteases (Conti et al., 2008; Kurepa
et al., 2003), whose activity is assumed to be constant . In the first instance, it is
assumed that PHO2 mRNA synthesis is also constant because there is no evidence
to the contrary. The binding of IPS1-mR399 is relatively weaker than PHO2-miR399
binding because of the 3bp insertion in the middle of miR399 binding site in IPS1,
while the dissociation rate of IPS1-IMC complex (kg) is assumed to be lower than their
association rate (k7). Finally, for simplicity, the system is assumed to be well mixed
and homogenous because roots consist of various cells and long time scales (hours) are

represented.

3.2.1.2 Equations

The model is represented by a system of ten coupled non-linear ordinary differential
equations (ODEs). The model applies the law of mass action, Michaelis-Menten
and Hill kinetics, for the appropriate reactions depicted in Figure3.1B. Henceforth,
the rates of endogenous production and degradation are denoted by “m” and “d”
respectively along with relevant subscripts, and square brackets denote concentrations.
Most molecular species in the model are assumed to undergo some basal endogenous
degradation, corresponding to their half-lives. The equations are:
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The activity of SIZ1 protein is inhibited by cytosolic phosphate (CytoPi). The
constitutive transcription factor PHR2 remains bound to Pi-stabilised SPX4. For sim-
plicity, CytoP1i is assumed to interact directly with PHR2 in equation3.2. Unbound
PHR2 is sumoylated by SIZ1 forming PHR2S, and is de-sumoylated by deSUMO
enzymes. The active PHR2S triggers the production of miR399 both in root and rel-
atively higher in shoot. Acting as a systemic signal, the bulk amount of miR399 from
shoot translocates via phloem into the root system. miR399 binds with PHO2 tran-
scripts causing mutual degradation. PHR2S also activates the production of the long
non-coding RNA, IPS1, that sequesters with miR399, forming a reversible complex
(IMC). The production of xylem loading protein PHOL1 is inhibited by CytoPi and
PHO2. The production of high-affinity Pi transporters (PHTSs) is activated by PHR2S
but degraded by PHO2. PHTs along with constitutive low-affinity transporters take
up external phosphate (E) , adding to the pool of CytoPi. The acquired Pi is loaded
into the xylem via PHO1 proteins and internally stored or utilised within the cellular

compartment.

3.2.2 Data generation and model parameterisation

The model consists on 35 parameters, namely m;, k;, d;, 5, U,n, and r, where ¢ =
1,..,8,j = 1,..16, and [ = 1,..,7 (Table 3.2 and 3.3). The magnitude of these

parameters were either adopted from the literature, assumed, calculated or estimated.

3.2.2.1 Known, assumed and calculated parameters

Values of 9 parameters, mainly the degradation rates, were obtained directly from the
literature (Narsai et al., 2007). The binding constant for miR399 and PHO2 (kg) is
assumed to equal 0.009, on the basis of the published data (Zinovyev et al., 2013).
The Hill co-efficient (n) was set to 2 in keeping with many models of gene regulation
while Hill co-efficient for IPS1 (r) was set to 4 to achieve the observed delayed and
steep increase in IPS1 levels. The inhibition co-efficients for SIZ1 (k;), PHO1 and
PHT were set to unity, in order to optimize the number of parameters for estimation.
Even if these values were estimated, their accuracy would be questionable due to the
lack of relevant data. The value of ms, k13 and U were calculated by using the steady
state levels of the respective variables (see Note 1 in AppendixD). Altogether, the

values of 16 parameters have been deduced, Table 3.2
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Parameter Description Value | Units | Ref.
name
ms Maximal production rate of PHO2 0.3742 | A7t C
k1 Inhibition co-efficient for SIZ1 1 h1 A
ke Binding constant for miR399 and PHO2 | 0.009 | h~! | R**
k1o kmfor phosphate uptake by HPHT 23 uM | R*
k13 Vinaz for phosphate uptake by LPHT 47125 ht C
k14 kmfor phosphate uptake by LPHT 177 uM | R*
di Rate of SIZ1 degradation 0.0289 | A7t R
do Rate of PHR2 degradation 0.0289 | A7t R
ds Rate of miR399 degradation 0.0578 h~1 R
dy Rate of PHO2 degradation 0.3741 h—! R
ds Rate of PHO1 degradation 0.0866 h=! R
dg Rate of PHT degradation 0.0866 h=! R
dr7 Rate of IPS1 degradation 0.1386 h~1 R
U Rate constant for internal utilisation of Pi 5 h~1 C
n Hill coefficient 2 dl A
r Hill coeflicient for IPS1 4 dl A

Table 3.2: List of known, assumed and calculated parameters.
Abbreviations used have the following meaning. A : assumed value, C : calculated
value (see Notel in Appendix D), dl : dimensionless, h : hours, HPHT : High-affinity
Phosphate Transporters, LPHT : Low-affinity Phosphate Transporters, R : degrada-
tion rates from (Narsai et al., 2007), R*: kinetic value of transporters from (Nussaume
et al., 2011) and R** : miRNA binding affinity from (Zinovyev et al., 2013)

3.2.2.2 Parameter estimation

The remaining 20 parameters were estimated by fitting the model to the dataset, which
largely includes qRT-PCR data generated as the part of this study and RNA-SEQ data

available in literature (Secco et al., 2013).

Data generation Certain parameters would be very difficult to determine. For
example, the maximal production of PHT at the cell membrane would be difficult
to be obtain directly and cannot be linked to mRNA concentration as PHO2 causes
degradation of its protein.The case is similar for PHO1. Measuring SIZ1 activity and
PHR2 protein levels and degree of SUMOylation would fall beyond the time-frame of
this work. On the other hand, their mRNA levels remain relatively stable regardless of

external Pi concentration and thus cannot be proxied for the dynamics of their protein
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Figure 3.2: Expression profiles of miR399, IPS1 and PHO2 under Pi-deficient condi-
tions.

A, B and C respectively depicts relative fold change in the levels of mature miR399s,
IPS1 and PHO2 in root of rice (cv. Nippobare) seedling grown under P deficient
condition.The expression levels are relative to the +P condition at time point zero.
Errors bars are SE and n = 3. Relative expression levels were normalized to that of
an internal control, Os-ACTIN.

products. Whole-root data for phosphate concentrations cannot be used for parameter
estimation alongside transcriptomics data, because they change in different time scales
and include vacuolar as well as cytosolic Pi. In view of the above, only the expression
of miR399, IPS1 and PHO2 can easily be measured for parameter estimation.
Time-course experiment was carried out, where germinated seedlings were grown
hydroponically for 15 days in Pi-sufficient medium before transferring half of the plants
to Pi-deficient solution for 11 days. Quantitative RT-PCR (qRT-PCR) was performed
to determine the fold change in their mRNA levels (Figure 3.2). IPS1 showed the
strongest induction (more than 1000-fold). Experimental details are described in the
Methods section below. For model fitting, the published fold change RNA-SEQ profile
for PHO2 (Secco et al., 2013) was also included along with the generated dataset.

Model fitting to data This work faces the challenge that the data available are
comparatively sparse for a model of this size. The values of 20 parameters were
estimated by fitting the model to the 50 data points corresponding to the the fold
changes in the miR399, PHO2 and IPS1 level in response to P stress. Thus, no
units were assigned to the parameters, except for the time in hours (h). The dataset

includes both generated and published data points. Model fitting was conducted
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using a software named MONOLIX that incorporates the suite of parameter inference
techniques, detailed in the Methods section. At the start of parameter estimation, the
initial values of the variable were set to zero, with the exception of PHO2 and CytoPi,
which were initially set to 1 and 5000, respectively.

All the estimated parameters are listed in Table 3.2 and 3.3, including the mean of
the estimated parameter along with their standard deviation. Most estimated values
are within the biologically relevant range, except for the parameters concerning IPS1
synthesis, mg and r, whose magnitude were relatively higher than other parameters.
Given the known short half-life ( i.e ~5 hours) of IPS1, a high maximal expression
level of the promoter (i.e. mg = 693.33) is essential to achieve the observed IPS1 level
under P deficient conditions. The values for the rate of PHO1 production (mg), uptake
velocity for high affinity transporters (k1) and kinetic parameters for CytoPi efflux
by PHO1 (k5 and ki), are relatively very small. This is due to lack of data for their
respective variables. Perhaps, for the similar reason, the values for ks and k; were
poorly estimated with higher standard deviation than their mean, but due to their
small magnitudes they do not hinder further investigation at this stage. However,

these estimates are explored further in later sections.

3.2.3 Sensitivity and robustness analysis

Global sensitivity analysis was performed (Figure 3.3A and C) to investigate non-
linear effects of the model parameters on the model output by simultaneously varying
all of them (See Methods for details). The integrated response (i.e. total sensitivity of
the model output across the time-course with respect to the variation of parameters)
shows that most system (state) variables are sensitive to the parameter (ms) - the rate
of PHR2 synthesis, Figure 3.3A. As PHR2 is central to the regulation of P uptake,
its rate of synthesis is bound to affect various downstream variables, ranging from
PHR2S to IPS1. The concentration of CytoPi is most sensitive to the rate of its
internal utilisation (U). Though time-dependent response (i.e.sensitivity of the model
output with respect to the change of parameters at different time points) suggests that
the sensitivity of CytoPi to U remains high for initial 72 hours upon P stress after
which it decreases by 1.6 fold, Figure 3.3C. This is indicative of the stress response
going into action. Notably, U is also the most sensitive model parameter followed by
ma.

Robustness is the property of a system that maintains its function(s) under pertur-

bations. Robustness analysis was performed to investigate the robustness of the model
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Parameter Description Value s.d. Units
name

m Maximal production rate of SIZ1 0.422 0.004 h~1
me Maximal production rate of PHR2 0.2 0.001 h~1
ms Vinae for PHR2 sumoylation 3.532 0.005 h—1
my Maximal production rate of miR399 6.639 0.021 h=1
me Maximal production rate of PHO1 0.003 0.0004 h—!
my Maximal production rate of PHT 2.6083 | 0.0171 h=!
msg Maximal production rate of IPS1 693.33 | 0.0032 h—1
ko Rate constant for PHR2-CytoPi interaction | 0.002 0.013 h~1
ks Michaelis constant for PHR2 sumoylation 1.147 0.003 h~1
ka Rate constant for PHR2S deSUMOylation 0.008 0.065 K1
ks Activation coefficient for miR399 production | 28.89 0.0006 h=!
ke Binding constant for IPS1 and miR399 2.49e-7 | 0.0le-7 | A7t
ks Dissociation constant for IMC 1.19e-7 | 0.02e-07 | h~!
ko Activation coefficient for PHT production 0.769 0.017 h=1
k1o Activation coefficient for IPS1 production 64.69 0.0074 h=1
k11 Partial V4, for HPHT 0.1251 0.024 h~1
k15 Partial V4, for phosphate efflux by PHO1 | 0.0546 0.025 h1
ki kmfor phosphate efflux by PHO1 0.1174 0.024 dl
I3 Flux of miR399 from shoot to root 0.1682 0.02 h=t

Table 3.3: Parameter estimates and with their respective standard deviation.
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variables against the total parameter variation. This analysis identifies CytoPi as the
most robust variable underlining the fact that the system always tries to keep its con-
centration constant (Figure 3.3B). The high-affinity phosphate transporters (PHTs)
are the next most robust variable, reflecting system’s need to use these transporters
only when necessary. On the other hand, IPS1 is the least robust variable, reflecting
its very large change in concentration. It also worth noting that IPS1 shows a large

variation in its level between different rice varieties upon P stress (Oono et al., 2013b).

3.2.4 The model fits miR399 and IPS1 data under phosphate

stress conditions

The model fit to the generated (fold change) data for miR399 and IPS1 transcripts
is good, Figure 3.4. In accordance with the experimental data, the model predicts
the induction of miR399 and IPS1 upon Pi starvation and their minimal steady state
expression under the Pi-sufficient condition. Furthermore, all the data points for
miR399 and IPS1 lie within the range of certainty of the model fits and the model
description and parameters for miR399 and IPS1 are consistent with the experimental

data. This cannot be said for PHO2, which is discussed in the next section

3.2.5 Poor model fit to PHO2 time-course data

Upon Pi stress, the observed level of PHO2 mRNA starts to decrease within 6 hours
but does not disappear completely. Figure 3.5 shows that the model reflects the latter,
presumably because IPS1 is binding some of the miR399 that has been produced.
However, the model is not showing the early decrease in PHO2 mRNA. This can
be explained by the fact that model has only miR399 as the phosphate-responsive
degrader of the mRNA and its levels begin to rise only after a 1-3 day delay. This
suggests that something else is affecting PHO2 levels.

The potential phosphate-responsive candidates could be an RNA (mRNA, micro-
RNA or Inc-RNA) or protein (enzyme or RNA-binding protein). Two candidate RNAs
could be IPS1 and PHO2;2 - a splice variant of PHO2 expressed from an upstream
P-responsive promoter (Secco et al., 2013). Both are capable of forming stable ds-
RNA structure with PHO2 mRNA, Figure 3.6, but whether these structures would be



3.2 Results 53

A Sensitivity of Integrated Response

State Variables

m1 m2 m3 md mb mé m7 m8 k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12k13 k14 k15k16 d1d2 d3 d4 d5 d6 d7 U n b r
Parameters

0 T
1 “—
1] —
x _ \
= 08 @ X
e —d3 \
$ 2 d4 \
3 . AN
£ 206 @6 S
@ £ I
0 > d7
o -39 s —u
] 5 —n
® »n 04 ——beta
& —m
% 4
3
a
[¢]
14
-5 4
-6 T T T T T T T T T

Cytopi PHR2S PHO2 PHO1 SIZ1 MiR99 PHR2 PHT IPS1 0 50 100 150 200 250

Figure 3.3: Global sensitivity and robustness analysis of the parameterised model.
Panels A depict the heat-map for multi-parametric global sensitivities for the inte-
grated response of different parameters on the system variables.The sensitivities are
between 0 and 1, where a value closer to 1 reflects the higher sensitivity of the model
output to the respective parameter. Panel B presents the robustness of the individ-
ual variables in the model. The robustness co-efficient (R) is usually calculated as
a negative value. The closer the R to zero, the more robust the variable to pertur-
bation (parameter variation). Panel C depicts the sensitivity of CytoPi to different
parameters at different time points.
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Figure 3.4: Model fits to IPS1 and miR399.
All experimental data points for (A) miR399 and (B) IPS1 (presented in Figure 3.2)
lie within the 80% prediction interval of the model (red dashed lines). Simulation have
been carried out by sampling parameter values from normal (Gaussian) distributions
with means and standard deviations given from the parameter fitting in Monolix. The
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Figure 3.5: Model fit to PHO2 data
The dataset corresponds to the one presented in Figure 3.2 supplemented with the
fold change mRNA-seq data published in (Oono et al., 2011; Secco et al., 2013).The
fit to the data is very poor. Almost none of the data points fall within the certainty
limits of prediction interval of the model (dashed red lines). This simulation have been
carried out by sampling parameter values from normal (Gaussian) distributions with
means and standard deviations given from the parameter fitting in Monolix. The box



3.2 Results 55

A

PHO2 -> 5'-ACUUGAAUUCUU GU AGAA ACAAAGU---CAUCUCC-3"'
AGGG AAGGAAAAAAAA AAGCAC AAGAA AGC
UCcccC Uuuuuuuuuuulu  UUUGUG UUCUU uuG

IPS1 -> 3'-CGUGUG--UUUC G GU A G ACUAAUA---AAAGACG-5"

energy: -16.0559 kcal/mol

B

PHO2.1 -> 5'-ACUUGAAUU---GCGAA UGCG GA CCAUCGCAAG-—-—-— CUCAUCUCC-3'
GCCUU CACCAUA AAUCACCAG GAC
CGGGG GUGGUGU UUAGUGGUC CUG

PHO2.2 -> 3'-CCUCUACUC---GGUAC UA G U UUUCCUAGAU----- ACUAUAGUA-5'

energy: -14.4649 kcal/mol

Figure 3.6: Interaction prediction for PHO2 with IPS1 and PHO2;2.
PHO?2 sequence are aligned with the interacting regions of (A) IPS1 and (B) PHO2;2.
The sequences are shown close together where base-pairing can occur. The 13bp
stretch with IPS1 is particularly striking.

cleaved is unclear. However, IPS1 is expressed too late to play this early role. The
published mRNA-seq dataset (Secco et al., 2013) was used to carry out a BLAST
search with a sub-sequence that spans the PHO2;2-PHO2 splice junction, Figure 3.7.
This indicates that PHO2;2 did not appear until 3 days of Pi starvation, which again
is too late to explain the early decrease in PHO2 mRNA levels.

3.2.5.1 Hypotheses and mechanistic models for early PHO2 inhibition

Five hypotheses are considered as potential mechanistic explanations for the observed
PHO2 dynamics. The first four hypotheses assume some unknown regulator Z acting
as (i) a Pi-dependent transcriptional activator of PHO2 (PdTA) - egs. 3.11 and
3.12, (ii) a Pi-dependent protector of PHO2 mRNA (PdRP) - egs. 3.11 and 3.13,
(ili) a Pi-sensitive binder of PHO2 mRNA causing mutual degradation (PsMD) -
egs. 3.14 and 3.15, or (iv) a Pi-sensitive transcriptional repressor of PHO2 (PsTR)
- egs. 3.14 and 3.16. The fifth hypothesis assumes a Pi-sensitive RNase promoting
degradation of PHO2 mRNA in absence of CytoPi (PsRA) - eq. 3.17. All these
hypotheses are diagrammatically presented in Figure 3.8. Each hypothesis was tested
as an individual model with an attempt to fit the complete data set. In this round
of parameter estimation, kg and d4 are also included for estimation while previously

estimated parameters in Table 3.2 - 3.3, were used as the initial values.
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Figure 3.7: Qualitative view for the expression of PHO2.2 at different time-points

under phosphate stress.

(A) A sub-sequence (125 bp) that spans the OsPHO2;2-OsPHO2 splice junction (B-E)
BLAST output summary image from querying sequence datasets from plants starved
respectively for 24,72, 168 and 504 hours. FEach bar corresponds to an individual

RNA-SEQ read, which is colour coded on the basis of its sequence similarity
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Figure 3.8: Schematic representation of the five hypotheses to explain the observed
PHO2 dynamics under P deficient conditions.

Panel (A-E) depicts individual hypotheses (model) in a single root cell (thick black
box). Red lines and letters denote the assumed reactions and species, respectively.
Each hypothesis assumed the presence of an unknown regulator Z (A-D) or R (E) act-
ing in different manners. Protein, ligand, mRNA, complexes and Pi ions are denoted
by rectangles (pink), red ellipse, parallelogram (green), squares (transparent) and blue
ellipse, respectively. Pointed solid arrows denote direct interactions and fluxes, barred
arrows denote inhibition or repression, and dashed lines represent indirect interactions.
¢ denotes endogenous production and degradation of the molecules.
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dc[th] = my [CytoPi] — dg[Z] (3.11)
dip CZ OA _ lZ] — e [miR399|[PHO] — dy[PHO?) (3.12)
i (Z O _ s — kg [miR399)[PHO2] — m (3.13)

dc[ltZ] - = f[?;iopi]) — dy[7] (3.14)
i CZ OA _ s — ke [miR399|[PHO] — dy[PHO2)[Z] (3.15)
i g 0 _ (kgi k%QZ]) ks [miR399|[PHO2] — d,[PHO?] (3.16)
C”Pftm] — my — ke [miR399|[PHO2] — d,[PHO2] — ( fjf[[gifﬁ]m (3.17)

All five models show a good fit to the PHO2 (Figure3.9), miR399 and IPS1

dataset (see Appendix Figure D.3 and D.4), with -2 log-likelihood values lower than
the original model. Using the inferred Akaike Information Criterion (AIC), statistical
analysis values indicate that the hypothesis models offer significantly better fits to
the data compared the the original model, Table3.4. This also implies the hypotheses
better represent the observed PHO2 dynamics under low P conditions. Though the
estimated half-life of PHO2 (i.e dy) for PARP and PdTA and the binding constant
for miR399 and PHO2 (i..e.ks) for PsMD and PdTA were in appropriate ranges,
their respective SDs are high, see Appendix Table D.3. Among the five hypotheses,
PdRP gives the lowest AIC value and, statistically, it is the best hypothesis for PHO2
dynamics. However, there is a qualitative difference between the models in predicting
the 6-hour time point, for which only PsMD and PsTR are able to capture the early
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drop in PHO?2 level upon P stress. The time at which PHO2 mRNA levels drop can

be used to differentiate between these pairs of models.

Model | AIC | -2LL | T | AAIC [ k| P-value

PiOM | 238.70 | 142.70 | 48 - - -

PdRP | 192.2 88.2 | 52 | 46.5 4| 4.14E-11
PdTA | 206.58 | 106.58 | 50 | 32.12 | 2 | 1.43E-08
PsRA | 211.51 | 111.5 | 50 | 27.19 | 2 | 1.69E-07
PsMD | 218.86 | 106.86 | 56 | 19.84 | 8 | 1.88E-05
PsTR | 234.31 | 122.31 | 56 | 4.39 8 | 8.96E-03

Table 3.4: List of AIC, -2 log-likelihood and P-value for the hypothesis models.
The AIC and log-likelihood values were generated for each model while estimating pa-
rameters using MONOLIX. The relationship between between the P-value and AAIC
is following: P value=Probability (x; > NAIC + 2k) (Murtaugh, 2014). Here, k is
the degree of freedom (i.e. the difference in T - the total number model parame-
ters, including both structural and statistical model). Using this relationship, P-value
was calculated using Chi-squared distribution (CHIDIST) function in Microsoft Excel,

while comparing the AIC value and number of parameters for each hypothesis model
with the original model (PiOM).

3.2.5.2 PsTR is the best model

mRNA was purified from rice roots after 0, 3, 6 and 12 hours of Pi starvation and fold
changes in PHO2 levels were determined by qRT-PCR (Figure 3.10). Almost 80% of
PHO2 mRNA was lost by 3 hours of P stress but recovered slightly at 6 and 12 hours.
In contrast, its level in P sufficient conditions, if anything, increased slightly. This
profile favours the PsMD and PsTR models. Of these, phosphate binding sites are
more likely in proteins than RNAs. Thus, PsTR is the most probably model explaining

PHO2 dynamics. However, experimental validation is needed to confirm this further.

Notably, the maximal repression co-efficient for Z (k;7) in the PsTR model is a
critical parameter attributing to the internal P sensing mechanism and tightly reg-
ulating early PHO2 kinetics under P deficient condition. The partial recovery also
implies some feedback mechanism that attempts to maintain PHO2 transcript levels.

For example, PHO2 might ubiquitinate and hence degrade it own activator, such a
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Figure 3.9: Fitting of different hypothesis models to PHO2 data.

Panel A-E depicts the fit offered by each hypothesis, while Panel F represent the
fits of the original model, now named PiOM. Red dashed lines represent the 80%
prediction interval of the respective models. These simulations have been carried out
by sampling parameter values from normal (Gaussian) distributions with means and
standard deviations given from the parameter fitting in Monolix. The box on bottom
center give the details of the data points. Fold change mRNA-seq data is adopted
from (Oono et al., 2011; Secco et al., 2013)
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Relative fold change
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Figure 3.10: Relative fold change in the levels of PHO2 transcript following 12 hours
of Pi-stress.

The expression levels are relative to the +P condition at initial time point zero. Errors
bars are SE and n = 3. Data significantly different from the corresponding controls
are indicated (*P < 0.01; **P<0.05 Student’s t test in Microsoft Excel). Relative
expression levels were normalized to that of an internal control, Os-ACTIN. Very
similar results have been independently determined by Jitender Giri’s group (personal
communication, NIPGR, India)
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mechanism could also explain why the mRNA does not completely disappear, but

uncovering the details of this mechanism falls beyond the scope of this work.

3.2.6 Model predictions

Thus far the models have been parameterised and refined using data from Pi-starved
roots. Its completeness in representing the system for Pi starvation responses de-
pends on it ability to correctly predict system behaviour under various genetic and
environmental scenarios. The PsTR model was used to perform perturbation anal-
ysis. As mentioned earlier, there is a lack of data for PHO1, PHTs and phosphate
flux. The values for the uptake velocity for high affinity transporters (ki;), rate of
PHO1 production (mg) and kinetic parameters for CytoPi efflux by PHO1 (k;5 and
k16) were estimated to be lower than might be expected. Since the published pertur-
bations involves modification of high-affinity phosphate transporters expression, these
parameters were altered to bring them closer to expected values (see Table 3.5). In
addition, a constant corresponding to the basal expression of high affinity transporter,
the maximal inhibition of both PHT and PHO1 by PHO2 and maximal inhibition of
PHO1 by CytoPi, were respectively introduced and set to 0.009, 0.01 and 100. These
alteration and addition of parameters were done such that maintaining CytoPi at the
steady state. Hence, these alterations do not affect the quality of the model fit to the
dynamics of miR399, PHO2 and IPS1 (see Appendix Figure D.5).

’ Parameter ‘ Previous estimates value ‘ New value ‘

me 0.0028 2.7

k15 0.054 555.3
kie 0.1174 11.831
ki1 0.1251 17250

Table 3.5: Altered parameters values for perturbation analysis

Figure 3.11 compares the output from simulation (in which the model has been
modified to correspond to various scenarios either by introducing a constant or stunting
the production rate of the variable to zero, to represent overexpression or knockdown
conditions, respectively) with the published figures. They show a good qualitative
agreement with observations from mutant studies and contribute to validation of the
model. Though this could simply because these observations were used in defining the

original network topology.
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Figure 3.11: Perturbation analysis on PsTR model.
The overexpression condition for (A) miR399 and (C) PHT were simulated by adding a
constant respectively set to 100 and 1 in the corresponding equation of the variables.
(B) PHO2 knock-down condition was simulated by setting its initial condition and
production rate to zero. (D-F) Replotted published data for different mutant studies
as titled in the respective panels. D-E from (Cao et al., 2014; Hu et al., 2011); F from
(Jia et al., 2011)

3.3 Discussion and Conclusion

The aim of this work has been to gain a quantitative understanding of the molecu-
lar mechanism regulating phosphate acquisition in plants, with a view ultimately to
inform the development of phosphate-efficient crop varieties. As a part of this study,
mechanistic mathematical models for the key molecular network regulating phosphate
uptake have been developed. Time course qRT-PCR data for the key regulators of
the P signaling network under phosphate-deficient conditions were generated. Param-
eters for the model were estimated by fitting to these and other published data (Oono
et al., 2011; Secco et al., 2013), using a non-linear mixed-effect modeling approach

(Laveille, 2014). The temporal expression level from this original model (PiOM) well
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Figure 3.12: Potential model for PHO2 regulation under phosphate deficient condition.

fitted the observed values for miR399 and IPS1, but not PHO2 mRNA, which showed
a 24 hours delay before levels started to drop. The latter can be attributed to the
slow appearance of miR399.

This result suggests that there is an extra Pi-stress mechanism causing an early
reduction in PHO2 mRNA levels. Five hypothetical mechanisms were modeled, of
which a phosphate-sensitive transcriptional repressor (PsTR) was the most credible
on the basis of improved overall fit to the data, fitting to the observed 6 hour time
point value and, prior knowledge of allosteric regulation in general. To aid resolution
of the hypothetical mechanisms, qRT-PCR data were generated for four points over
12 hours of P starvation. Independent testing confirmed the result that 80% of PHO2
mRNA is lost by 3 hours, at a rate close to the normal for RNA. This level is partially
restored by 6 hours, indicative of PHO2 regulating its own level of transcription, as this
is the time scale in which DELLA regulates its own expression (Band et al., 2012a).

This lead to a hypothesis for regulation of PHO2 expression as shown in Figure 3.12.
PHO?2 is expressed courtesy of a Transcriptional Activator (TA), whose degradation
it mediates to maintain constant PHO2 levels. However, TA binding efficiency (and
hence rate of transcription) is impaired by the binding of a Transcriptional Inhibitor
(TI) or Transcriptional repressor (Z) (see Figure 3.8), which can only act when Pi is

low.

Mostly likely TA is a transcription factor that could undergo ubiquitination by
PHO2 (UBC24) protein. While the early drop and partial recovery of PHO2 tran-
script following Pi stress indicate the instantaneous interaction between TA and TI.
Sequence analysis of the upstream region 500bp of OsPHO2 gene (presented in Ap-
pendix D) have predicted various transcription factor binding sites, see Appendix table
D.8. This largely includes signatures for MYB, WRKY, bHLH, bZIP, MAD-box and
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DOF transcription factor families. The expression profiles of corresponding family
members under deficient Pi conditions are presented in Appendix figure D.6. In re-
sponse to Pi stress, the contrasting expression pattern within the members of same
family is observed. Interestingly, some members across all the presented families follow
the pattern similar to that of PHO2 mRNA upon Pi starvation. However, experimen-
tal analyses are required to investigate the precise identity of TA and its potential
ubiquitination by PHO2 protein. The understanding of TA would subsequently allow
the identification of TTI.

Indeed, PsTR hypothesis can be tested by conducting two sets of experiments. The
first set aims to identify the transcriptional activator (TA) of PHO2 from the predicted
list, its interacting proteins (TT or Z) and potential forms of post-translational modi-
fication. The second set of experiments tests the hypothesis of PHO2 auto-regulation.
Introducing a point mutation, say by CRISPR technique (Jeffry & Keith, 2014), to
inactivate the enzyme’s catalytic activity should block the negative feedback. If the
hypothesis is correct, under normal Pi condition the mRNA level should be higher
and constant and the plant might show symptoms of Pi toxicity. Loss of external Pi
should result in an early drop in mRNA levels that do not increase in the 6-12 hour
time frame. The same phenotype should be seen by removing the ubiquitination sites
of TA.

The models developed in this study are relative simple. However, there are various
avenues by which they could be improved or expanded. These include refinement
of internal Pi utilisation, root-to-shoot and shoot-to-root signaling kinetics, tissue
specificity and, importantly, external Pi in soil, which would deplete over time. In
the current models, utilisation U is assumed to be solely dependent upon the CytoPi
concentration. However, in reality internal Pi utilisation is an attribute of several
processes. Thus, U could become a function of Pi storage and release from the vacuoles,
nucleic acid synthesis and especially its degradation, the metabolic shift toward sulfo-
lipids and symplastic diffusion between cells. All these are rather difficult to study
experimentally, making parametrisation a challenge.

The effect of systemic signaling can be better represented by time-dependent vari-
ables (of which plant growth could be one) and delay-differential functions. Most
laboratory data only consider the root as a whole, but open questions remain regard-
ing any tissue specialisation in the regulation of P uptake and transport by roots, and
the kinetic and paths through different root anatomies. These issue can begin to be
addressed through multi-cellular models.

To conclude, this work has revealed four features. The first is that miR399-
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mediated degradation is an insufficient explanation for the drop in PHO2 mRNA
levels. The second is that its early decline is best attributed to some form of phosphate-
sensitive transcriptional repression. Third feature appears from a short time-course
dataset revealing the presence of a mechanism to maintain constant PHO2 mRNA
level, perhaps through auto-regulation by PHO2 protein. Lastly, the model is vali-
dated by its simulations giving some qualitative responses consistent with the pub-
lished experimental data, though there is one glaring exception which is the subject

of the next chapter.

3.4 Materials and Methods

3.4.1 Plant Materials and Growth Conditions
3.4.1.1 Experiment 1, 2 and 3

Note: Experiment 1 was performed by Dr. Jing Shi at the College of Life Science,
Zhejiang University (China) as a part of Collaboration with Nottingham and the
produced data still remains unpublished while Experiment 2 and 3 were performed at
School Biosciences, University of Nottingham (UK), as the part of this PhD thesis.
However, similar protocols have been used to maintain the consistency of the data.
Rice (Oryza sativa cv Nipponbare) was used across all the experiments. Hydro-
ponic experiments were performed under controlled conditions (day/night temper-
ature of 24°C' and a 127" photoperiod, 200 pmol photons m=2s71), allowing 0.5
liters of hydroponic solution per plant. The hydroponic solution consisted of solu-
tion as described by Yoshida et al. (1976),containing 1.425 mM NH4NOs, 0.513mM
K350, 0.998mM CaCly, 1.643mMMgSOy, 0.075uM (NHy)sMo:Os4, 0.25mM
NaSi0s, 0.009mM MnCly, 0.019pM H3BOs3, 0.155 nM CuSOy, 0.1521nM ZnSOy,
and 0.125mM Na — EDTA — Fe, with 320uM or NaHy; PO, replaced by320 nM
NaCl | resulting in the +Pi and —Pi conditions. The pH of the solution was adjusted
to 5.5, and the solution was renewed every 3 d. Rice seeds were first pre-germinated
in tap water for 5 d before being transferred into the hydroponic solution, containing
320 uM NaH;PO, (+Pi) for 15 days. In experiment 1 and 2, the 15 days old plants
are transferred into the hydroponic solution, containing no NaH,PO, (-Pi) for 11
days. In experiment 3, the 15 day old plants were transferred into the hydroponic
solution, containing no NaHy PO, (-Pi) for 24 hours. All experiment procedures such
as media replacement, at interval of 3 days, and sample collection were performed at

a similar time of the day to minimize possible circadian effects.
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3.4.2 RNA Isolation and qRT-PCR Analysis
3.4.2.1 Experiment 1

Total RNA from frozen root samples was isolated using TRIzol reagent (Invitrogen)
followed by treatment with DNase I (Qiagen) to eliminate genomic DNA contamina-
tion. cDNA was synthesized from 20 ug total RNA using Rever Tra Ace (TOYOBO)
with oligo(dT) primer. qRT-PCR was performed using the FastStart Universal SYBR
Green Master (Roche) on a LightCycler 480 Real-Time PCR system (Roche) according
to the manufacturer’s instructions. Relative expression levels were normalized to that
of an internal control, Os-ACTIN. qRT-PCR for quantification of mature miR399 were
performed following a published protocol (Varkonyi-Gasic et al., 2007) and the corre-
sponding primers are published in (Lv et al., 2014). IPS1 primers used for qRT-PCR
are listed in Appendix Table D.4.

3.4.2.2 Experiment 2 and 3

For total RNA isolation from frozen root using TRIzol reagent (Life Technologies) fol-
lowed by treatment with DNase I (Qiagen) and column clean-up using RNeasy minikit
(QIAGEN) to eliminate genomic DNA contamination. cDNA was synthesied using 5
nl of total RNA (500 ng) using SuperScript III First-Strand Synthesis kit (Invitrogen,
Catalog No. 18080-400). The synthesized cDNA is cleaned from remaining RNA from
an enzyme mix included in the kit (E.coli RNase H). qRT-PCR was performed using
PerfeCTa qPCR SuperMix on a LightCycler 480 Real-Time PCR system (Roche).
The detailed procedure is described in Appendix D. Relative expression levels were
normalized to that of an internal control, Os-ACTIN as used in experiment 1. The
primers for PHO2 and ACTIN are listed in Appendix Table D.4

3.4.3 Parameter estimation
3.4.3.1 Theory

The qRT-PCR data correspond to overall values for a population of multiple root cell
types for 3 plants per biological replicate. With biological replication, observations
are collection of n functions f;(t),i = 1...n, one for each replicate. Often, the mean
population function pu(t) characterises the overall temporal behaviour of the popula-
tion. Furthermore, the observations are always subject to some level of measurement
errors, inter-individual variability and some unexplainable variation. Integrating the

variability of these is important to understand the population behavior and can be
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captured using mixed-effect models. These statistical models or inference methods
simultaneously account for both fixed and random effects on the observation from
small sample sizes and sparse datasets. The fixed effects are population parameters
(characteristic measures of the entire population) assumed to be the same at each time
the data are collected, and random effects are random variables associated with each
individual sample from a population. In contrast to linear models, non-linear mixed
effect models consider the mathematical model (statistically referred to as a struc-
tural model) as the non-linear function of both fixed and random effects and involves
approximation during the estimation.

With this notion, the unknown (population) parameters of the mathematical model
were inferred by non-linear mixed-effects models implemented in the software named
MONOLIX (MOdeles NOn LInéaires a effets miXtes), version 4.33s (Laveille, 2014),
freely available at (http://www.lixoft.eu/). This software consist of algorithm that
combine the Stochastic Approximation of Expectation Maximization (SAEM) algo-
rithm with a Markov chain Monte Carlo (MCMC) procedure to estimate the max-
imum likelihood of the model parameters without any linearisation techniques. In
MONOLIX, the statistical models are evaluated by using analytical model-selection
tools, which includes information criteria such as Akaike information criterion (AIC)
and Bayesian information criterion (BIC) and statistical tests such as Likelihood Ratio
test and Wald Test. Such evaluation tools allow the building of improved statistical
(and sometime structural) models, enhancing the precision of the estimates for the

population parameters.

3.4.3.2 Algorithm

Initially, the individual parameters are simulated using an MCMC approach in the
expectation step of SAEM algorithm. These individual parameters are then used to
compute a stochastic approximation of the conditional expectation of the log-likelihood
of the complete data. Subsequently, the complete log-likelihood is maximised to obtain
the updated estimates of the population parameters. In practice, SAEM generates 1
to 5 random samples per individual per iteration to allow for an efficient and rapid
convergence toward the solution. This burn-in period typically requires 200 itera-
tions. Thereafter, the program accumulates random sample results for the next 300

iterations, to estimate the population means and inter-individual variances.
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3.4.3.3 Execution

Model settings: Given that IPS1 RNA is partially complementary to miR399 (with
3 base mismatch), the binding affinity of miR399 toward IPS1 would be relatively
weaker than that to PHO2. However, the release of IPS1 from the IPS1-miR399
complex would be slower than its binding. Assuming such a relationship, values of
the parameter k7(the binding constant for IPS1 and miR399) and kg (Dissociation
constant for IPS1-miR399 complex) were indirectly deduced by estimating additional
parameters (Y; and Y;). These parameter were used purely for estimation purposes
and is related to the known parameter k¢ (Binding constant for miR399 and PHO2),

in following manner:

ke

ko — — 0
Ty

and kg = Y5 * ky

MONOLIX settings The structural model (i.e. the Pi-regulation model) encoded
in MLXTRAN format in a text file (Laveille, 2014), see Note 2 in Appendix D. This
model and and the datasets were loaded onto the MONOLIX platform. Screen shot
of the MONOLIX GUI platform is presented in Figure 3.13. The GUI platform is
divided into four frames: the data and model, the initialization, the algorithms and
the results. Each of these frames requires some input for the precise estimation of
parameters. In this parameter estimation, the exercise following settings were used.
In the data and model frame, the 'Combinel’ observation model was selected for
the model variable to which data are fitted. In the initialization frame, the initial
value and standard deviation for the random effect for each parameter were entered.
In the algorithm frame, the default Simulated Annealing option was unselected, the
number of iteration (K1 and K2) and chains were respectively set to 800, 200 and 50.
A new seed was generated for every run, and for other options the default settings
were used. In the result frame, linearization was selected for standard errors and log-
likelihood, while the conditional mode was selected for individual parameter options.
Finally, estimation can be started using the run button given in the top centre. Details
underlying all these options are well defined and explained in the tutorial available on
the MONOLIX webpage (lixoft.eu/products/monolix/documentation).

Estimation settings: Due to the sparsity of dataset for parameters to be estimated,
the inference was done by multiple sequential runs as follows. In the first run, the

initial values of the parameters and their corresponding standard deviations were set
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to unity, and the program was executed. The resulting estimates were than assigned
as the initial values for the second run. This cycle was repeated until the best fits were
achieved. The algorithm initially struggled to find the range for certain parameters
that would result in an acceptable fit to the extremely high IPS1 levels. Using the
observation while manually exploring the parameter space, the initial values for mg
andk;g were manually set to 1000 and 70 with standard deviation of unity. These
adjustments gave appropriate estimates with acceptable fits to the observed data.
The list for the initial values and estimates for the parameters and corresponding

standard deviation from each run is given in Appendix D.

3.4.4 Model simulation and analysis

The model was defined and simulated in MATLAB using the solver ode45. This
model was encoded in SBML format (Hucka et al., 2003) using COPASI (Hoops et al.,
2006) and uploaded into the software named, Systems Biology Markup Language
based Sensitivity Analysis Tool (SBML-SAT) to perform sensitivity and robustness
analysis. Of the available options, multi-parametric algorithm was used to perform
global-sensitivity analysis under default settings (Zi et al., 2008). This algorithm ran-
domly generates parameter values from a pre-defined uniform probability distribution
thereby mapping the uncertainty of the parameters into the model output. Two output
types were generated from this analysis: integrated and time-dependent response. The
sensitivities from the integrated response corresponds to perturbation in each model
variable (i.e. the area under the curve) with respect to the variation in the parameter
during the time-course (Figure 3.3A) , while the latter reflect the perturbation at a
time (Figure 3.3C). For robustness analysis, the Robustness-coefficient was recorded
for all the variables from respective output plots and were replotted together as the
bar-chart, Figure 3.3B.

3.4.5 Sequence analysis
3.4.5.1 PHOZ2.1 interaction prediction with IPS1 and PHO2.2

Sequences from PHO2.1, PHO2.2 (LOC_ 0s05g4890) and IPS1 (LOC_0s03g05334)
were extracted from Plant Ensembl database (plants.ensembl.org). The interaction

prediction was done using IntaRNA web tool (rna.informatik.uni-freiburg.de).



3.4 Materials and Methods 72

3.4.5.2 PHO2.2 dynamics under Pi stress

The sub-sequence spanning PHO2.1 and PHO2.2 was extracted from Plant Ensembl.
The sequence was queried in BLASTN against NCBI-Sequence Read Archive (SRA097415),
which contains sequence reads of all the samples (rice roots and shoots) collected in

time-course Pi-starvation experiment (Secco et al., 2013).



Chapter 4

IPS1 protection in phosphate

starved plants

Abstract

The models developed in the previous chapter incorrectly predict the RNA profiles of
PHO2 and IPS1 in response to phosphate resupply. Following sequence, structural and
expression analyses, an expanded regulatory model has lead to the credible hypothesis
that IPS1 RNA is protected from degradation in phosphate starved plants, which in
turn leads to its very high level of accumulation. The protective agents are most likely

to be phosphate-sensitive RNA-binding proteins.
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4.1 Introduction

The previous chapter described validated models of the molecular regulation of phos-
phate uptake. These models were tested further to predict the dynamics of PHO2
and IPS1 when Pi is added backed to the external solution after the period of stress.
However, the simulations incorrectly predicts the drastic drop in the IPS1 and PHO2
level in response to Pi repletion, see Figure4.1. This suggests that there must be some
extra level of regulation concerning IPS1 and PHO2, which is not correctly represented
in the current models. As much of the PHO2 regulations have been already explored
in previous chapter, further attention was paid to IPS1.

There are two strike features concerning the dynamics of IPS1. The first is its
extreme and unremitting elevation following 21 days of Pi stress and the second is
its sudden drop within 24 hours of Pi repletion. The exact reason underlying these
features of IPS1 dynamics is vaguely understood. Thus, this chapter explores IPS1
dynamics and its effect on PHO2 in both stress and repletion conditions. Various
sequence and RNA-structure analyses and simulations from the refined models indicate

that IPS1 RNA is probably protected from degradation during Pi stress.

4.2 Results and Discussion

4.2.1 Exploring IPS1 dynamics

The observed degradation rate of IPS1 during P repletion is very similar to the pub-
lished value (Narsai et al., 2007) for unstressed conditions that is currently in the
models. This goes against the idea of a mechanism causing enhanced degradation
upon P repletion and points to mechanism acting during P starvation. The IPS1
level is observed to rise more than 1000 fold within 21 days of P stress in roots. At
present, the models account for this by having an extremely high rate of maximal
synthesis (mg = 669) and a larger Hill co-efficient (r = 4) than is normally used to
model transcriptional regulation, though the latter could represent an amplification
mechanism. Elevated levels of IPS1 could therefore arise from either a Pi-sensitive
“super-transcriptional complex” causing very high rates of synthesis or a Pi-sensitive
protector that impedes IPS1 degradation. It is worth exploring published data to find

evidence for these two hypotheses.
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Figure 4.1: Observed and predicted profiles of PHO2 and IPS1 under Pi-stress and
repletion condition.

A and B corresponds to PHO2 and IPS1 profiles, respectively. The blue-dashed lines
shows the fold change in RNA-SEQ values from (Secco et al., 2013), while the red and
black line correspond to the output of the PSTR and PiOM models, respectively. The
grey zones denote the period of P-resupply where the models significantly depart from
the observed behaviour.

4.2.2 Evidence for a super promoter

Recent work on auxin-response elements (Mironova et al., 2013) show how multiple
Transcription Factor Binding Sites appear to act cooperatively rather than additively
to cause higher levels of induction, with 7 binding sites causing the maximum stim-
ulation of almost 30 fold over constitutive expression levels. In the case of IPS1,
transcription is ~1000 times higher than constitutive levels. Around the IPS1 pro-
moter (Figure 4.2), there are three copies of the P1BS motif to which PHR2S could
bind (Rubio et al., 2001). One of the P1BS sites is in the transcribed region, where
RNA polymerase would at least temporarily separate the DNA strands, resulting in
loss of PHR2S binding at that position. Furthermore, BLASTN searches with this
upstream sequence revealed the presence of an un-annotated tRNA-gly gene on the
anti-sense strand. This makes the potential regulatory region of IPS1 shorter, but data
from (Secco et al., 2013) indicate that the tRNA gene is also expressed in response to
Pi stress, Figure 4.4. Hence, this sequence analysis does not rule out the possibility of
an initiator complex that allows extremely high rates of synthesis but it seems most

unlikely.
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Figure 4.3: Expression profiles of different Pumilio genes under Pi-deficient condition.

4.2.3 Evidence for RNA protection

Two lines of evidence support this idea. First, RNA stability is known to be altered
by protein binding. IPS1 is predicted to have two Pumilio binding sites near its 3°
end (Figure4.2), see Methods section. Role of Pumilio-RNA-binding proteins are well
understood in animal systems(Spassov & Jurecic, 2003; Zamore et al., 1997).Published
transcriptome data (Secco et al., 2013) show that the genes in this family are expressed
at substantial levels and some may be elevated by Pi stress (Figure 4.3). Another
predicted protein binding site near 3’ end is for ELAV-like protein 1 (HuR). The
nearest similar gene in plants are annotated as RNA-recognition and Poly-adenylate-
binding proteins, making these candidate IPS1 protectors as well, see Methods section.

The second line of evidence is from RNA structure prediction. Querying 3’ end
sub-sequence of IPS1 RNA with different sizes of poly-A tract in BLASTN searches
against NCBI-Sequence Read Archive (SRA097415) showed that the IPS1 poly A tail
was usually ~18 bases. Centroid structures of IPS1, with and without, a poly A tail

are shown in Figure4.5. These indicate that its poly-A tail considerably stabilises its
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structure through greatly increasing double stranded (ds) RNA formation, making it
more resistant to attack by ribonucleases. One can envisage a protein which binds to
the poly A tail (or to the polyA - polyU dsRNA region) in the absence of Pi. Upon
repletion, this protein would no longer bind and IPS1 would revert to its original

sensitivity to RNase degradation.

Figure4.6, also shows that 3’ end of IPS1 has several stretches of complementary
sequences which could potentially form a pseudo-knot. Bearing in mind that an 11
base-paired RNA sequence forms a complete cycle of a double helix, the 3’ end of
IPS1 can form a stem-loop consisting of two hydrogen bonding regions, 6 and 11 base
pairs long. The terminal loop contains AATAAAG, which could form the pseudo-knot,
and this structure could be stablised by the poly A tail hydrogen bonding to the 5’
sequence to from a 12 and potentially 4 base paired region. Much smaller pseudo-knots
are known to inhibit degradation by 3’exonucleases in plant RNA viruses (Gallie &
Walbot, 1990; van Belkum et al., 1985) , and could potentially play a role here. Taking
everything into consideration, RNA protection is the more credible hypothesis and is

worth investigating further.

4.2.4 Model incorporating IPS1 protection under phosphate

stress

Using the PiOM and PsTR models, the IPS1 protection hypothesis can be tested
by modulating the degradation rate of IPS1 and IMC as the function of CytoPi and
examining Pi repletion conditions after a period of phosphate stress. The magnitude
of the IPS1 degradation rate (dr.) in the RNA Protection (RP) version of the models
is defined as the product of original degradation rate of IPS1 (d7) and the steady-state
initial CytoPi concentration under normal Pi condition (CytoPi, attime = 0), see
equations (4.1 - 4.4). In these new models, the degradation rates of IPS1 and IMC
will decrease in response to low Pi, allowing IPS1 to accumulate and its reversible
interaction with miR399 to form more IMC complexes. However, the degradation
rates of IPS1 and IMC rapidly return back to normal upon Pi-resupply. The sudden
degradation of IMC will thereby cause a rapid increase in the pool of miR399 and
consequent short-term decline in PHO2. PiIOM-RP and PsTR-RP model were fitted

to the Pi-stress data set and parameters were re-estimated, see Appendix Table E.2.
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Figure 4.5: Centroid secondary structure prediction of IPS1T mRNA.
(A) IPS1 RNA without and (B) with a Poly A tail of 18 bases. The colour scale
represents the probability among the ensemble of structures above the minimum free-
energy structure that the base adopts to form the shown secondary structure. From
red to violet denotes most to least probability. Arrows denote RNase sensitive sites.
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5'-Gl GITITTITTTTGCCCTCTTTGTTAAATTGTAACCACCCTACATATATGIACTAGTATCACCAATAAAGTGATGAATTIGATATTAGTAATTAAGATIGTIGTGTGCAAAAAAAAAAAAAA AAA-3’

Figure 4.6: Potential pseudo-knot near 3’ end of IPS1
The black lines show potential base-pairing structures near 3’ end of IPS1. The pre-
dicted Pumilio protein binding sites are highlighted in yellow.

d[miR399] _ B. L malPHR2S] el iPHOY (4.1)

dt <1 N [CytoPi]) k2 + [PHR2S)"

— ks [miR399|[IPS1] + ks[IMC] — dy[miR399]
+ dr [IMC][CytoP1]

d[IPS1]  mg[PHR2S]" ,

4y [CytoPi] ([IPSl] _ [IMC])

IM
d[dtC] = k;[miR399][IPS1] — ks[IMC] — d7.[IMC][CytoPi] (4.3)
_ dr ~0.1386
B Oytopitimezo B 5000

dr, =2.7E — 05 (4.4)

PiOM-RP and PsTR-RP models fit the observed PHO2 and IPS1 profiles under
P depletion and repletion condition, see Figure 4.7. While exploring the parameter
space for the binding constant for IPS1-miR399 (k7), to gain appropriate fit to the
observed repletion kinetic of PHO2 and IPS1, the value in the range of 10™° gave the
best fit and thus was manually adjusted accordingly to 1.9e-05. Though a relatively
higher value than the previous estimates, the new value of k; is within the range of
weak binding constants (i.e. 107°) for a RNA-microRNA interaction (Zinovyev et al.,
2013). However, these RP models are currently unable to explain the levels of IPS1 at
1 hour of P re-supply. This is perhaps because they assume CytoPi interacts directly
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Figure 4.7: Simulation profiles of RNA-protection models under Pi-stress and repletion
condition.

The observed and simulation profiles are respectively shown for (A) PHO2 and (B)
I[PS1. The grey zone denotes the period when external Pi was restored. The point
with blue dashed line refer to the observed RNA-SEQ data (Secco et al., 2013),while
the red and black lines show the time profiles of the PIOM-RP and PsTR-RP models

respectively.

with IPS1 while in reality it probably involves intermediary proteins.

It is also worth noting that the re-estimated parameters for IPS1 synthesis are
significantly lower (mg = 11.5, k1o = 33.6 for PiIOM and mg = 10.5, k1p = 30.02
for PSTR and (r close to 2) but are in keeping with values often seen in models of
gene regulation. Though these results endorse the idea of IPS1 RNA protection under
low P conditions, laboratory validation is the essential next step. The models can
be completely fitted to the RNA-SEQ PHO2 profile by increasing the value of IPS1-
miR399 binding constant (k7) to 10~%or setting IPS1 production rate (mg) to 200.

However, the biological relevance of these values is uncertain.

4.3 Conclusion

This work has revealed that the astonishingly high levels of IPS1 are best explained
by the protection of phosphate-sensitive RNA binding proteins, for which PUMILIOs

and other proteins are potential candidates. RNA protection is a known mechanism
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in mammalian systems (Ford & Wilusz, 1999). This hypothesis could be tested by
pulling down RNA-binding proteins using a synthetic IPS1 RNA, with and without
poly A tail, from the freshly-made cell extracts of phosphate starved and repleted
roots. The difference in the extracted proteins from different samples would point
to potential Pi-sensitive RNA-binding proteins. These could be studied further by
in-vitro experiments, perhaps involving Electrophoretic mobility shift assay (EMSA)
(Hellman & Fried, 2007) or Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Gstaiger & Aebersold, 2009). In addition, various high-throughput methods
for characterising RNA-protein interactions, reviewed in (Cook et al., 2015), could be
potentially used for further validation.

The three-dimensional structure of RNA is fundamental to various cellular pro-
cesses, including RNA stability, processing, regulation, localization and turnover (Wan
et al., 2011). Such a 3D architecture of IPS1 RNA, perhaps along with the protein/s
binding, could confers stability and increase the half-life in Pi starved roots. Thus,
determining its structure is crucial to gain further insights into IPS1 dynamics. The
most advance approach to determine secondary structure of RNA integrates the classic
nuclease and chemical probing of RNA with next-generation sequencing technologies,
thereby making it an high-throughput process (Foley et al., 2015; Mortimer et al.,
2014) and can be used for IPS1. However, for tertiary structure, methods like X-
crystallography and NMR spectroscopy could also be used (Mortimer et al., 2014),

providing sufficient quantities could be produced.

4.4 Methods

4.4.1 Multiple sequence alignment

The IPS1 sequence was extracted from the Rice Genome Browser (rice.plantbiology.msu.edu).
Its Kasalath orthologue was found by performing a BLASTN search against the down-
loaded genome from the RAP-database (rapdb.dna.affrc.go.jp). The multiple sequence

alignment was made using Multalin (multalin.toulouse.inra.fr).

4.4.2 RNA-binding protein prediction

Candidate proteins binding to IPS1T RNA were found using the RNA-Binding Protein
Database (RBPD) (Cook et al., 2015) . This curated database includes experimentally
observed (both in-vivo and in-vitro) RNA-binding proteins (RBPs) with known RNA-

binding domains for four metazoan species (human, mouse, fly and worm). The IPS1
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sequence was queried across the database for RBP-binding sites with a threshold of
0.9. This lead to 13 potential RNA binding proteins and 37 binding sites across the
IPS1 sequence, see Appendix E. As the predicted proteins were from animal systems,
potential orthologues were found by performing BLASTP searches in Plant Ensembl.
Credible results were found for only two plant orthologues, i.e. PUMILIO and ELAV-1

like proteins.

4.4.3 Centroid secondary structure prediction of IPS1 mRNA

RNA structures were generated using RNAfold (rna.tbi.univie.ac.at) with default set-
tings. Centroid, rather than minimum free-energy, structures were generated as these
show the most probable base-pairing regions in the ensemble of structure likely to be

found above the most thermodynamically stable conformation.



Chapter 5

Multi-cell models for phosphate
uptake and flux within root

cross-sections

Abstract

In this chapter, multi-cellular models of phosphate uptake and flux through realistic
root, cross-sections for Arabidopsis and Rice are studied. Different geometries including
root hairs of different lengths and root cortical aerenchyma have been tested to explore
their effects on phosphate uptake and cytosolic phosphate levels. These suggest that
cytosolic phosphate levels in trichoblasts may be a trigger for root-hair initiation and
that fluid-filled lacunae may be a desirable trait for improving nutrient acquisition,

without increasing costs in carbon and water.
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5.1 Introduction

The structure of a single root is quite complex and consists of layers of different cell-
types with specific functions. The number of cell layers and in some cases cell types,
varies within a root (i.e. along the vertical length of the root) and between plant
species. Most experimental studies on plant phosphate (Pi) acquisition consider the
root as a whole or explicitly focus on a particular cell-type, but open questions remain
regarding any tissue specialisation in the regulation of Pi uptake, transport, and it
dynamics through different root anatomies. This highlights even further the need to
develop multi-cellular models to study the interaction between different cell-types and
explore the effect of different root anatomies on Pi uptake and transport.

Two approaches have been widely used to develop cell-based models of plant roots,
namely includes Cellular Potts models (Glazier & Graner, 1993; Graner & Glazier,
1992) and vertex-based models (Nagai & Honda, 2001; Weliky & Oster, 1990). The
main differences between them lie in the geometrical representation of individual cells
and the manner in which physical and chemical interaction between the cells are
handled. Cellular Potts (or Glazier-Graner-Hogeweg) models represent cells as collec-
tions of voxels (volumetric elements, typically cuboids) that undergo growth through
stochastic relabeling rules. On other hand, vertex-based models describe cells as poly-
gons (in two dimensions) or polyhedra (in three dimensions) (Fozard et al., 2013).
For plant tissues, this is particularly appealing as the relatively regular shape of cells
can be well approximated, and symplastic growth can be naturally enforced by the
sharing of vertices between neighboring cells. In view of this, various vertex-based
models have been developed for different plant tissues (Dupuy et al., 2008; Hamant
et al., 2008; Jonsson et al., 2006; Merks et al., 2011; Rudge & Haseloff, 2005; Stoma
et al., 2008)

As vertex-based modelling approaches have become more established, simulation
platforms such as CellModeller (Rudge et al., 2012, 2013), CHASTE (Pitt-Francis
et al., 2008), OpenAlea (Pradal et al., 2008), and VirtualLeaf (Merks et al., 2011) have
been developed. These softwares allow efficient multicellular simulations by building
on the existing collections of codes. However, the OpenAlea framework has been
adopted in this study for a number of reasons: (a) it is an open-source freely distributed
platform, particularly, intended for modeling multi-scale plant systems, (b) it is user-
friendly and has a simple-to-read syntax, which allows even non computer scientists to
prototype rapidly new scripts or to adapt existing ones, (c) it provides data structures
for representing vertex-based tissues and routines to manipulate them, and above all,

(d) it has an excellent track record in modeling fluxes through plant tissues (Band
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et al., 2012b, 2014; Muraro et al., 2014)

This study aims to establish multi-cellular vertex-based models of Pi uptake and
flux through realistic root cross-sections. The Arabidopsis root has been used in various
multi-scale modeling studies, because of its relatively fewer numbers of cells and simple
anatomical structure. For this reason, multi-cell models for Arabidopsis and rice root
have been developed. Different geometries were also considered to explore the effect
of root-hairs and root cortical aerenchyma (RCA) on Pi uptake and transport. The
model predictions were found to be consistent with the published findings, particularly

for the role of root-hairs and aerenchyma on Pi uptake.

5.2 Data and Methods

5.2.1 Input data

The traced images for the horizontal cross section of Arabidopsis and Rice root were
taken from (Péret et al., 2009) and the aerenchymatous rice root was adopted from
(Coudert et al., 2010).

5.2.2 Overview of the methods

Figure 5.1 provides a general overview for the development of vertex-based models
using the OpenAlea framework. It includes the set of python script and libraries,
which have been extracted from the mainstream GUI-based OpenAlea software by
the staff at the Centre for Plant Integrative Biology (CPIB) in collaboration with the
OpenAlea team. This script-level OpenAlea framework has been refined for studies of
hormone fluxes in multi-cell root models (Band et al., 2014). There are four inputs
in this framework; tissue geometry, process equations, model parameter, simulation
parameters (time, intervals and cell-specific rules, if any) and finally, the parameters

for plotting the output, often as the heat-map on the tissue geometry.

5.2.3 Tissue geometries

Arabidopsis and rice roots All these images were colour inverted using a photo
editing and processing software application named Picasa (picasa.google.com). The

inverted images were segmented using CellSeT with default parameter settings (Pound
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Figure 5.1: Flowchart for multi-cell model development and simulation.
Red boxes denote the input data or user defined information, including the model
equations and rules, provided by the author
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et al., 2012). Automatic segmentation detected most of the larger cells but the geome-
tries of smaller cells and less distinct regions, particularly stele in rice, were corrected
manually.

Having detected the cell geometries, the different cell types were manually identi-
fied, labeled and recorded, Figure 5.2 E,J,O. The labeled cell types were denoted by a
number. This assigned number was used in the later stages to define initial conditions,
equations and establish rules for particular cell-types in the model. The geometrical
data including a list of the walls bounding each cell and a cell-type annotation were
exported to a file in XML format. The latter file was converted to the data structure

(zip file) for input into OpenAlea using a separate python script.

Aerenchymatous rice roots In response to various stresses, including phosphate
deficiency, root cortical cells undergo programmed cell death forming aerenchyma in
many species (He et al., 1992). Though the molecular mechanism underlying these
anatomical adaptations still remains ambiguous, it is understood that root cortical
aerenchyma have positive impacts on Phosphorus-Use Efficiency by reducing metabolic
and root-exploration costs (Postma & Lynch, 2011b). In the view of this, a published
image of an aerenchymatous rice root cross section (Coudert et al., 2010) was adopted
Figure 5.2K | to construct a vertex-based model. The central stele in this image was
unclear, so it was modified by superimposing the stele from another rice-root image,
Figure 5.2F . This altered image was segmented using CellSeT (see, Figure 5.21.-O).
To study the explicit effect of aerenchyma without any impacts from cell numbers,
size and area, the model was simulated on an additional rice root geometry in which
aerenchyma with bypassing lacunae were manually incorporated into the original rice

root image, Figure 5.3A-B.

Modified Arabidopsis co-ordinates to include root hairs Root hairs are known
to be induced in response to low phosphate conditions (Niu et al., 2012). Previous
modelling studies have shown that phosphate acquisition efficiency can be enhanced
by increased root-hair length and longevity rather than their density (Brown et al.,
2013). To test such observations, root hairs were manually introduced while segment-
ing the root cross section image for Arabidopsis in CellSeT. Four root hair cases were
constructed : one each with no hairs, four short hairs, a single hair (~ 100 gm) and
a single fully grown root hair (~ 1 mm), Figure 5.3. These respectively correspond

to trichoblasts at the start of Rapid Elongation Zone (REZ), the elongation phase
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of a root hair just above the REZ and a position in the mature root. The diameter
of root hair was scaled approximately to 10 um. These measurement were obtained
from (Grierson et al., 2014). Normally, root hairs grow out straight but these have
been folded with multiple turns purely for visual convenience. This does not affect

the model simulations.

\J

Figure 5.3: Manipulated segmentation of the root cross-section inverted images.
A and B represents addition of aerenchyma in rice root cross-section while (C-H)
represents the addition of root-hairs with different number and length.

5.2.4 Model development and simulations
5.2.4.1 Model assumptions

The models represent the roots of the plants grown in a hydroponic growth chamber.
External phosphate concentration is considered to remain constant under deficient,
normal and excess conditions at 0 pM, 200 nM and 2000 pM, respectively. It is as-
sumed that the concentration of cytosolic phosphate (CytoPi) is homogeneous within
each cell. For each cell (i), it is denoted by [CytoPi;. Generally, nutrients are loaded
into the xylem to be transported across the plant while sugars and other molecules are
transported from the shoot via phloem for the root growth (White, 2012). For sim-
plicity, the xylem phosphate is fixed as constant at 7mM and phloem and cambium
cells are fixed at 2mM with no flux outward to other cells. As a result, phosphate
effluxed from the pericycle disappears on entering the xylem in the model. In addition,

only symplastic transport and cellular compartments were considered for computing



5.2 Data and Methods 92

CytoPi concentrations. Apoplastic routes (i.e. cell walls) between adjacent compart-
ments have been neglected because these are likely to be substantially slower. The
intercellular gaps are treated in the same way as an external source of phosphate,
with constant concentration at 200 pM, allowing uni-directional phosphate flux into
the surrounding cells. Furthermore, it was assumed that there is no phosphate flux
into/out of aerenchyma while the lacunae are filled with fluid allowing phosphate to
passage through them.

Following Chapter 3, the steady state CytoPi concentration was set at 5mM un-
der normal external Pi condition (i.e 200 M), for both Arabidopsis and Rice. The
active transport of phosphate into the epidermal cells from external environment is
represented by the Michaelis-Menten kinetics for low-affinity phosphate transporters
(with K'm = 177uM). For simplicity, the activation of high-affinity phosphate trans-
porters under low phosphate conditions is neglected. From epidermal cells, phosphate
radially moves towards the stele via plasmodesmata. This is assumed to occur in a
concentration-dependent manner. Of the total phosphate in each cellular compart-
ment, a constant amount of phosphate is regarded as stored in the vacuole or utilised
in making nucleic acid and membranes, such that the CytoPi concentration remains
constant at 5mM under normal external phosphate conditions. Due to the sparsity
of data and the knowledge on the inter-cellular/tissue dynamics of phosphate, the
time scale units for the simulation are not defined, while most parameter values are
assumed and adjusted to obtain qualitative steady states for CytoPi concentration in
the cells across the root cross section.

Given the 2D vertex structure, the volume of the cells were proxied by the respec-
tive cell area in the vertex-based model. The length of all the cells (vertical height)
is assumed to be constant across the root section, Figure 5.6. This is unrealistic for
root hairs, Figure 5.6B, whose diameter is 20 times smaller than that the length of an

epidermal cell (Figure 5.6C).In the first instance, this is ignored.

5.2.4.2 Equations

The dynamics of phosphate in each cell are represented by an ordinary differential
equation composed of three terms, each characterising different aspects of phosphate
dynamics, see equations 5.1-5.3. These include phosphate uptake, its utilisation and
storage in the cell and its flux between the cells. This equation is embedded in each
cell of the model. The term for phosphate uptake is assigned only to the epidermal

cells and the cells surrounding the intercellular gaps in the rice root geometries.
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Figure 5.4: Schematic illustration of the vertex-based multicellular plant tissue.
(A) The polygonal shaped compartments constituted by edges connecting different
vertices (nodes). (B) the logic used to encode the CytoPi flux between the compart-
ments within a vertex-structure across time and space.

In this vertex-based representation of root tissue, cells have a polygonal geometry,
bounded by a set of walls (i.e. line segments), each of which connects a pair of vertices.
Each wall consists of one or more straight wall segments. The cell-connectivity graph,
cell areas and wall lengths are precomputed, as a data structure file, to make more
efficient simulations with the real static geometry. Supposing the root (geometry)
consists of N cells, the area of the cells were denoted by A; for i = 1,2....N and C;
denotes the set of cells neighbouring cell 7. If 7 and j are two neighbouring cells, S;;,
denotes the length of the exchange surface, which is equivalent to the distance between

two vertices or nodes, Figureb.4A

Pi uptake The external (outer) surface of an epidermal cell wall is not shared with
neighbouring cells. Therefore, such cell walls were identified from the data structure

and their respective cells were treated as epidermal cells able to take up phospahte
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from the constant external source (E), via an active transport process against the
concentration gradient and by a small diffusion.

For cell (i) in the epidermis, the transport of Pi into the cell with respect to (t) is
given by:

d1CytoPl; [CyC;fton]i = fllz Zgism (Plfng + Ppass E) (5.1)
Here A; is the area of the epidermal cell, D; labels the set of n walls of cell ¢ that
are exposed to the external environment and S; . denotes the length of these walls
for z = 1,2,..n. Parameters PPHT and k are the Vmax and km for low-affinity
phosphate transporters, E is the constant external phosphate concentration and Ppass
is background permeability of phosphate into the epidermal cell. In the case of rice
roots, a similar mathematical equation is also applied for the uptake of P from the

intracellular gaps between its surrounding cells.

Pi transport between the cells The diffusive flux of phosphate from a cell, labeled
i, to an adjacent cell, j, (Figure 5.4B), is given by

For cell (i), except those corresponding to phloem, inter-cellular gaps and aerenchyma,

W — _2 Z Si; Ppassy, ([Cyton’]i — [Cyton']j) (5.2)

v jecC;

where A; is the area of the cell 7, S; ; is the area of exchange surface between cell
1 and j, Ppass,, is the phosphate permeability across the boundary between the two

cells.

Pi utilisation

d [CytoPi],

= — Pil. .
o U [CytoPi, (5.3)

where U is the constant rate of internal Pi utilisation and vacuolar storage. In
the case of lacunae (i.e. the spokes in aerenchymatous rice root), U was set to zero
because they are considered to be metabolically inactive.

The equation combining these three term has five parameters, values of which were
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either sourced from literature or assumed, see Table 5.1. These parameter values were

used in all the respective Arabidopsis and Rice root geometries.

\ Parameter \ Values for Arabidopsis \ Values for Rice \ Reference \

PPHT 47125 47125 C
k 177 177 R
Ppass 0.0001 0.0001 A
Ppass,, 50 100 A
U 0.1 0.2 A

Table 5.1: List of parameters used in the multicellular models.
Abbrevations are as following - A: assumed/adjusted, C: calculated and similar to ki3
from Chapter 3 and R: adopted from (Nussaume et al., 2011)

5.2.4.3 Simulations and plotting

Simulations were performed in Python (python.org) using the ODE solver Isoda from
the odepack suite (Hindmarsh, 1983) to approximate numerically solutions of the
differential equations for every cell. This solver exploits the sparsity of the Jacobian
of the system of equations; and the sparsity pattern of the Jacobian is supplied to
the numerical solver to improve the speed of the simulations. Simulations were run
until the distributions and fluxes for the variable of interest reached their steady state
and are visualised using the Python library (matplotlib) (Hunter, 2007)). Depicting
the distribution of the steady-state phosphate concentration in a multi-cellular tissue
geometry required choosing a range for the heat-map. This was defined automatically

by the script to minimize subjectivity.

5.3 Results

5.3.1 Phosphate flux model for Arabidopsis root

The models for Arabidopsis roots, both with and with root hairs, achieved steady
states of P flux under deficient, normal and high external Pi conditions (Figure 5.5).
Trichoblasts were observed to have lower CytoPi concentrations compared to the other
epidermal cells, more distinctly under high phosphate conditions. This is probably
because these have two adjacent cortical cells rather than one and this presents a larger

sink surface through which more Pi can be passed on. This opens the possibility that
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reduced CytoPi could be part of the trigger for root-hair initiation. On the other hand,
the xylem pole pericycle cells appear to have high Pi levels than their neighbouring
pericycle cells, but this is probably an artifact arising from fixing the Pi concentration
in the xylem.

Cases 2 and 3 under normal and high external Pi conditions in Figure 5.5 , show
that even short hairs can elevate the CytoPi levels of surrounding cells. However, a
full-length root hair has a large effect even at normal external Pi concentrations. As
the emerging hair quickly brings in more Pi, this would raise Pi levels in the other
trichoblasts and discourage further root hair formation nearby. The higher Pi levels
in root-hair cells could also possibly limit root-hair length. All these simulations are
based on the assumption that mature root-hair cells have an cubiodal protrusion whose
volume is ITmm x 10um x the length of the cell, Figure 5.6. This is obviously not the

case, so further refinement is required.

5.3.1.1 Volume and surface area adjustment for root-hair cells

Given the above, the model should be modified to take account the difference in
volume and surface area of root hair cells to see if there is any noticeable difference
in the CytoPi levels and distribution (see Figure 5.6). As a first approximation, it is
assumed that epidermal cell and root hairs are cylinders.

The average length and diameter of a mature root epidermal cell in Arabidopsis is
~ 200 pm (Beemster & Baskin, 1998; Duckett et al., 1994) and ~ 20 um, respectively.

. Epidermal cell volume = 772l = 7102 % 200 = 200007 um?

The average length and diameter of mature root-hair is ~ 1000 um and ~ 10 um,

respectively (Grierson et al., 2014).

. Root-hair volume = 7%l = 752 * 1000 = 250007 um?

. the volume of a root-hair cell is 450007 pm?
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Figure 5.6: 3D geometry of root cross sections.
The length/height of all root cells, including root-hair are assumed to uniform (A

and B), while under natural conditions, height /diameter of root hair cell is relative
small (C).
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=2.25

Volume i dding root hair =
olume Increase upon adding root hair = o0

Assuming a quarter of the total surface area of an epidermal cell faces the external

medium,

27rl ~ 2710%200 40007
n 4 4

Exposed surface area = = 10007 wm?

Surface area of a root-hair = 27rl = 27 x 5 * 1000 = 100007 pm?

. the exposed surface area of a root-hair cell= 110007 um?

110007

= 11, i..e. 11 fold higher surface area than an
10007

The surface area increase =

epidermal cell.

Assuming the Pi-transporter density is the same, a root-hair cell can bring in
approximately 11 times more Pi. This was tested by simulating the CytoPi to steady
state assuming the trichoblast has 11 fold higher exposed surface area. This alteration
shows elevated CytoPi level in the trichoblast and neighbouring cells, Case 2 in Figure
5.7, which is in excellent agreement with the predictions from the actual mature root-
hair geometry, Case 1 in Figure 5.7. In reality, this increase in the level of Pi is diluted
by being in a cell whose volume is 2.25 times larger. Therefore, for the same volume
as an epidermal cell, the increase in Pi uptake would be —— = 4.89. This difference
has been implemented in the geometry, where the trichoblast is defined as taking 4.89
time more Pi than the other epidermal cells. This modification shows an increase in
CytoPi level in the trichoblast and neighbouring cells (Figure 5.5, case 3) compared
to the hair-less root (Figure 5.5, case 4).
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Figure 5.7: Effect of altered surface area of a trichoblast cell on CytoPi distribution
under different external Pi-conditions

A, B and C represent deficient, normal and high external phosphate conditions, re-
spectively. Casesl-4 respectively correspond to the previous mature root-hair model,
a trichoblast with 11 fold higher uptake, a trichoblast with 4.89 fold higher uptake
and a trichoblast with no hair. The diameter of root is100 pm.
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Figure 5.8: Spatio-temporal distribution of Cytosolic Pi across Arabidopsis root.
Following phosphate stress with (A), time-course simulation of Cytosolic Pi upon
phosphate re-supply (B-H).
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It may also be instructive to investigate the recovery of a root from Pi stress. On
initialising the hairless geometry with values from the stressed steady state but defining
external Pi as normal, the CytoPi concentration evolves to steady state following Pi
resupply within the time-frame of 20 units, Figure 5.8. The time course suggests that,
after epidermal cells, the endodermal and pericycle cells that begin to recover before

the cortex. The lower levels of the latter might be due to their larger volume.

5.3.2 Phosphate flux model for Rice

The CytoPi levels in multi-cell rice root model attained steady states under all external
phosphate, Figure 5.9A1-C1. These look similar to the equivalent in Arabidopsis,
Figure 5.5, except those in high phosphate condition, Figure 5.9C. This is probably
due to both differences in geometry (i.e. cell size and number; and inter-cellular gaps)
and also the model parameter values. Rice root has about four-fold more epidermal
cells and hence larger surface area, capable of taking up more Pi. Also, the intercellular
gaps offer an additional source of phosphate to the cortical cells.

On manually introducing cortical aerenchyma with lacunae into the root geometry,
the model simulations show three effects, Figure 5.9 A2-C2. First, the root CytoPi
levels are lower in total in keeping with the published data (Hu et al., 2014). Second,
the extent of the CytoPi decrease in the individual cortical cells appears to be related
to how close the regions of aerenchyma are from each other. Thus, in Figure 5.9B2 and
C2, the two and three cells wide cortical section between the aerenchyma shows lowest
CytoPi level. Third, cells that are external to aerenchyma also have reduced CytoPi
levels. Similar results were observed in the actual aerenchymatous root geometry,
Figure 5.9A3-C3. This is probably, due to lacunae allowing phosphate to move to the
vasculature much faster, because they constitute a single compartment/cell (rather
than three), have far smaller volume than the equivalent cortical cell file and are not
utilising the Pi themselves (see, Figure 5.10). This is consistent with earlier reported
evidence (van der Weele et al., 1996b). The lower CytoPi level of the external cells
might cause these cells to be less metabolically active or trigger the phosphate stress
response, though any significance of this is unclear. The aerenchymatous roots in
Figure 5.9 B3 and C3 have remarkably lower CytoPi levels than those in Figure 5.9
B2 and C2. This again can be attributed to differences in geometry. There are sightly
more epidermal cells (93 and 88 in Case 2 and 3, respectively), more aerenchymatous

regions, some larger gaps below the exodermis and more layers of cortex.
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Figure 5.9: Effect of aerenchyma on CytoPi distribution under different external Pi
conditions.

A, B and C, respectively corresponds to deficient, normal and high external phosphate
conditions. Case 1 depicts normal rice root cross-section while Case 2 and 3 represents
manually developed and realistic, aerenchymatous rice root cross-section, respectively.
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Figure 5.10: Potential explanation for decreased Pi-content in aerenchymatous root.
The flow of nutrient, in this case phosphate, across the file of cells belonging to different
tissue-types in normal (A) and aerenchymatous (B) root. Compared to normal roots,
an aerenchymatous root with fluid-filled lacunae (spoke) offers less resistance to the
flow of nutrient from outer to the inner tissue, thereby increasing nutrient acquisition.
EP: epidermis, Ex: exodermis, Sc: Schelerenchyma, RCA: root cortical aerenchyma,
Co: Cortex, EN: endodermis, PR: pericycle and XY: Xylem.

Figure 5.11: Vertex structure to model root-soil interaction.

(A) Inverted image (B) Segmented and (C) annotated geometry, representing root-coil
interaction. The centre root region with cells well annotated for different tissue-types.
The maroon boundary depicting epidermal cells of the root, followed by the pixelated
bands in dark blue, greenish-blue and pink colour representing soil-solution, zone of

less-readily and least-readily available phosphate, respectively.
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5.4 Discussion and Conclusion

This study has developed credible multi-cellular models for phosphate uptake and
transport in Arabidopsis and Rice root cross-sections comprised of real cell geome-
tries. They all were able to attain steady state phosphate distribution under all ex-
ternal phosphate conditions. However, the parameter values needed to achieve steady
states appear to be sensitive to the root geometry. In the Arabidopsis model, young
trichoblasts were observed to have lower CytoP1i level under both normal and high ex-
ternal phosphate conditions. This is due to the higher number of cortical cell adjacent
to them, which increases the Pi sink. This could be a possible part of the trigger for
root-hair initiation, involving signalling mediated by hormones namely auxin strigo-
lactones and ethylene, and genetic regulators such as Altred Phosphate Starvation
Response 1 (APSR1), Root Hair Defective 6 (RHD6), RHD6-Like4 (RSL4), and Root
Hair-Specifics (RHSs) (Cho & Lee, 2013).

Various studies have indicated the significance of RCA toward enhancing Resource-
Use-Efficiency, including phosphate, nitrogen and water (Hu et al., 2014; Lynch, 2011,
2013, 2015; Postma & Lynch, 2011a,b; Saengwilai et al., 2014; York et al., 2015).
However, most of these RCA studies have focused on its role in saving root carbon
cost in favour of soil exploration, either for water or nutrients. But, it may also have
a role in root hydraulics, which in turn, regulates the uptake and transport of both
water and nutrients (Vadez, 2014). The observations in this work certainly favour the
latter. Consistent with previous findings, the simulations predict a decrease in root
phosphate content in the presence of aerenchyma and an increase in phosphate flux
across the root through lacunae (Drew & Saker, 1986; van der Weele et al., 1996a).
These spoke-like structures form bridges between the stele and outer root layers and
if lined or filled with aqueous solution allow smooth passage for the nutrients to flow
though aerenchyma (Ranathunge et al., 2003; Vadez, 2014). Thus, aerenchyma and
fluid-filled lacunae could both be traits to improve Phosphorus Acquisition Efficiency
in rice.

Although beyond the scope of this thesis, there are several potential areas for
further study. Perhaps the most pressing need is for a better representation of the
vasculature. Xylem phosphate will depend upon transpiration rate and availability
of Pi in pericycle cells. Phosphate mobilisation is known to occur in response to
phosphate stress, whereby phosphate is transported from shoot-to-root via the phloem
(Jeschke et al., 1997; Schachtman et al., 1998). In view of this, the model could be

developed to allow the phloem to be a phosphate source under defined circumstances.
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The model also assumes a hydroponic environment in which external phosphate
and other nutrients are constant and uniform. However, in soil phosphate is neither
constantly available nor uniformly distributed. The uptake of phosphate from soil
solution creates a zone of depletion and its replenishment depend on the form and
amount of phosphate available in the surrounding soil. As the soil solution can radially
moving to the root endodermis, a decreasing phosphate gradient could from along the
path and thus, across the intercellular gaps. In addition, roots exudates affect the
availability of phosphate ions in the surrounding soil environment. Altogether, soil-
root interactions are complex and an important area of research. In view of this, the
root vertex structure has been extended by including a mesh surrounding the root to
represent the soil environment, Figure 5.11. Phosphate dynamics within the soil could
then be incorporated, with am initial prescribed distribution of different phosphate
pools, Figure 5.11C. Furthermore, the root geometry could be modified to represent
mycorrhizae and explore its role in phosphate uptake. Ultimately, one could link these
models to a growing root model to simulate aspects of root ageing.

While the modelling presented here focuses on how cell-scale phosphate transport
affects phosphate distribution at a tissue scale, coupling with sub-cellular network dy-
namics could also be instructive. Various phosphate-stress-responsive genes are spatio-
differentially expressed in different root tissues under normal conditions , Table 5.2.
The phosphate regulation model from the previous chapter could be embedded into
the individual compartments (cells) to test the hypothesis that differential expression
is due to the difference in the concentration of Pi and miR399. Such a multi-cellular
model could form a platform to explore the impact of tissue/cell-specific gene ex-
pression in regulating phosphate uptake and transport under different environmental

conditions and root anatomies.
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Gene MSU id P+ P-
(LOC_Os)
EES | Cortex | EPS
ARP6 Olgled14
bHLH32 03g15440 -
CAX1 1105070
CAX3** 02g21009
IPK1 04g56580
IPS1#* 03205334
LPRI 01g03530
MYB62** | 01203720
PHF1 07209000
PHOI1 02g56510
PHO?2 05248390
PHRI1 03g21240
PHR2 07225710
PHTI1:1*%* | 04gl0800

PHT1:2 03205620
PHT1:4 04g10750
PHT1:6 08245000

PHTL:8 10230790
PHT2:17* | 02g38020
PLDI 05229050
PTF1 06209370
SIZ1 05203430
SPX1 06240120
SPX3 10225310
SQD1 07201030

RN ISR IR PV P N PO Vg Vg N IR N R DN Vi Vg Vg IR NN I | g e Vo I VNP N

-

ZATG6** 03232230

. Very high - High | ‘ Medium ‘ ‘ Low ‘ ‘ Very low

|Nil \

Table 5.2: Expression of PSI genes in rice root tissues under normal conditions.
EES: Epidermis, Exodermis, Sclerenchyma ; EPS: Endodermis, Pericycle, Stele
**Overall expression is very low, relative differential expression in shown Note:
The table is generated using the dataset available on RiceXPro database (ricex-
pro.dna.affrc.go.jp). This gene expression dataset represents different tissue types
from root tip and elongation zone, under normal conditions. Directional arrows with
black, green and red colour respectively depicts no change , upregulation and down-
regulation in the transcript levels following 21 days of phosphate stress (Pi-). This
expression levels are relative to the phosphate sufficient condition (Pi+) at day 21 and
are adopted from the published mSEQ dataset (Secco et al., 2013) .



Chapter 6
Conclusions

In this thesis, the aim has been to use systems approaches to increase understanding
of the regulation of phosphate uptake in plants at different spatial scales. The major
aspect of this research involved the development of mathematical models concerning
phosphate acquisition and transport at cellular and multi-cellular scales, though lab-
oratory work was also carried out. Prior to this work, phosphate uptake models had
been developed for supra-tissue scales and have often focused on phosphorus dynamics
in soil, to identify ways of optimising its availability. No models have appeared in the
literature, which connect phosphate uptake dynamics with the genotype of the plant.
To improve phosphorus-use efficiency in plants, there are increasing needs to explore
the interactions between genotype, phenotype and environment, i.e. low phosphate
conditions.

In view of this, the mathematical models for molecular regulation of phosphate
uptake in rice have been developed, see Chapter 3 and 4. These cell-scale models in
combination with laboratory experiments have offered insights into the regulation of
PHO2 and IPS1. To investigate the interaction between different cell-types and the
effect of root anatomies on phosphate flux, multicellular models for phosphate uptake
and transport have also been developed, using realistic geometries for Arabidopsis
and Rice roots, see Chapter 5. Furthermore, whole-root ionomics time-course data
have been generated, see Appendix A. In one sense, a systems approach involves
cycling between “wet” and “dry” lab experiments. The discoveries concerning PHO2
regulation are an example of one and a half such cycles. Using the terminologies
proposed in Appendix D, this project has identified knowledge gaps, resolved different
hypotheses and offered potential regulatory models for experimental validation. In
the case of IPS1, root-hairs and the fluid-filled lacunae crossing aerenchyma, model

predictions have lead to hypotheses, which need experimental testing.
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In brief, this study has led to eight interesting hypotheses, which can be the starting
point for further research:

1. PHO2 protein mediates the degradation of it own transcriptional
activator (TA) to maintain constant PHOZ2 levels.

Transcription factors belonging to MYB, WRKY, bHLH, bZIP, MADS-box and DOF
families are predicted to be the potential candidates for TA. However, Yeast-1-hybrid
screening and ChIP-PCR are needed for experimental identification and validation of
TA’s identity. The degradation of TA by ubiquitination can be investigated in five
steps : (i) make a CRISPR PHO2-construct in which only the active site residues
have been modified, which should show a different phenotype under normal and a
Pi-starvation time course, (ii) ubiquitin binding-site prediction of TA candidates, (iii)
once TA have been identified raise antibody against it and perform western blots of
protein extracts. The presence of Ubiquitin-modification is revealed by multiple bands
in western blots probed with anti-TA and anti-Ubiquitin antibodies, (iv) developing
mutant with impaired ubiquitin binding site in TA and probing the PSR phenotype,
(v) performing in-vitro ubiquitination of TA by PHO2 protein (UBC24).

2. The binding affinity of the transcriptional activator (TA) of PHOZ2

is impaired by a phosphate-sensitive transcriptional repressor/inhibitor
(TI).
There are two possibilities for TI: (i) Post-translational modification (PTM) and (ii)
Protein-Protein interaction (PPI). Potential PTM sites (for example for SUMOylation
or de/phosphorylation) can be initially predicted by sequence analysis. This could be
followed by generating western blots for the proteins from normal and stressed plants,
and probing with TA antibody for size change and with antibodies against protein
modifiers, which may include SUMO and phosphoproteins. On the other hand, PPI
could be investigated by (i) performing Yeast-2-Hybrid assay (using TA as the bait) (ii)
developing prey knock out lines and studying their effect on the PSR (iii) performing
in-vitro protein binding with cross-linking in presence and absence of Pi.

3. IPS1 RNA is protected from degradation by phosphate-sensitive
RNA binding proteins, of which PUMILIOs are candidates, causing ele-
vation in its levels.

This hypothesis could be validated by two set of experiments. The first involves
performing Poly-A tail PCR for IPS1 under deficient and re-supplied Pi conditions.
This would offer a preliminary experimental validation for the alteration in half-life of
IPS1 under Pi stress. The second experiment involves RNA-pull down assay, wherein
a biotinylated synthetic IPS1 RNA with and without poly-A can be used to pull-
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down the binding protein/s from Pi starved and re-supplied root cell-extracts. The
extracted RNA-protein complexes could be than analysed using LC-MS/MS to iden-
tify potential Pi-sensitive IPS1-binding proteins. Confirmation of their role can be
achieved by using in-vitro cross-linking in the presence and absence of Pi followed by
Electrophoretic mobility shift assays.

4. Cortical cells are the last to recover from phosphate stress because
they are larger.

Ideally, this can be investigated by using genetically-encoded high-resolution FRET
nanosensors, which allow in-vivo spatio-temporal quantification of intracellular Pi in
different root tissues under sufficient, deficient and repleted Pi condition(Jones et al.,
2013; Mukherjee et al., 2015; Okumoto, 2014).

5. Trichoblast cells have lower cytosolic phosphate than neighbouring

cells and this acts as a trigger for root-hair initiation.
Though the concentration of Pi in trichoblasts could be quantified using the above
FRET (Fluorescence Resonance Energy Transfer)-nanosensor technique, linking the
decrease in Pi concentration to root-hair initiation (RHI) needs further investigation.
This could be done by assessing the members of RHI network, involving both genetic
and hormonal regulators, for the potential Pi-sensitive PTM (eg. SUMOylation or
de/phosphorylation) and responsiveness to Pi-sensitive proteins (eg. PHR2). This
could experimentally tested in the similar manner described in section 2 above. Fur-
thermore, the Pi-sensitive RHI promoter could be fused with fluorescence marker (e.g.
VENUS or GFP) to study its expression dynamics in response to low Pi. Potentially,
this could be complemented with Pi-nanosensor as a second fluorophore to capture
the Pi dynamics in parallel.

6. The phosphate entering a root-hair cell is passed on to raise the cy-
tosolic phosphate of neighbouring trichoblasts, deterring them from pro-
ducing root-hairs where they are not needed.

To investigate this hypothesis for root-hair patterning, Pi-nanosensor fused mutant
could be grown in presence of Pi analogues (eg. Phosphite). Moreover, plasmodes-
mata blockers (e.g. salicylic acid) (Sager & Lee, 2014; Wu & Gallagher, 2013) could
be exogenously applied to the mutant grown in Pi-deficient conditions. In either ex-
periments, if the hypothesis is true, impaired root-hair patterning would be observed.

7. Fluid-filled lacunae transversing aerenchyma increase phosphate
flux radially across the root.

This hypothesis, firstly, need more detailed OpenAlea simulations for further assess-

ment. For experimentally validation, labeled Pi or FRET- nanosensors could be used
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to measure time course dynamics of Pi uptake and its loading into the xylem across
the root/s with different anatomies.

8. Fluid-filled lacunae are a useful trait to enhance phosphate acqui-

sition efficiency in low-phosphate conditions and have the potential to
improve the acquisition efficiencies of other nutrients.
This trait can be tested in-silico using SimRoot (Lynch et al., 1997; Postma & Lynch,
2011b). However, the phosphate uptake efficiency of aerenchymatous roots with dry
or fluid-filled lacunae could be evaluated by growing plants under different phosphate
conditions and simultaneously quantifying the total above-ground phosphorus level in
plants with their aerenchymatous anatomies throughout their root systems.

Arising from this project, there are several avenues to enhance the understanding of
phosphate regulation in plants. The first among these is the analysis of the data on ele-
mental uptake and content, presented in Appendix A. This dataset offers the temporal
signatures for the uptake of different elements under normal and phosphate-deficient
conditions. Besides uptake rates, the dataset can lead to a temporal understanding
of the interactions between different plant nutrients. In addition, this dataset can
be used to develop whole-root phosphate/resource uptake models in SimRoot (Lynch
et al., 1997). Indeed, improving upon this pilot-scale ionomics experiment, a full-scale
experiment is desirable with more plants, a range of phosphate treatments initiated
at different developmental stages and parallel plant sampling and measurements in-
cluding dry weight, hydroponic pH, plant phenotypes and physiology. This would
offer more precise insights into nutrient uptake dynamics and their interactions under
normal and different external phosphate conditions.

The cell-scale models can be improved by expanding the utilisation parameter (U )
to a function that includes phosphate flux across the vacuoles, changes in metabolism,
the shift to sulfo-lipids and growth rate. Phosphate uptake can be studied at differ-
ent fixed external phosphate concentrations to discover the external conditions under
which different parts of the regulatory network operates, while bifurcation analysis of
the model could be performed to identify gene combinations giving improved uptake
under low external phosphate. Furthermore, the external phosphate can be repre-
sented as a variable, which is a function of phosphate uptake, root exudation and
soil properties. This could pave the way for a much better understanding of root-soil
interactions.

The multicellular root models can be improved by modifying the representation
of xylem (to include a term for phosphate-dependent transpiration) and phloem (by

including a term for phosphate-flux from phloem to root tissues). Indeed, there is
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the need for a more thorough literature search to gain precise values for the model
parameters. These models can be used to evaluate the rates of phosphate uptake and
flux across tissues. Furthermore, these tissue models can be expanded to include soil
conditions and mycorrhizae to understand their impact on phosphate uptake.

Ultimately, the cell-scale and multicellular models must be integrated to investigate
the spatio-temporal expression of genes. This combined model can be used to identify
potent gene-anatomy combinations, leading to improved phosphate-acquisition effi-
ciency. Moreover, these models can be merged with other published (see Appendix
C) or novel models. For example, the model for genetic regulation of phosphate up-
take can be integrated with the models concerning other resource uptake (including
nitrogen and water) (Alekhina et al., 2000; De Schepper & Steppe, 2010; Dunbabin
et al., 2002; Payvandi et al., 2014), lateral-root formation (Lucas et al., 2008; Péret
et al., 2012, 2013), and root-hair patterning and development (Benitez et al., 2008;
Jones et al., 2009; Payne & Grierson, 2009).

To conclude this thesis, the famous quote of Sir Winston Churchill comes to mind

“This is not the end. But it is, perhaps, the end of the beginning’
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Appendix A

Uptake of different elements by
normal and phosphate starved

plants

Introduction

The objective of this pilot study is to quantify the uptake rates of different elements
and their levels in the plant tissues at different times under normal and deficient Pi
conditions. This novel approach allows non-destructive quantification, which is an
advantage over destructive methods that require more plants and suffer large variabil-
ity. Such an approach has not previously been reported in the literature (David Salt,
personal communication). In conjunction with themes of this thesis, this time-series
dataset can be used to develop mathematical models of nutrient uptake in growing
plants. Thus, this experimental work could form the basis of another modelling study
in future. Indeed, this pilot work act as a proof-of-concept for the approach an from

the basis of a full-scale experiment.

Materials and Methods

Plant materials and growth conditions

Rice (Oryza sativa cv Nipponbare) was used in this study. Prior to germination, rice
seeds were washed and surface sterilised by washing them in 70% ethanol, followed by
rinsing with distilled water then soaking for 30 minutes in 2% hypochlorite solution

and finally, rinsing thrice with distilled water. These seeds were germinated on moist
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Figure A.1: Images of rice plant grown in boxes and bottles

Whatman filter paper on petri dishes for 5 days, intially for three days without light
and temperature 30°C' followed by two days in light conditions (12 h photoperiod)
at 20°C'. On the sixth day, the seedlings were transferred into boxes containing the
hydroponic solution and grown under controlled conditions (day/night temperature
of 24°C and a 12 h photoperiod, 200 pmoles photons m~2s71), allowing 0.5 liters of
hydroponic solution per plant (i.e 17 seedling per 9L box).

The hydroponic solution consisted of a modified solution as described by Yoshida
et al. (1976), containing 1.425mM NHyNOs, 0.513mM K550y, 0.998mM CaCl,,
1.643mM M gSOy, 0.0751M (NHy)¢M 07044, 0.25 mM NaSiOsz, 0.009mM MnCl,,
0.019nM H3BOs3, 0.155 uM CuSOy, 0.1521M ZnSOy,, and 0.125mM Na— EDT A—
Fe, with 320 uM either NaH,PO,4 or NaCl'l, resulting in the +Pi and —P1i conditions.
The pH of the solution was adjusted to 5.5 (with HC'! ) and the solution was renewed
every 3 days throughout the experiment irrespective of the treatments.

Initially, plants were grown for two week in the boxes under the normal conditions.
On day15 (referred to as day 0 of treatment), nine of these plants were transferred to
the solution box lacking Pi for 21 days, while the equal number of plants continuously
remained in the box with Pi-sufficient solution (control), FigureA.1 A. Besides these,
ten plants were transferred to the individual hydroponic bottles, allowing ~1-1.2 liter of
solution per plant, again for 21 days, FigureA.1 B. One half of these bottles contained
Pi-deficient solution (treatment) while remaining half served as a control with Pi-
sufficient media. To avoid any evaporation , the opening of the bottles holding the

plants were securely sealed using paraffin tapes.
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Figure A.2: Effect of P stress on rice roots and leaves

Hydroponic and plant sampling

On day 0 of treatment, an aliquot (~ 50ml) of the fresh hydroponic solution (form
the storage tanks) was stored and also the weight of each bottle (excluding the plant)
with freshly-prepared hydroponic solution were recorded. After three days, the bottles
without their plants were weighed again and further ~50ml aliquot of the respective
hydroponic solution were taken. Fresh solution was added to each bottle and their
weights were recorded. This weighing and sampling procedure was repeated at inter-
vals of 3 day for the 21 days. The differences in weight , primarily, reflect the amount
of solution taken up by the plants over the three day period.

Tissue (i.e. roots and leaves) samples were taken on days 0 and 21 of treatment.
The sampling was performed as follows: whole plants were taken out from the hydro-
ponic system, briefly dried using blotting paper, roots and leaves were separated and
freezed in liquid nitrogen. These leaf and root samples were stored at -80°C until used
for the analyses. For the plants grown together in hydroponic boxes, the tissue samples
were pooled together, thereby increasing the mass but reducing the overall number of
samples. In this work, individual tissue samples from nine plants at a given time were
evenly pooled together leading to three biological replicates. Though, for the plants
grown in the bottles, the collected tissue samples (at day 21) were not pooled and the
samples from each plant/ bottle were treated separately. This becomes particularly

important to calculate the uptake of an element with its concentration in the tissues.
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Physiological measurements
Photosynthesis

Photosynthesis measurements were taken using Li-Cor LI-6400X T system, which mea-
sures photosynthesis (A,,q.), transpiration rate, chlorophyll fluorescence and stomatal
conductance. The measurements were conducted for both treatments with 4 repli-
cates each. Measurements were taken before the treatment started and at the end
of the treatment. To take the measurements, the flow of C'O, was set at a constant
400 pmol s~! and the temperature set to 24°C. The middle part of one leaf from the
plant was placed in the system’s gas exchange chamber and the program was run.

257 lintensity for 4 minutes

The program lights a source with a 1,000 pmoles per m™
and then turns it completely off. During this period, the system measured the C'O,
absorbed by the leaf to determine the photosynthetic activity as well as the chloro-
phyll fluorescence and stomatal activity. Each plant was measured twice, on different
leaves. The Photosystem II (PSII) and water use efficiencies were calculated using the

LiCor measurements and the formula described as follows:

'

Fm/

PSII Ef ficiency =

Amax
10,000 * T'ranspriation rate

Water Use E f ficiency =

SPAD

SPAD stands for “Special Products Analysis Division” for chorlophyll. The SPAD
meter ( SPAD 502 Plus Chlorophyll Meter, Spectrum Technologies) is clamped on a
leaf and utilizes the 650 and 940 nm wavelengths to determine a relative chlorophyll
index/ content of the plant. The instrument was clamped on a leaf and held until the
meter beeped. The reading (i.e. relative chlorophyll index) appeared on the display
and was recorded. The measurements were made at 3 times per plant on different

areas of the leaves.

Sample preparation for elemental analyses

The different elements/ions in the samples were quantified using three analytical in-
strument: Inductively coupled plasma mass spectrometer (ICP-MS), anion analyser
and Total Organic Carbon (TOC)/Total Nitrogen (TN) analyser. These instruments
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work on the principle of mass spectrometry, anion chromatography and combustion
catalytic oxidation, respectively. The first method quantifies the concentration of the
21 elements in the sample, excluding nitrogen, carbon and chlorine, while second,
quantifies the concentrations of nitrate, phosphate and sulphate ions in the samples.
The third method is specifically used for the quantification of total carbon and nitro-
gen, both organic and inorganic in the samples. The collected hydroponics and tissues
samples were processed in different ways for each instrument i.e for ICP-MS and for

anions and carbon/nitrogen analyser.

Hydroponic solution

For the ICP-MS, 9.6 mL of the hydroponic solution sample was mixed with 0.4 mL
of 50% (v/v) Nitric Acid (HNOj), for anion chromatography 1.5 ml of hydroponic
samples were directly used, while for TOC/TN analyser the hydroponic samples were
diluted (1:10) with final volume of 10 ml were used.

Tissue samples

Acid Digestion for ICP-MS Half of all the tissue samples stored in liquid nitrogen
were initially oven dried at 60°C for 3 days. 200 mg of the dried samples were acidified
in microwave tubes by adding following : 1 ml of Milli-Q water, 2 ml of nitric acid
(68%) and 1 mL of hydrogen peroxide. These acidified samples were left overnight
along with two tubes of certified reference materials (Tomato leaves SRM 1573a) and
two blanks (i.e. with 2ml H NOs, 1ml Milli-Q H,O and 1ml H,05) and then irradiated
in microwave (Anton Paar multiware Pro 3000, rotor : MF50) for 90 minutes to
complete the digestion. 6 mL of MilliQ water were added to each sample tube, making
final volumes of 10 mL. These were further diluted by mixing 0.8 ml of nitric acid (68%)
with 9.2 ml of the digestant. These final diluted solutions were run on the ICP-MS

instrument.

Water extraction for Anion , TOC and TON analysis

The other half of all the frozen tissue samples were ground (with mortar and pestle)
and freeze dried at -70°C in a vacuum environment for 48 hours. 20mg of the freeze
dried samples were mixed with 1.5 mL of deionized water containing 20 mg of insoluble
polyvinyl polypyrrolidone (PVPP). The mixture was incubated at 4°C for 60 minutes
on a shaker. The sample tubes were then incubated in the water bath at 90°C for 15

minutes. The sample tubes were than centrifuged at 14000 rpm at 4°C for 15 minutes
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and 0.5 mL of supernatant, the water extractant, were collected into fresh tubes for

the analysis.

Data analyses

The initial dataset from ICP-MS, AC and TOC/TN analyzer, were made available as
the relative concentrations of element and ions in the sample. For hydroponic samples,
these concentrations were adjusted for the amount of total water loss to account for
differences in the concentration of the elements and ions. For the tissue samples, the
elemental and ion concentrations were adjusted with the mass of the tissue used in

the respective sample preparation.

Results

Plant fresh weight and length

The length and fresh weight measurements for day 0 and day 21, distinctly showed the
impact of phosphate stress on the plants (Figure A.3). There is a distinct difference
in the fresh weight and length of the plant at the start and end of the treatment. The
same is observed for the shoots, though not for roots, Figure A.3A and D. The Pi
starved plants have significantly lower shoot:root weight and shoot:root length ratio,
compared to those under normal conditions, reflecting the promotion of root elongation
in response to Pi deficiency, Figure A.3B and E.

The linear density (LD) (i.e. mass per unit length) of both shoot and root in
significantly reduced under stress, though the LD of starved root is higher than that
of its shoot, FigureA.3 C. The relative growth rate (RGR) or the.change in fresh weight

(W) over the interval ¢; and towas calculated as follows:

(Wy — W)

RGR =
(ta — 11)

Figure A.3F, shows that the Pi starved root and shoot have significantly lower
RGR than those under normal conditions. The RGR of the whole plant under stress

is ~3.6 times lower than in Pi sufficient conditions.
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Figure A.3: Fresh weight and length of normal and Pi starved plants

Photosynthesis

The physiological measurements taken with the Li-Cor system and SPAD are shown
in FigureA.4. PSII efficiency and Water Use Efficiency (WUE) were calculated from
those values, to show how efficiently the plants use their resources. The former is
used to describe the efficiency of PSII (main part of the chlorophyll pigment-protein
compound) at performing photochemistry and the latter is the ratio of carbon uptake
vs. water transpired.

Photosynthesis activity per unit leaf area (A) is significantly greater under normal
conditions, Figure A.4A. As the opening of stomata and the exchange of water are
tightly proportional to each other, the stomatal conductance (g) and transpiration
rate (E) responses were very similar and both were significantly lowered in phosphate
starved plants, Figure A.4B and C. PSII and water use efficiency were higher under
normal conditions, Figure A.4F. The chlorophyll content varies very slightly through-
out plant development under normal condition, but, were distinctly lower under no Pi
treatment. Altogether, both phenotypic and physiological measurements, distinctly

indicates the effect of P stress on the plants.
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Figure A.4: Physiological measurements of normal and Pi starved plants

Rate of water uptake

The loss of water was measured by weighing the sealed bottles before (Figure A.5A)

and after (Figure A.5B) renewing the solutions every third day. As the bottles were

thoroughly sealed with paraffin strips there are least chances for any loss of water via

evaporation. The rate of water loss or uptake by the plant was calculated by taking

the difference in mass of water over the time interval (i.e. 72 hours). Figure A.5C,

shows that after day 12 between the two treatments, uptake increases with time under

normal conditions while remains at a steady low rate in Pi starved plants. Perhaps,

the decrease in stomatal conductance is responsible for the decrease in water uptake

under low phosphate conditions.
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Figure A.5: Water uptake dynamics under normal and deficient Pi conditions
(A): initial mass of water supplied, (B) : Final mass of water after 72 hours and (C):

Rate of water uptake by normal and Pi starved rice plants.

Elemental uptake under normal and Pi deficient conditions
Uptake of macro and micro nutrient in elemental form

The uptake of N, P and K consistently increases under normal Pi condition, reflecting
water uptake, Figure A.6A-C. S, Ca and Mg shows more complex oscillating profiles on
day 3, 9 and possibly day 15 under normal conditions, Figure A.6D-F. The negative
mass values probably correspond to no uptake rather than exudation, because the
elements become more concentrated as the volume of the hydroponic solution goes
down. Consistent with previous ionomic studies, Ca and Mg profiles are very similar.
Potentially, the oscillation could be due to delays in the feedback signaling between
the uptake and increased ion requirement. However, this needs further investigation.
Under P deficient conditions, the uptake of N and K decline. For Ca and Mg, the
oscillations are less extreme and out of phase up to day 12, following which it becomes
almost flat. Up to day 12, the profile of S is very similar to Ca and Mg but later the
uptake resembles the profile for normal P condition.

Among micro-nutrients, the uptake profile of Fe qualitative resembles Ca and Mg
under both normal and stress conditions, Figure A.7A and A.GE-F. However, the
profiles of Cu and Mn seems to be unaffected by the stress, indicating that their
concentrations increase in the Pi stressed plants, Figure A.7B and E. The uptake of
B and Mo in both treatments show a drop between day 3 and 6, but otherwise their
uptake slightly increases over time, with the exception of B in Pi stressed plants at
day 21, Figure A.7D and F. Zn uptake increase steadily under normal condition but
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varies around this uptake under P stress, Figure A.7C.
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Figure A.6: Uptake of macro-elements under normal and deficient Pi conditions
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Figure A.7: Uptake of micro-elements under normal and deficient Pi conditions
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Uptake of Anions and carbon

Figure A.8 show uptake of Nitrate, Phosphate and Sulphate anions under normal and
stressed conditions. Consistent with the total nitrogen profile, the uptake of nitrate
ions increases in normal condition but decline under P stress and again, corresponds
to water uptake. The phosphate uptake increases slowly until day 18, but steeply
doubles in the following 72 hours under normal conditions. Notably, the uptake profile
of sulphate ions do not show any oscillation and is thus quite different from that of
sulphur in both normal and stress conditions. The uptake of sulphate ion increases
slowly until day 12, following which the uptake drops under normal condition but

steadily increase under P stress.
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Figure A.8: Anion uptake under normal and Pi deficient condition

The uptake profiles of organic, inorganic and total carbon are qualitatively very
similar to each other under both normal and stress conditions, Figure A.9, whereby

the uptake of carbon drops after day 6.
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Figure A.9: Organic, inorganic and total carbon uptake under normal and deficient
Pi condition

Concentration of element in the tissue samples

Relative to the control tissue samples, the concentration of N, P and K were lower
and that of Fe, Cu and Zn were higher in Pi starved tissue samples. In all the plots
presented below, 21 yd and 21 gd respectively corresponds to the pooled 21-day samples
from the plants grown together in the boxes and bottles. All the error bars displayed
are from + standard error.
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Figure A.10: Concentration of macro-elements in leaves and roots samples from normal
and Pi starved plants.
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Figure A.11: Concentration of micro-elements in leaves and roots samples from normal

and P starved plants.
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Figure A.13: Concentration
starved plants.
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Rate of phosphate (PO}~ ) uptake and its content in plants

The rate of P loss or uptake was calculated by taking the difference in mass of Pi over
each time interval. Figure A.14A, show that the rate of P and PO, uptake increases
with time under normal P supply. However, the uptake profile of PO, is distinctly
lower than that of total phosphorus. Figure A.14B, shows the mass of phosphate ion
in the plants grown together in the boxes at day 0 and 21 under normal and deficient P
conditions. These masses are the product of phosphate concentration and the weight
of the plant at the respective time. The mass of phosphate ions in the plants under
P deficient condition was extremely low compared to that under normal conditions at
both day 0 and 21.
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Figure A.14: Uptake rate and tissue content of phosphate.

(A) Rate of phosphorus and phosphate uptake under normal Pi-conditions (B) Mass
of phosphate in normal and Pi-starved plants at day 0 and 21 of the treatment.
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Next steps

The ionomic dataset generated in this study offers the temporal signatures for the up-
take of different elements by the rice plant under both normal and phosphate-deficient
conditions. Preliminary analysis of this dataset, presented in this section, distinctly
indicates the impact of phosphate stress on the uptake of other elements. Due to time
constraint, a thorough analysis of this dataset has not been possible within the scope of
thesis. This analyses needed include tests to identify the statistical significance in the
observations, correlation analysis to dissect the relationship between different elements
both in plant tissues and across the time-course, and principal component analysis to
visualize the differences among the mineral elements in tissues under two treatments.
Furthermore, uptake rates of different elements can be calculated, as done for phos-
phate in Figure A.14A and could be used to develop whole root phosphate/resource
uptake models in SimRoot (7).

Though this pilot-scale experiment was successful in generating insightful ionomic
dataset, there is still scope for improvement. This includes using more plants, a range
of phosphate treatments initiated at different developmental stages and parallel plant
sampling and measurements including dry weight, pH of the hydroponic solution, plant

phenotypes and physiology.
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Current strategies at global,

national and field scale

Of the total phosphorus used for global food production annually, only 20% actually
becomes part of the food consumed, while the majority is lost permanently or tem-
porarily at various stages from mine to fork (Schroder et al., 2010; Cordell & White,
2013). Such considerable losses offer substantial opportunities for improving efficiency
of phosphorus management systems, recycling and reuse and enhancing uptake and
use efficiency by plant. These opportunities operate at different scales; global, na-
tional, local, field and plant scales. The existing strategies and practices utilising

these opportunities are discussed as follows.

Global scale

Due to the inequitable geographical distribution of phosphorus reserves, countries de-
pendent on imports are concern over geo-political dynamics of phosphorus. Despite
phosphorus being essential to food production, there are no adequate international
actions to ensure its access for long-term food security. Phosphate prices hiked in
2008 by 800% putting the issue of global phosphate scarcity into the mainstream in-
ternational agenda (Cordell et al., 2009). Whereby, there has been increasing support,
awareness and advocacy for sustainable management of phosphate. Apart from iso-
lated examples in a few countries, at the international level there are a lack of strategic
frameworks and policies to stimulate and support the development and efficient use of
renewable phosphorus fertilisers and their efficient use and equitable access by all the
world’s farmers. Besides these, there is a lack of consensus on the various subjects,

including the life expectancy of global phosphate rock reserves. There is an ambigu-
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ity of roles and absence of responsibilities among those organisations who could take
the lead on phosphorus security. These include the UN’s FAO and UNEP, the fer-
tiliser industry and national governments. Currently by default, the market governs
the global phosphate resources, but it alone could hardly solve the rising problem in
a sustainable, equitable, and timely manner. Taking the initiative, researchers are
forming new global and national platforms, such as the Global Phosphorus Research
Initiative (GPRI), European Sustainable Phosphorus Platform (ESPP) and the Dutch
Nutrient Platform to address this global issue. Perhaps, it is high time to form an

Intergovernmental Panel on Phosphorus Security (SPS committee 2012).

National and Field scale

This scale encompasses different sectors of the food system, from mining to food
consumption and wastewater. Broadly, the strategies across these sectors either aim

to reduce the demand, or secure supply.

Demand reduction

Proper management of storage and application methods, rate, time and place of fer-
tilisers, would minimise P losses and the consequent environmental risks. Different
phosphorus management strategies are required for different soil, environment and
crop types across the world. One common management criterion is to maintain crit-
ical phosphorus levels by replenishing the soil at same rate that it is being removed
(Cordell and White, 2013).

To limit the application and immobilisation of phosphate in soil, there are in-
creasing incentives for replacing the ‘fixed insurance’ method by a ‘precision farming’
application. Such targeted applications (e.g. near to the roots or intensely rooted part
of a soil, as a seed dressing, or foliage feed) are more economic and offer less risk to the
environment (Withers et al., 2014; Withers et al., 2015). Other P fertiliser placement
methods include reduced application for better utilisation of legacy soil P, sub-surface
banding near to the seed row, and shallow incorporation on a vertical plane with ap-
propriate spreading pattern horizontally (Simpson et al., 2011). Further, to improve
the efficiency of phosphorus fertiliser, a number of commercial formulations are avail-
able that reduce P immobilisation and enhance the mobilisation of native fixed P.
These include polymer-coated organo-mineral and liquid product for soil applications

and bioinoculants (McLaughlin et al., 2011). The use of slow-release fertilisers and/or
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targeted sub-surface application can reduce incidental P loss and environmental risk.

The loss of soil phosphorus from farms results from erosion by water, wind, tillage
and harvesting. The infiltration capacity or structural quality of the soils can be
improved by various combinations of techniques including, mulching, ridge tillage,
sub-soiling, contour ploughing, buffer stripping, cover crop establishment, conversion
of arable land into grass land and agroforestry (Cordell & White, 2013). However, the
optimal combinations have to be determined for each field individually.

A good level of biodiversity also influences the availability and P uptake by plants.
Given this fact, various farm soils are inoculated with microbes to improve P avail-
ability (Sharma et al., 2013). For example, Plant Growth Promoting Rhizobacteria
(PGPR) directly increases plant available P by solubilisation and mineralisation of
fixed P (Ahemad and Kibret, 2014). Another rhizobacteria (e.g. Azospirillum), in-
directly enhances plant P acquisition by production of phytohormones that stimulate
root growth. The commercial inoculants of PGPR have been developed but their
widespread application has remained limited due to the inconsistent performance in
different environment and poor understanding of associated mechanisms (Richardson
et al., 2011) . On similar lines, there are commercial chemical formulations for appli-
cation to soil, which activate plant gene/s that enhance soil P availability, its uptake
and ultimate crop productivity. However, this strategy has remained expensive for
the farmers.

The awareness of these strategies is increasing slowly among the farmer commu-
nities of the developing world. In some countries, mechanisms have been devised
for encouraging farmers to manage phosphate more effectively in area at risk from
phosphorus pollution. For example, the UK have several initiatives including Catch-
ment Sensitive Farming (CSF), Tried and tested nutrient management and SWARM
knowledge hub, to aid farmers in reducing P pollution in agriculture. Between 2006
and 2014, the CSF scheme reduced agricultural P losses on average by ~9% (total
phosphorus) and ~7% (reactive phosphorus) (Wentworth, 2014)

As livestock utilise only a small fraction of organic phosphate present in plant
components, inorganic phosphate supplements are added to their feed, which account
for 5% of the global phosphate supply. A high proportion of total phosphorus ends
up in manure. In countries, like Denmark and the Netherlands, an artificial enzyme,
‘phytase’, is added to the pig feed to breakdown phosphate compounds to a form that
is easily absorbed (SCU, 2013). In Canada, genetically-engineered pig ‘Enviropig’ has
been developed that can directly digest the phosphate, thereby reducing the need for

phosphate supplements and its level in manure (Forsberg et al., 2003).



163

Human dietary shift toward phosphorus intensive products has a large contribution
in amplifying global P cycle. Compared to vegetarian diet, production of meat and
dairy food requires more land and fertilisers, ~ 3 times more phosphate. Meat con-
sumption accounts for 72% of the global average P footprint (Genevieve, 2012) thereby
challenging sustainable management of P. Certainly, societal initiative to promote less
phosphorus intensive food products i.e. vegetal base, could play an important role,
particularly in high P footprint countries, in reducing phosphorus demand along with
other human health and environment issues.

Approximately, 55% of phosphorus in food for human consumption is lost as waste
during processing, transportation and storage (Cordell et al., 2009). In 2013, it was
estimated that total annual food waste rose to ~12 million tonne within the UK (valued
over £19bn and 20mt greenhouse gas emission). Three quarter of this could have been
avoided. Decreasing waste in food production and consumption chain would obviously
reduce P demand (Cordell and White, 2013).

Food additives comprise 5-10% of the P in domestic waste water in the UK. As
only a few alternatives to P-based additives have been licensed for food production,
the Environment Agency has initiated the work to find potential alternatives. P
compounds also form a core component of detergents, accounting for ~ 10% of the
globally mined P. As one of the regulatory measure, the EU has imposed limits on the
use of P in the domestic cleaning products. However, such regulation does not apply
to industrial products (Wentworth, 2014).

Securing supply by enhancing P recycling, recovery and re-use

Though livestock manure is still extensively used around the world as fertilisers, it
is unevenly distributed and remains concentrated in certain regions. The livestock
production regions have excess of P while crop-growing districts run short for it. For
sustainability, recycling of manure to maintain the balance across these regions is
important but this demands technology, transportation and logistics. Technologies
and facilities for manure dissemination exist but are used to only a limited extent,
perhaps due to associated cost and inefficiencies.

P-rich bioresources such as composts, anaerobic digestates, municipal biosolids and
biochars, are also used as the fertilisers. In addition, P is extracted from waste streams
from swine and dairy farms, abattoirs, vegetable processing plants and other industrial
by-products. The negative constraints on widespread use of such bioresources mainly
include biogeochemical risks, energy efficiency, production cost and transportability.

Interestingly, human excreta make up about ~14% of the globally lost phosphorus.
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If optimally recovered, it could satisfy up to 22% of the current global demand for
P (Cordell and White, 2013). With population growth and the dietary shift, P con-
centrations in this bioresource could be even greater in future. However, the primary
focus of the current sanitation systems is to remove waste while nutrient recycling for
agriculture is secondary and challenging because of their diluted levels in centralised
water-based systems and associated energy cost for the recovery.

There are numerous solutions for recovering phosphorus from waste sources, rang-
ing in scale from small, such as direct urine use and composting faeces and solid
bio-waste, to large, such as recovery of struvite from Wastewater Treatment Plants
(WWTPs) (SCU, 2013). Different local scale initiatives for P recovery and reuse have
been implemented in various countries including Sweden, Denmark, India, Niger and
South Africa. Struvite recovered from WWTPs produces high quality of P fertilisers
which is being used in treatment plants of some major cities in North America and
UK. Besides these, P is also recovered from sewage sludge ash for industrial use in the
Netherlands (Cordell et al., 2011). In some European countries, the governments are
encouraging P recovery from waste water streams and recycling it to land. For exam-
ple, ICL fertiliser in Amsterdam has made legal agreement with Dutch government to
use 15% recycled P in manufacturing of fertilisers by 2015 and aim to use 100% by
2025 (Wentworth, 2014).

There is great potential for recovery of phosphorus from mining remnants and
thereby extending the life expectancy of reserves. It is estimated that around 15-
30% of P is lost, during mining, processing and handling (Cordell and White, 2013).
Furthermore, there is an additional environmental risk from the presence of heavy or
radioactive metals, like cadmium, radium and thorium, in the mining-waste products.
However, technologies are being developed to address these issues. Globally, there is
a trend towards improving recovery rates in the mining of lower grade P rock, whose
use is limited by the higher impurity content (Wentworth, 2014) . Also, there are
increasing interests and investments in exploring new phosphate rock deposits, most
notably in Saudi Arabia, Australia and seabed sediments off the coast of Namibia
(SCU, 2013).

In summary, the cost of recycled fertiliser is considerably higher today than the
cost of imported mineral phosphorus fertiliser. It is essential to develop and implement
technologies for safe and efficient extraction of P, along with identifying the trade-offs
in using alternative bioresources. In the future, continued technological development
and higher prices of mineral phosphorus are likely to result in the replacement of

imported fertiliser with P.
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Appendix C

Catalogue of Plant systems models

Various plants systems models available across the literature are listed in the table
below. The model are systematically categorised based on biological phenomenon it
represents, along with their corresponding spatial scales, applied modelling technique
and advantages they have brought.

Acronyms used in the catalogue are listed as following:

Physical scales

S: Subcellular, C: Cellular, T: Tissue, O: Organ, W: Whole plant, M: Multicellular,
MS: Multi-scale, F: Field

Modelling methods

Od: Ordinary differential equations, Pd: Partial differential equations, St: Stochastic
approach, Co: Computational methods, FE: Finite element Analysis, Bo: Boolean
modelling, Al: Algebraic equations, Em: Empirical model, Con: Continuum model,
V: Vertex based approach, PN: Petri-net approach, FSPM: Functional structural plant
model.

Model gains

K: Fill knowledge gap, D: Distinction between hypotheses, P: Prediction, S: Smarter

experiments.

The 14 models highlighted in green are available for reuse in the BioModels repository
(http://www.ebi.ac.uk/biomodels-main/) (** ) are the models developed as the part
of Mathematics in the Plant Sciences Study Group, organised by Centre for Plant
Integrative Biology, University of Nottingham. The models in the form of reports can
be found at (http://www.cpib.ac.uk/outreach/mpssg/). Note: Crop models have not
been included here as there is extensive literature on its name and have already been
well documented in the form of various books (Thornley & Johnson, 1990; Thornley
& France, 2007).
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Biological .
phenomenon Area of study Scale Method Gain Reference
Biomechanics Cell wall expansion S Pd PK (Dyson et al., 2012)
Anther opening T Pd PD (Nelson et al., 2012)
Seed wrinkling in germination (0] Pd PS (Pearce et al., 2011)
Deformation of epidermis T FE p (Qian et al., 2010)
Cell wall growth C FE PK (Huang et al., 2012)
Cell growth c Pd PK (Dyson & Jensen, 2010)
Root elongation and bending T Pd p (Dyson et al., 2014)
Genetic regulation | Flowering S PN PD (Kaufmann et al., 2010)
S Bo PDK (Espinosa-Soto et al., 2004)
S od PK (van Mourik et al., 2010)
Process-
P based P (Wilczek et al., 2010)
phenology
Automata- .
S theoretical P (Skryabin et al., 2004)
Shoot apical meristem M od p (Jonsson et al., 2005)
S od PKS (Vernoux et al., 2011)
Auxin signallin i
g g S od PK (Middleton et al., 2010)
GA signallin, i
9 g S od PK (Middleton et al., 2012)
Root Gravitropism
P S od PKS (Band et al., 2012a)
Cytokinin—Auxin in root cell fate
Yy S od PDS (Muraro et al., 2011)
Cytokinin—Auxin Sig. in RA
M Od PS (Muraro et al., 2013)
Ethylene signalling S od b (Diaz & Alvarez-Buylla, 2006)
Cytokinin-WUS in SAM
Yy S od PK (Gordon et al., 2009)
Hormone crosstalk i
S od PKS (Liu et al., 2010)
GA dilution
MS Od/Pd PKS (Band et al., 2012b)
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Vesicle trafficking in Pollen tube

(Kato et al., 2010)

Od PK
ABA signalling in guard cell i
9 ging Bo PK (Li et al., 2006)
ABA-Ethylene in guard cell
Od PK (Beguerisse-Diaz et al., 2012)
Circadian clock od PKD (Pokhilko et al., 2012)
od P (Locke et al., 2005a)
Od PS (Locke et al., 2005b)
od PK (Locke et al., 2006)
od P (Pokhilko et al., 2010)
Od P (Pokhilko et al., 2013)
Od P (Troein et al., 2011)
Root hair patterning (Benitez et al., 2008)
Bo P
Leaf hair patterning Bo PK (Savage et al., 2008)
od PS (Digiuni et al., 2008)
Vascular Patterning od PK (Muraro et al., 2014)
Hormone flux and | Auxin SAM od P (Stoma et al., 2008)
dynamics
Co PS (O'Connor et al., 2014)
polar diffusion
Od PD (Goldsmith et al., 1981)
Efflux od PD (Fozard et al., 2013)
Root elongation od PK (Band & King, 2012)
Transport in root od P (Hosek ef al., 2012)
od/Pd PK (Grieneisen et al., 2007)
Od P (Novoselova et al., 2013)
V/Od PK (Band et al., 2014)
Epidermal cell od PK (Jones et al., 2009)
Bud activation L-system PK (Prusinkiewicz et al., 2009)
Root Gravitropism od PD (Swarup et al., 2005)
Tissue polarisation / od PKS (Wabnik et al., 2010)
canalization
Lateral root formation Bo P (Lucas et al., 2008)
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M Co P (Laskowski et al., 2008)
od P (Péret et al., 2012)
T Od PKS (Péret et al., 2013)
Vein formation od Pd (Feugier et al., 2005)
Od P (Feugier & Iwasa, 2006)
od p (Fujita & Mochizuki, 2006)
Phyllotaxis M od PK (Jonsson et al., 2006)
M Od PDK (Bayer et al., 2009)
M od PK (Smith et al., 2006)
M od PK (Merks et al., 2007)
- -
Floral organ development MS? od PK (van Mourik et al., 2012)
S od PS (Middleton et al., 2009)
ROP Localisation in root hair C od PK (Payne & Grierson, 2009)
Distribution in roots M od PK? (Mironova et al., 2010)
RAM M od PK (Mironova et al., 2012)
Wood grain pattern formation T Pd p (Kramer & Borkowski, 2004)
ABA S st PK (Dupeux et al., 2011)
Jasmonate S 0d, st p (Banerjee & Bose, 2011)
Brassinosteroids s od p (van Esse et al., 2012)
S Bo PK (Sankar et al., 2011)
Tissue/organ Leaf growth T c p (Wang et al., 2004)
patterning, growth 0
and development
Leaf margin development MS (Bilsborough et al., 2011)
Od PK
Leaf venation Co P (Runions et al., 2005)
Stromal guard cells S Co P (Chen et al., 2012)
(6] od PD (Eamus & Shanahan, 2002)
M Al P (Buckley et al., 2003)
Seed germination S od PDS (Penfield et al., 2007)
M Pd PS (Middleton et al., 2008)
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Shoot apical meristem development M od PK (Nikolaev et al., 2007)
M od PDK (de Reuille et al., 2006)
Pollen tube development, guidance and growth C FE p (Fayant et al., 2010)
S st PD (Stewman et al., 2010)
c od ps (Hill et al., 2012)
Cuticular patterning in flower petals T (Antoniou Kourounioti et al.,
Pd PKS 2013)
Fruit development [¢) Co P (Bertin et al., 2003)
Malic acid accumulation S Al P (Lobit et al., 2006)
Fruit quality S/0 Od P (Lescourret & Génard, 2005)
Fruit ripening MS Cn PK (Ho et al., 2010)
Fruit growth [¢] Al p (Bertin et al., 2007)
(0] Od P (Fishman & Génard, 1998)
(0] Al P (Fanwoua et al., 2013)
Fruit development (0] Od P (Hall et al., 2013)
Effect of water stress on fruit growth (0] Em P (Génard & Huguet, 1996)
Root architecture [¢] Em p (Page & Gerwitz, 1974)
(0] Nu p (Lungley, 1973)
o Nu P (Diggle, 1988)
o
Co P (Lynch et al., 1997)
MS 0d/Co p (Wu et al., 2007)
o Nu/Co P (Dupuy et al., 2005)
MS Nu/Co P (Drouet & Pageés, 2007)
o FE P (Dunbabin et al., 2006)
(0] Con P (Bastian et al., 2008)
(0] Pd P (Heinen et al., 2003)
T Pd P (Dupuy et al., 2010)
Shoot architecture w L-system P (Prusinkiewicz et al.)
Co P (Prusinkiewicz et al., 2007)
Organ abscission M od p (McCue et al., 2009)
s od P (Deng et al., 2007)
Root growth hydraulics [e] Pd p (Wiegers et al., 2009)
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Plant morphogenesis

(Dupuy et al., 2008)

od P
Plant stem cell regulation M od PK (Geier et al., 2008)
M Pd P (Hohm et al., 2010)
Plant development Em PS (Mundermann et al., 2005)
Sepal patterning T Co P (Roeder et al., 2010)
Flowering time control w 00P/Od p (Welch et al., 2005)
S Od PK (Dong et al., 2012)
MS Nu p (Brown et al., 2013)
(Chew et al., 2012)
F Em P
Supply-uptake Root growth and uptake (0] L-system p (Leitner, D et al., 2010a)
(o} Al P (King et al., 2003)
Water and nutrient uptake o Co P (Dunbabin et al., 2002)
T Pd P (Payvandi et al., 2014)
Uptake by Root hair Pd PS (Leitner, D ef al., 2010b)
Pd P (Zygalakis et al., 2011)
o FE PD (Keyes et al., 2013)
Soil-root hydraulics o FSM P (Draye et al., 2010)
AMF o} Pd PS (Schnepf et al., 2011)
o Pd PK (Schnepf et al., 2008)
o Pd p (Schnepf & Roose, 2006)
Effect of root clustering o] Pd P (Zygalakis & Roose, 2012)
Solute transport to root o} Pd P (Roose & Kirk, 2009)
Water and sugar transport od PD (De Schepper & Steppe, 2010)
Nitrogen uptake o Al P (Pedersen et al., 2010)
S od P (Alekhina et al., 2000)
Phosphorus uptake w Co P (Grant & Robertson, 1997)
Phosphate uptake under deficiency W od P (Wissuwa, 2003)
Potassium uptake (0] od P (Roshani et al., 2009)
Zinc uptake (Claus & Chavarria-Krauser,
M od PK 2013)
o Pd P (Ptashnyk et al., 2011)
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Physiology and
metabolism

Books:

(Thornley, 1976;
Thornley &
Johnson, 1990;
Thornley & France,
2007)

Photosynthesis S od/Pd P (Farquhar & Caemmerer, 1982)
S Od PS (Laisk et al., 2006)
S Od P (Hahn, 1987)
Membrane transport S Al PK (Shabala et al., 2006)
Plant- soil interaction MS Pd p (Roose & Schnepf, 2008)
o FSM P (Diggle & Dunbabin, 2013)
Flavonoid pathway od PS (Olsen et al., 2009)
Photosystem ii S od P (Lazar & Jablonsky, 2009)
S Od P (Rovers & Giersch, 1995)
S Od P (Guo & Tan, 2011)
li 1., 2007
Sucrose metabolism S od p (Uys et al., 2007)
RuBisCO S od PD (McNevin et al., 2006)
S Od P (Arnold & Nikoloski, 2011)
Plastoquinone kinetics S od P (Guo & Tan, 2009)
Isoprene emission s Em PD (Morfopoulos et al., 2013)
Calvin cycle S Od P (Poolman et al., 2004)
MAPK activation S Od P (Pathak et al., 2013)
PPR7 S Od P (Zeilinger et al., 2006)
Aspartate metabolism S Od P (Curien et al., 2009)
Chloroplastic Starch Degradation s od P (Nag et al., 2011)
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Appendix D

Supplementary Information -
Chapter 3

>

NOTE 1: Calculations for the parameter values

Calculation for the production rate of PHO2 (ms5)

Equation for PHO2:

d[PHO?2]

Assuming PHO2 at quasi steady state:
ms — ke [miR399|[PHO2| — dy]PHO2| =0
Under normal conditions,
[miR399] = 0 and [PHO2| =1
Rearranging LHS:

mb—ds =0 ie. mb=d; =0.3741
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Calculation for the V,,,, for phosphate uptake by LPHT (k;3) and Rate

constant for internal utilisation of CytoPi, (U)

Equation for CytoPi:

dt "kt (Bl ku+[E] ket [CytoPi]

U[CytoP1]

Under normal conditions, the value of high affinity transporter|PHT] = 0 and Pi
efflux transporter [PHO1] = 0. Assuming CytoPi at a quasi steady state:

k’lg[E]

MBI gCytoPi] = 0
For + (B [CytoPi]

The term for Pi uptake corresponds to the total Pi brought into the cell under normal
conditions and U corresponds to the amount of Pi used or stored in vacuoles. Assum-
ing that 80% of P1i is stored in the vacuoles, then the cytosolic Pi (CytoPi) reflects
remaining 20% of the Pi brought in the cell. Thus, for the given [CytoPi] = 5000 uM |
then the cytoplasmic Pi is 25000 uM, corresponding to the total Pi taken up by low

affinity transporters.

ki3 F]

———— = 25000 and U|CytoP?] = 25000
ks + [F] Cy |

The values for k4 and E are 177 and 200, respectively.

25000

M3 = 075305

=47125.353 and U =5
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NOTE 2: PiOM Model in MLXTRAN format
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INPUT:

parameter = {ml,m2,m3,m4,m6,m7,m8,k2,k3,k4,k5,k9,k10,k11,k15,k16,Y1,Y2,beta}
EQUATION:

d1l= 0.028875

d2=0.028875

d3=0.05775

d4=0.37419

d5=0.086625

d6=0.086625

d7=0.138

ki=1

k6=0.009

k7=k6/ (1+Y1)

k8=k7*Y2

k12=23

k13=47125.3

k14=177
U=5

n=2

r=4
E=0.0001
t0 =0
SIZ1 0 =
PHR2_0
PHR2S_0 = 0
miR399
PHO2_0
PHO1 0
PHT 0 = 0
CytoPi_0
IPS1 0 =
IMC_0 = 0
ddt_SIZ1 = m1/(1 + (CytoPi/k1)"n) - d1xSIZ1

ddt_PHR2 = m2 - k2*PHR2*CytoPi - m3*PHR2%SIZ1/(k3 + PHR2) + k4xPHR2S -
d2*PHR2

ddt PHR2S = m3*PHR2*SIZ1/(k3 + PHR2) - k4*PHR2S

ddt_miR399 = beta/(1+CytoPi) + (m4*PHR23"n)/(k5"n + PHR2S™n)- k6+miR399*PH02
- k7*miR399*IPS1+ k8*IMC - d3*miR399

ddt_PHO2 = mb - k6*miR399*PH02 - d4xPHO2

ddt_PHO1 = m6/((1+ PHO2)*(1+CytoPi))- d5*PHO1

ddt_PHT = m7*(PHR2S™n)/((k9°n + PHR2S"n)*(1+PH02)) - d6*PHT

ddt_IPS1 = m8*(PHR2S"r)/(k10"r + PHR2S")- k7*miR399*IPS1 + k8*IMC - d7+IPS1
ddt_IMC = k7*miR399*IPS1 - k8*IMC - d7*IMC

ddt_CytoPi = k11*PHT*E/(k12+E) + k13+#E/(k14+E)- k15*CytoPi*PHO1/(k16+CytoPi)
- UsCytoPi

OUTPUT:

output = {miR399,PH02,IPS1}

o
o o
o

(@I ||

= 5000
0
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PCR protocol

Actin was used for the control house-keeping gene for the qPCR analysis. The primers
for both Actin and PHO2 used in this work were designed and tested in a previously
published study by (Hu et al. , 2011) and are presented in Table D.4. The amplification
of both Actin and PHO2 was done with the master-mix recipe given in Table D.5.The
program used for the PCR is as follows: (1) Initial denaturation step at 95 °C for 5
minutes; (2) 35 cycles of denaturation at 95 °C for 30 seconds, Annealing at 58°C for
30 seconds, and extension at 72 °C for 30 seconds; (3) Final extension for 10 minutes
at 72 °C . The samples were then run on a 1% agarose gel to assess their amplification
quality, see Figure D.1. The gel was run at 60 Volts for 30 minutes and stained with
SYBR Safe DNA gel stain.

qPCR protocol

For the qPCR reaction, the reaction mix was prepared following the recipe given in
Table D.6 to achieve a total reaction volume of 20yl for each well. The 96-well plate
with respective reaction mixes and cDNA templates in each well was carefully sealed
with a LightCycler 480 Multiwell Sealing Foil and placed on the Roche LightCycler’s
loading frame to start the run. The run was programmed with the parameters shown
in Table D.7. From the resulting Ct values, the fold change in gene expression was
calculated using the caomparative CT Method (AACT Method) .

Primer name Sequence (5-37)
PHO2-F CGAGAATTTTGTCAAGGAGCA
PHO2-R TCACGAGCATGTCCAACAA
Actin-F CAACACCCCTGCTATGTACG
Actin-R CCAACACAATACCTGTGGTACG

Table D.4: List of primers for gqRT-PCR
Primers were adopted from following article:
Hu, B., C. Zhu, F. Li, J. Tang, Y. Wang, A. Lin, L. Liu, R. Che, and
C. Chu (2011). LEAF TIP NECROSISI plays a pivotal role in the regulation of
multiple phosphate starvation responses in rice. Plant Physiol 156(3), 1101-1115.
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Reagent Volume
25 mM MgCl2 1pl
10mM dNTPs 0.4 pl
Taq Polymerase (Invitrogen) | 0.4 ul
cDNA template 2l
10x MasterMix 2l
Forward primer 0.4 ul
Reverse primer 0.4 nl
Nuclease free water 13.4 pl

Table D.5: Master mix recipe for PCR

Actin_gPCR_primer_testing

OO s RS S RS S R G eee D s v e

24h P- 72h P- 168h P- 264h P-

PHO2_gPCR_Primer test

500 bp

100 bp

Figure D.1: qRT-PCR primer testing
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’ Reagent \ volume ‘

PCR grade water | 3 ul
PCR Primer10x 2 ul
Master Mix 2x 10 pl
cDNA template 5l

Table D.6: Master mix recipe for qPCR

Program Cycles | Temperatures | Time (min)
Pre-Incubation 1 95°C 10:00
Amplification 45
Denature 1 95°C 0:10
Annealing 1 58°C 0:20
Extension 1 72°C 0:30
Melting Curve 1
1 95°C 0:05
1 65°C 1:00
1 97°C Continuous
Cooling 1 40°C 0:10

Table D.7: Roche LightCycler 480 program parameters

OsPHR2 (LOC_0s07g25710)

FKPM value

—— P+ condition
—— P- condition

26 -

T T T T T
0 100 200 300 400 500

Time (hours)

Figure D.2: PHR2 mRNA profile under phosphate sufficient and deficient conditions
from RNA-SEQ dataset
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Figure D.3: All five models show a good fit to miR399 dataset



Fold change

Fold change
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500 bp sequence upstream of PHO2 gene (Loc_ 0s05g48390)

—3—CTATAGTATTACATAGACCACTTGTTTTGTACTATTAATGAAGATTAT
TTTTAAAATTTTTAAATTTTTATATAATTAAATAGACAATTTGTGATAGTAA
TGTGCTCAATAAATCAAACAGGTCTATAGAAAAAGAAAAAAAGCCATGC
AAAATAGAATTCCAGTACAACCATACCGTCTAAACAAAAGGAGAAACTC
GACTTAAAAAACTTAAAAAACAAGAATATTATAGAAGAACCTAATATCAA
ATAAATAGAACGAGTGAGACTTCCAATCTGGATCGGCTAGCCATCATATC
TACCTCTACTCTCAAGGGAAGGAAAATAACGCCACAATGGTGCAGCATCT
TTAGTTCCATTAACTTGACCACTAATTCACTGTCTTAAATTACTGCTGCAG
TTAGGCACACATCGTTTCACTTCACACAAGTGGCAGGAGCAAACAGTGAG
AGCATGGGAAGAAAACGAGTAAAAAAAATTCGATTACGTTTTCCAATCCGC—
5
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Figure D.6: Expression profile of the candidate for TA under Pi stress
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Score RBP Name Start End Matching sequence Score RBP Name Start End Matching sequence
11.070935 A2BP1 315 320 UGCAUG 7.2294196 Pum?2 598 601 UGUA
9.8958058 HNRNPA1 412 417 UAGGGA 6.6279899 MBNL1 234 237 UGCU
8.9484945 NONO 413 417 AGGGA 6.6279899 MBNL1 96 99 UGCU
8.6696024 RBMY1A1 12 16 CUCAA 6.4668404 EIF4B 305 308 GGAA
8.6471013 A2BP1 316 320 GCAUG 6.33985 KHSRP 214 217 Gucc
8.6272192 RBMY1A1 12 16 CUCAA 6.33985 KHSRP 516 519 Gucc
8.6272192 RBMY1A1 19 23 CUCAA 4.652088863 KHDRBS3 527 532 AAUAAU
7.3693752 FUS 387 390 GGUG 4.62028767 SFRS1 304 307 AGGA
7.3693752 FUS 407 410 GGUG 4.62028767 SFRS1 473 476 AGGA
7.2294196 Pum?2 452 455 UGUA 4.40359056 ELAVL1 510 513 GUUU
7.2294196 Pum?2 579 582 UGUA 4.40359056 ELAVL1 439 442 GUUU
7.2294196 Pum?2 496 499 UGUA 4.40359056 ELAVL1 504 507 GUUU
7.2294196 Pum?2 366 369 UGUA 4.40359056 ELAVL1 547 550 GUUU
7.2294196 Pum?2 142 145 UGUA 4.40359056 ELAVL1 552 555 GUUU

Table E.1: List of predicted proteins and corresponding binding sites in IPS1 sequence
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Parameters PiOM PsTR PiOM__sd PsTR__sd
ml 0.45467 0.39981 0.03105 0.09896
m2 0.18314 0.18035 0.00153 0.00307
m3 3.41894 3.75762 0.03735 0.02465
m4 7.51522 7.37237 0.00119 0.00269
m6 0.0031 0.00186 0.0403 0.02154
mT7 2.48841 2.6484 0.05588 0.01812
m8 11.54216 10.44999 0.0049 0.00737
m9 nan 0.55473 nan 0.04173
k2 0.00211 0.00203 0.05489 0.13268
k3 1.0059 1.16091 0.01639 0.00984
k4 0.00823 0.00669 0.02189 0.04078
k5 30.91275 30.40525 0.01234 0.00785
k6 0.009 0.00962 nan 0.01085
k7 6.13E-06 0.000174069 1.2E-08 1.7E-05
k8 5.57TE-07 0.001434235 1.2E-09 0.00105
k9 0.85494 0.76694 0.03064 0.04294
k10 33.62706 30.0196 0.00438 0.0067
k11 0.12875 0.11749 0.02579 0.06357
k15 0.05582 0.06955 0.02476 0.20403
k16 0.11191 0.11367 0.01394 0.04096
k18 nan 468.87226 nan 0.04532
k19 nan 2.31958 nan 0.04383
d4 0.375 0.27944 nan 0.00691
ds nan 1.7301 nan 0.10474

r 2.38675 2.47921 0.00771 0.00449

Table E.2: Parameter estimates and corresponding standard deviations for PiOM-
RP and PsTR-RP models. nan: parameter not part of the model or fixed during

estimation
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