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Abstract

Zinc (Zn) is an essential micronutrient in all organisms. Auxin (IAA) is a major
plant hormone, co-ordinating growth and development. Transport of Zn between
the endoplasmic reticulum (ER) and cytosol in plant cells is proposed to be
important for the systemic Zn deficiency response and the activation of auxin
amino acid conjugates. This thesis aims to increase understanding of how ER Zn

transport is controlled and how it impacts wider Zn and auxin homeostasis.

Metal tolerance protein 2 (AtMTP2) was shown to transport Zn into the ER in Zn
deficient conditions. Reporter plants expressing AtMTP2 promotor-controlled
luciferase were generated and AtMTP2 was shown to be specifically induced in Zn
deficiency. These reporter plants will be used in future forward genetic screens to

find regulatory elements that control Zn ER import in Zn deficiency.

IAA-Alanine resistant 1 (AtlIAR1) has previously been identified as a likely ER
metal transporter that when mutated led to insensitivity to IAA-Alanine as a result
of a hypothesised build-up of metal ions in the ER. In this work, AtlIAR1 was
shown to transport Zn, likely not only out of the ER, but also Golgi. One mutant
found in the screen, Atiarl-3, still showed Zn transport, but reduced trafficking in

yeast assays.

Both the Atiarl-3 mutant and a suspected knockout Atiarl-t mutant were tested for
disrupted response to Zn deficiency and excess conditions but showed mostly
developmental phenotypes. Testing of auxin-related developmental phenotypes in
these two Atiarl mutants enabled the discovery of an excess Zn - exogenous auxin
interaction that was partially AtIAR1 dependant. In addition, the two Atiarl mutants
were found to differ in severity and time dependence of their phenotypes. Both
mutants showed altered 1AA conjugation and enhanced skotomorphogenesis.
Overall, this work demonstrates a role for ER/Golgi Zn homeostasis in wider auxin-

related development.
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1.1 Understanding Zn homeostasis in plants is important

for global crop productivity

1.1.1 Zn deficiency

Zinc (Zn) is a redox-stable transition metal that has strong Lewis acid properties,
flexible co-ordination geometry and exists in nature only in the +2 oxidation state.
This, in addition to its high abundance and bioavailability on land, has led to Zn use
as a cofactor ubiquitously in nature where it binds to around 9% of the eukaryotic
proteome?. Its roles include acting as catalytic centres in enzymes such as carbonic
anhydrase®, structural components in some transcription factors?, stabilisation of
membranes®, an intracellular second messenger in mammals®’, and reactive oxygen

species (ROS) protection®.

Zn deficiency ranks as one of the commonest micronutrient deficiency in plants and
affects around half of the world’s agricultural soils®*°. Zn deficiency of crops is
dependent on the availability of Zn in the soil, with soil Zn existing either as a
soluble form which can be taken up by plant roots, in an insoluble complex, or in an
adsorbed and exchangeable form!?. Soil factors can influence how soluble and
mobile the Zn is. Soils with high pH*? and calcareous makeup*?® are good predictors

of soil Zn deficiency.

Plants can show Zn deficiency symptoms when Zn levels in the shoot are below 15-
20 mg Zn kg* dry biomass. Plants with Zn deficiency show increased susceptibility
to both abiotic and biotic stresses, stunted growth, leaf chlorosis, increased shoot
branching, early senescence of leaves and reduced floral fertility'**° and therefore

this represents a substantial yield loss.

Some of the symptoms of Zn deficiency are due to increased ROS levels!® which
leads to oxidative cell damage, observed by the accumulation of malondialdehyde,
a product of lipid peroxidation!’. This increased ROS results from the upregulation
of non-specific transporters which leads to an excess of redox active metals such as

iron (Fe)® which through the Fenton reaction'® generates superoxide. The activity
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of Copper-Zn superoxide dismutase (Cu-Zn SOD) required to catalyse the
detoxification of superoxide is also lowered by Zn deficiency, further increasing

oxidative stress.

Crops grown on Zn-deficient soil provide poor levels of Zn to consumers. In
addition, modern varieties of wheat show a reduced bioavailable micronutrient
content relative to their wild ancestors?. In places where cereals provide the
majority of the calories for the population, this Zn deficiency is compounded by the
Zn-chelating compounds within the plant such as phytate?, tannins and lignin.
Therefore, Zn deficiency in the human population is a major concern, particularly
in poorly developed areas. It is thought that 2 billion people are Zn-deficient?? and
this deficiency leads to around 450,000 deaths of children under five annually?. In
humans, Zn deficiency manifests as appetite loss, stunted growth and poor immune
system functionality?*28, Zn deficiency is therefore a major issue and many tactics

have been employed to reduce its prevalence.

1.1.2 Tackling Zn deficiency

Currently the leading strategy to fight soil Zn deficiency is adding Zn to fertilisers,
most commonly Zn sulphate which has proved successful in Zn deficient soils in
India where increases in yield of rice and Zn content in grain of three-fold were
recorded when soils were treated with Zn mixed with urea®. However, this may be
difficult to achieve in developing countries with poorer infrastructure where Zn-
deficiency is a widespread problem. A possible solution that bypasses any
infrastructure development issues is the production of biofortified crops®, where
beneficial traits are bred into crops and are chosen based on enhanced micronutrient
uptake and efficiency in concentrating the Zn into edible regions of the plant. In
addition to breeding of beneficial traits, genetically engineering components of the
Zn homeostasis network to improve Zn grain content could also be a solution, as
evidenced by the recent Zn biofortification achieved through manipulation of
expression of genes encoding Zn transporters and enzymes which catalyse the

synthesis of nicotianamine (NA), a Zn-chelator3!32,
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1.1.3 Zn excess in soils

Zn can also be present in excess within soils, with the main causal factor being
proximity to industrial activity®. Plants can show symptoms of Zn excess when Zn
concentration in the leaf is above 300 pug Zn g™* dry biomass'*. Non-adapted crop
species grown with toxic high levels of Zn, show reduced biomass and chlorosis®,
both of which are symptoms associated with Fe deficiency, as Zn outcompetes Fe
for transporters capable of transporting Zn and Fe*°. Characteristics of Fe-deficient
soils are similar to those of Zn-deficient soils (including high pH which reduces Fe

solubility and so uptake), and represents 30% of arable land**.

Metal hyperaccumulators are specially adapted plants that can survive on metal rich
soils. Zn hyperaccumulators, store large amounts of Zn (above 3000 pg Zn g™* dry
biomass) within Zn sinks such as vacuoles in leaves. These Zn hyperaccumulator
species®® are mostly in the order Brassicales, with the hyperaccumulation seeming
to have evolved many times independently®”. Two model species which have been
extensively investigated for Zn hyperaccumulation and increased tolerance to high
soil Zn, Arabidopsis halleri and Noccaea caerulescens, employ a wide range of

strategies to adapt to high Zn soils even between populations in a species®41,

1.1.4 Utility of understanding Zn homeostasis in plants

Understanding the mechanisms behind Zn uptake, transport and storage in deficient
and excess conditions is vital to genome-assisted breeding or genetic engineering of
future crops. For example, understanding what factors are involved in the Zn
deficiency response may aid creation of plants with greater productivity on poor Zn
soils. Another example may include understanding the factors involved in the Zn
excess response to enable breeding of increased Zn tolerance for growth on
contaminated soil for agriculture, phytomining or phytoremediation purposes*?. As

land plants share the principles involved in metal homeostasis and many of the
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same network components®3, the Zn excess response in model species such as
Arabidopsis thaliana can also be used to further understand transition metal
homeostasis in crop plants, thus contributing to crop biofortification research®. It
should be noted however, that although a large number of the components are
shared across land plants, there is still a large amount of intraspecific and
interspecific variation in Zn requirement, efficiency and tolerance®. In addition, as
Zn homeostasis is related to Fe homeostasis, any traits beneficial in tolerance to Zn

excess could potentially be useful traits for crop production in low Fe soils.

Therefore, the more knowledge we have on the components of the Zn homeostatic
network in plants, the easier it will be to breed crops capable of growing on Zn-

deficient soils or Zn-toxic soils.

1.2 Zn homeostasis in Arabidopsis thaliana

As most living systems depend on maintaining Zn within a specific range, they
have evolved different strategies to maintain homeostasis. Firstly, within the cell,
Zn is mostly chelated by being tightly bound to proteins and low molecular weight
ligands to keep the level of free Zn in the cytosol buffered in the sub-nM range®.
Secondly, the influx and efflux of Zn into and between cells and subcellular
compartments is controlled by the activity of membrane transporter proteins,

phytosiderophores and nicotianamine (NA) each with differing affinities for Zn.

1.2.1 Zn chelators

Chelation within the cell by high and low molecular weight ligands buffer the
cytosolic free Zn concentration from external changes in Zn availability. These can
be metal binding proteins such as metallothioneins (MTs)*’ and phytochelatins
(PCs)*® which together act to sequester transition metals including Zn in response to

Zn excess. MTs** are cysteine rich small proteins that bind transition metals,
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implicated in increasing resistance to high cadmium (Cd)%, Cu®? and Zn levels*’
through binding of the metals with cysteine-rich sequence motifs. PCs are small
peptides synthesised by PC synthase from glutathione®, and represent a major
detoxification mechanism for arsenic and Cd. In plants PC synthesis has also been
shown to be increased in response to Zn>* and is essential for the detoxification of
Zn*8. Interestingly, PCs have also been shown to be transported in the phloem
opening up possibilities for them to be involved in long distance Zn transport®. In
addition to these higher molecular weight ligands, lower molecular weight ligands
for Zn are known to be utilised including NA® and to a lesser extent histidine®”.
NA is a non-proteinogenic amino acid synthesised from condensation of three S-
adenosyl methionine molecules in a process catalysed by NA synthases.
Overexpression of NA synthase genes in Arabidopsis thaliana leads to increased
leaf Zn and NA and has also been implicated in the root-to-shoot transport of
several transition metals including Zn, Fe and Cu®®®°, This long distance transport
of metal-bound NA is likely facilitated through the activity of YSL proteins®® and
double Atysl1 Atysl3 mutants show disrupted Zn and Cu mobilisation into seeds
illustrating the importance of transport of Zn-NA complexes across the plasma
membrane in the vasculature®?. In addition, NA synthesis was shown to be essential

to metal hyperaccumulation in Arabidopsis halleri®?,

1.2.2 Zn transporters

As Zn is a charged species within the cell, a series of membrane transport protein
families are responsible for controlling the movement of the Zn across membranes
between cells and subcellular compartments. The import of Zn into the cytoplasm
mostly occurs through Zinc-Regulated Transporter, Iron-Regulated Transporter
(ZRT-IRT)-like proteins® (ZIPs). ZIPs are present in all domains of life®® and in
Arabidopsis 18 ZIP genes have been identified.

As a family these transporters transport Zn, Fe, and manganese (Mn), are often non-
specific, and where specific, metal specificity can be altered by amino acid

mutations®®. For example, AtIRT1 transports Fe as well as Zn and Cd into the plant

28



cell®’, and AtZIP2 is capable of transporting Mn and Zn®8. Many different ZIPs are

capable of transporting Zn and are involved in Zn deficiency and Zn excess, with a

summary of all Zn transporting ZIPs in Arabidopsis including AtIAR1 which is

investigated in this study, shown below in Table 1.1.

Gene Metal Subcellular Tissue Expression References
Name  Transported Localisation
AtZIP1 Zn, Mn Vac Root stele and 68
vasculature
AtZIP2  Zn, Mn, Cu PM Root stele 56,68
AtZIP3 Zn Root epidermis, 68,69
vasculature
AtZIP4 Zn, Cu PM Root endodermis, 70-712
pericycle, leaf,
trichromes
AtZIP5  Zn, Mn, Fe Root epidermis, 68,69,73-75
leaf veins
AtZIP6 Zn, Mn PM Roots, anthers, leaf 68,7274
veins
AtZ1P9 Zn, Mn PM Root vasculature, 68,69.74 72
first Silique
AtZIP10 Zn, Mn Root 68,74
AtZIP11 Zn, Mn Seeds, leaves, root 68,69

vasculature
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AtZIP12 Zn Senescent leaf vein 68,74

AtZIP13 Zn Golgi Ubiquitous 4,76

AtIRTL  Zn, Mn, Fe, PM Root epidermis 67,77
Cd

AtIRT2 Zn, Fe Intracellular Root epidermis 76.78

AtIRT3 Zn, Fe PM Germinating seeds, 89727478

anthers, phloem

AtIAR1 Ubiquitous 74

AtZTP29 Zn ER Ubiquitous 74.80

Table 1.1 Zn-transporting AtZIPs: transport capabilities, subcellular
localisation, and expression. Vac = Vacuole, PM = plasma membrane, ER =
endoplasmic reticulum. Note AtZTP29 is also referred to as AtGUFA in the
literature and AtZIP13 is also referred to as AtZNE1. Metal transport assays were all
conducted through yeast complementation studies, subcellular localisation by GFP
tagging, and tissue expression derived from GUS expression and staining or the
developmental expression atlas generated by Klepikova et al.”. Those left blank are

unknown or in the case of AtlAR1 under investigation in this study.

Reversing this influx of Zn into the cytosol, export of Zn from the cytoplasm to the
extracellular space in Arabidopsis thaliana occurs through AtPCR2, a homodimeric
transporter with two transmembrane helices per sub-unit®. AtPCR2 is expressed in
the shoot, the root epidermis, the xylem of the root elongation zone and the root
tipL. Atpcr2 knockout mutants suggest that AtPCR2 is involved in long distance

transport of Zn through export of Zn from the cytosol®?.
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Transport from the cytosol into storage organelles such as the vacuole is a common
mechanism to adapt to high Zn levels. The protein families involved in this
sequestration are Heavy Metal ATPases (HMAS), Metal Tolerance Proteins
(MTPs), Natural Resistance-Associated Macrophage Proteins (NRAMPs) and ZIFL
(ZIF1-like) proteins. HMAs are P1g-type ATPases capable of actively transporting a
wide range of metals using ATP hydrolysis and are subdivided based on substrate
specificity (monovalent copper and silver or divalent Zn, cobalt, lead and cadmium
ions)282. Although non-functional due to a nonsense mutation in the Columbia
(Col-0) accession of A. thaliana, AtHMAZ is a vacuolar transporter in closely
related accessions and is responsible for vacuolar sequestration of Zn®&, MTPs
operate through antiport of a divalent metal ion with a proton®®’, In Arabidopsis
there are 12 MTP proteins with different metal specificities®, with AtMTP1,
AtMTP2, AtMTP3, AtMTP4 possessing Zn transport capability when expressed
alone and AtMTP5 only when in complex with AtMTP1289°2 AtMTP1 and
AtMTP3 transport Zn into the vacuole and mutations in these AtMTP genes lead to
hypersensitivity to Zn®-%, as Zn is unable to be appropriately sequestered into the
vacuole. AtMTP1 is expressed in both root and leaf cells in subpopulations of
dividing, expanding and differentiating cells®3, whilst AtMTP3 is expressed in the
root epidermis and cortex®*. NRAMPs are capable of both metal-proton cotransport
and antiport of transition metal ions with protons®°®, In Arabidopsis the only
known Zn-transporting NRAMP is AINRAMP4%, which it is capable of vacuolar
Zn export but also has been shown to transport Fe and Mn out of vacuoles in
plants®®%°, ZIFL (ZIF1-like) proteins are members of the Major Facilitator
Superfamily. AtZIF1, identified by screening for mutants hypersensitive to Zn'%, is
responsible for NA transport into the vacuole from the cytoplasm!®L. This vacuolar
NA accumulation is then correlated with increased Zn storage in the vacuole.
Another vacuolar ZIF protein involved in Zn homeostasis is AtZIF2, which directly

transports Zn into the vacuole!®?,

Transport of Zn to endoplasmic reticulum (ER) has been shown to occur through
AtMTP2. AtMTP2 codes for an ER-localised Zn transporter in the outer cell layers
of the elongation zone in roots® that is upregulated in Zn deficiency. It is therefore
hypothesised that AtMTP2 functions to transport Zn symplastically through the ER-

luminal continuum in the root cortex!®®, AtMTP5 is also capable of transporting Zn
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into the secretory system, however only when in a cis-Golgi-localised complex with
AtMTP1218, AtZIP13, an unusual ZIP protein, also appears to show transport of
Zn into the Golgi’®, transporting Zn in the opposite direction to that of other plant

ZIPs thus far investigated.

HMASs also contribute to Zn transport in Arabidopsis thaliana through aiding xylem
loading of Zn. AtHMA2 and AtHMA4 contribute redundantly to Zn homeostasis by
aiding the root-to-shoot translocation of Zn with double Athma2 Athma4 mutants
showing a severe Zn-deficiency phenotype in the shoot, along with seed infertility
and stunted growth®. These transporters localise to the plasma membrane of
pericycle cells in the vasculature!® and so are thought to help load Zn into the

phloem for root to shoot transport.

The combined action of the various components listed above leads to a spatially
controlled and dynamic movement of Zn between subcellular compartments as
shown in Figure 1.1. As these different components are expressed in different
tissues at different times in different conditions, it is also important to understand
how these components of Zn homeostasis act together in Zn deficiency and excess

conditions.
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PCR2

ZIF2

HMA4

Vacuole

Plasma membrane

Figure 1.1. Schematic of Zn movement in a single Arabidopsis thaliana Col-0
cell. Transporters are shown in circles responsible for increasing (blue) or
decreasing (brown) cytosolic Zn levels. Within each subcellular compartment Zn is
then reversibly bound to ligands (L). It should be noted that tissue and cell-specific

expression of these transporters has been ignored for clarity.

1.2.3 Zn deficiency response in plants

In conditions of Zn deficiency, plants maximize Zn uptake from the soil, Zn use
efficiency and mobilisation from stores to sinks such as young leaves or developing
seeds. To maximize Zn uptake from the soil, two different strategies are employed
by plants. In strategy I, plants including Arabidopsis thaliana exude acidic
compounds and reductants into the soil which lead to Zn ion release from
complexes such as Zn phosphates for uptake by the plant root'%. The profile of
these root exudates is a greater predictor for tolerance to Zn deficiency than Zn
transport activity'®. Strategy I is used only by plants from the Poaceae family

which include cereal grasses, and involves the exudation of Zn phytosiderophores
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which bind strongly to Zn, creating a Zn-phytosiderophore complex which can be

transported into plant roots'®’.

To increase influx of soluble Zn?* from the soil into the cytosol, ZIP transporters
are transcriptionally upregulated’® which act to increase free Zn in the cytosol of
root cells. In addition to increasing Zn availability in Zn-deficient conditions, Fe
and Mn levels must be balanced through modulating Fe and Mn transporters to
ensure ROS levels are kept within limits. Due to the non-specific nature of metal
transporters upregulated in Zn deficiency, Zn deficiency leads to increased Fe
levels in the roots and increased ROS production®!*. Free Fe ions act to increase
ROS levels through the Fenton reaction®®. In addition, long-term Zn deficiency and
low Zn efficiency rice cultivars show a reduction in Cu-Zn SOD activity, further
increasing ROS levels®®1% Mn treatment, however, can be used to rescue Zn
deficiency symptoms in short term growth (two weeks) through the reduction of
ROS levels!!®. Therefore, to combat increased ROS levels in the root during Zn
deficiency, ZIP transporters capable of transporting Mn into the cytosol (AtZIP1, 5,
and 9) are upregulated®® ™, AtIRT1, which is responsible for the majority of Fe
uptake in roots, is also downregulated in Zn deficiency and upregulated only in Fe

deficiency!?,

To increase the transport of Zn to the xylem for long distant transport to the shoot,
Zn deficiency also enhances transcription of AtMTP2 and AtHMA2% which
increases symplastic Zn flow and Zn loading to the xylem respectively. To increase
Zn-NA mediated long distance transport of Zn two NA synthases, AtNAS2 and
AtNAS42 are upregulated transcriptionally as well as putative Zn-NA transporters
AtYSL1 and AtYSL3%. In addition, AtPCR2-mediated extrusion of Zn from the

cytosol may also play a role in root-to-shoot transport of Zn8t.

Mobilisation of above ground Zn also occurs to move the Zn from senescing tissue
to sink tissue such as developing seeds and meristems. For example, trichromes and
cell vacuoles are major stores of Zn when Zn is in adequate supply'*3, and these
reservoirs can release Zn which then can be transported to the phloem for

redistribution to sink tissue!'4, most likely in the form Zn-NA.

Furthermore, autophagy genes are upregulated in Zn deficiency conditions and

mutants in autophagy-related genes show an enhanced Zn deficiency transcriptional
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response!’®. Although autophagy mutants show similar total Zn levels to wildtype
in most tissues, they show increased chlorosis associated with increased ROS stress

in the chloroplast!?®,

How these components work together has only recently begun to be elucidated.
Each of the components involved in Zn homeostasis is part of a plastic network!?’.
The network utilises the redundancies of many of the transporters to adapt to
differing conditions for example through differing expression levels of AtHMA3Y.
This network of redundancy is likely to be present in crop species and further
understanding of this network could help develop crops with beneficial

characteristics to withstand Zn deficiency or excess.

1.2.4 Regulation of the Zn deficiency response in Arabidopsis

thaliana

In the search for mechanisms of Zn homeostasis, a yeast one-hybrid screen was set
up to identify transcription factors able to bind the AtZIP4 promotor. Here, the
transcription factors AtbZIP19/23 have been shown to modulate the activity of
different metal transporters in conditions of low Zn™. The target genes of
AtbZIP19/23 contain one or more copies of the Zinc Deficiency Response Element
(ZDRE) which is a 10-bp palindrome (RTGTCGACAY). In Arabidopsis in Zn
deficient conditions, this pair of transcription factors was found to be responsible
for an increase in transcription of several ZIPs including AtZIP4, 1, 3, 5, 9, 12 and
AtIRT3™. In addition to ZIPs, the Atbzip19 Atbzip23 double mutant also showed
downregulation of lipid signalling and NA synthase genes, representing the multi-
faceted response to Zn deficiency that AtbZIP19/23 is responsible for™. It was later
shown that this pair of transcription factors is located in the nucleus*® and in single
mutants slightly different subsets of genes are activated suggesting they do not
function entirely redundantly®. It has recently been found that the AtbZIP19/23
transcription factor pair harbour a Zn binding site that when disrupted causes a
constitutive Zn deficiency response, creating a model whereby lower cellular Zn

allows conformational changes which enable AtbZIP19/23 transcriptional
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activity?°. It is important to note that Zn homeostasis in Arabidopsis shares key
regulatory features to that of crop plants including regulation by bZIP genes which
are responsible for a similar transcriptional response to Zn deficiency in a variety of

cereals including rice?!122,

There appears to be an additional AtbZ1P19/23-independent mechanism to regulate
Zn deficiency, as some genes, including AtMTP2 and AtHMAA4, that are upregulated
in Zn deficiency lack any upstream ZDREs. Through experiments in Athma2
Athma4 double mutant plants which have Zn deficiency in the shoots only, it was
identified that one component of the AtMTP2 regulation machinery was a shoot-
derived signal that could override local signals of Zn sufficiency in the root to
upregulate AtMTP2%2, Both the local and systemic Zn deficiency responses are

outlined below in Figure 1.2.
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Local Zn deficiency response Systemic Zn deficiency response

Nuclear Zn Shoot Zn

KX

bZIP19/23 Shoot-to-root signal

ALZIPS f

AtZIP4
I AINAS2

AtMTP2

I AtHMA2

Figure 1.2 Zn deficiency response in Arabidopsis thaliana. (A) Local Zn
deficiency response. AtbZIP19/23 transcription factor activity is inhibited by direct
binding of Zn. In low Zn conditions, the active transcription factor pair activate the
transcription of many genes including those for Zn and Mn transport (AtZIP5,
AtZIP4) as well as for NA synthesis (AtNAS2). (B) Systemic Zn deficiency
response. Low Zn status in the shoot is transmitted through unknown components
to the root leading to induction of genes involved in ER Zn import (AtMTP2) and
xylem loading (AtHMA?2). See text for further details.

As well as transcriptional changes, plants have been shown to regulate metal
transporters in other ways. For example, AtZIF2, a transporter that is responsible
for increasing Zn tolerance and upregulated transcriptionally by Zn, is also
regulated by Zn through intron retention. In the presence of Zn the intron is retained
and this increases translation!®2, In addition, post-translational modifications play a
role in ZIP activity. AtIRT1 exhibits monoubiquitin-dependent reversible
endocytosis in low Fe high Zn conditions?3. In a scenario where Fe is low and non-
iron metals such as Zn are high, these metals bind to a histidine rich cytoplasmic
loop of AtIRT1 and facilitate AtIRT1 phosphorylation by recruitment of AtCIPK23

which then allows AtIRT1 to be trafficked to late endosomes and degraded®?*. It is
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currently unknown whether similar mechanisms are used in the regulation of the
other ZIPs.

Therefore, more knowledge of any component of this homeostatic network is vital
to understand Zn homeostasis in model and crop plant species enabling design of
crops with improved Zn uptake in Zn poor soils or Zn allocation to grains for

human consumption.

1.2.5 Zn excess response in plants

Under Zn excess, Zn?* outcompetes other divalent cations, including Mg?* and
Fe?*, for binding sites according to the Irving-Williams series'?°. The competition
leads to the inhibition of photosynthetic enzymes'?5127, In addition excess Zn leads
to increased oxidative stress as shown by an increased ratio of oxidised glutathione

and lipid peroxidation?312°,

Chelation within the cell by high and low molecular weight ligands buffer the
cytosolic free Zn concentration from external changes in Zn availability. Of these,
in Arabidopsis thaliana, only phytochelatins so far have been shown to be essential

to buffer Zn concentrations in Zn excess conditions?®.

Transport of Zn out of the cytosol is another mechanism by which Arabidopsis
thaliana detoxifies Zn. Export of Zn from the cytoplasm to the extracellular space
occurs through AtPCR28!, AtPCR2 is expressed in the shoot, the root epidermis, the
xylem of the root elongation zone and root tip8! with knock-out studies suggest that
PCR2, in addition to the role in Zn deficiency outlined previously, is also part of
the Zn excess response®’. Cell wall components, particularly pectin, have been
shown to bind and immobilise a large range of divalent cations including Zn*3%13,
with mutants in pectin synthesis or modification particularly sensitive to high Zn

levelst32133

Transport from the cytosol into storage organelles such as the vacuole is a common
mechanism of adaptation to high Zn levels either directly through Zn transport in
the case of AtMTP1%, AtMTP3% and ZIF21° or indirectly through vacuolar
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loading of NA in the case of AtZIF1%, Of these, AtMTP3 is transcriptionally

upregulated in Zn excess conditions!34,

In addition to the vacuole, the Golgi has been identified as another organelle used to
store Zn in Zn excess conditions. AtZIP13 (also known as AtZNE-1) has been
identified as a Zn transporter capable of transporting Zn into the Golgi’®. Atzip13
mutants show increased sensitivity to both high Zn and low Fe conditions, implying

the importance of Zn storage in the Golgi in these conditions.

One of the major features of Zn excess is Fe deficiency. Zn in excess will
outcompete Fe for binding sites on proteins including transporters, thus creating Fe
deficiency. Zn and Fe intersect along many parts of the Fe uptake and redistribution
system. For example, the Fe import machinery involves the ZIP transporter AtIRT1
that in addition to Fe can also transport Zn’’ which when in excess will outcompete
the Fe. In conditions of excess Zn AtFRO2, which is responsible for reduction of
Fe3* to Fe?*, and AtIRT1, which is the major importer of Fe?* in the roots, are
upregulated®*51%8_|n addition, AtIRT2 is upregulated in epidermal root cells, and
probably functions to release Fe into the cytosol from intracellular

compartments’®1%,

Fe root-to-shoot translocation is decreased in Zn excess and the resulting chlorosis
can be complemented by Fe addition'®. This Fe deficiency in the shoot under Zn
excess is exacerbated within Arabidopsis thaliana accessions with alleles of
AtFRD3 that encode a non-functional protein. AtFRD3 is a member of the
multidrug and toxic compound extrusion (MATE) protein family'*°, and is a crucial
component of the Fe deficiency response'#° through its action in exporting citrate
into the xylem®*! for root-to-shoot Fe translocation. Natural variation within
Arabidopsis thaliana accessions has shown that some alleles of AtFRD3 exhibit no
citrate transport activity and increased sensitivity to Zn excess'#? due to this

reduced Fe translocation.

Fe release from vacuoles is an essential part of the Fe deficiency response and is
also important in Zn excess tolerance. Mutants in genes coding for the tonoplast-
localised AtNRAMP3 and 4 are unable to germinate on low Fe media®®*°. Whereas
AtNRAMP3 can transport Fe and Mn, AtNRAMP4 has additionally been shown to

transport Zn in yeast complementation studies®”*43. Double Atnramp3 Atnramp4
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mutants show Zn hypersensitivity which is thought to be due to lack of appropriate

mobilisation of metals including Fe from vacuoles in Zn excess conditions.

Similar to Zn deficiency, autophagy has also been shown to play a role in Zn
excess, as mutants in autophagy-related genes show sensitivity to excess Zn
conditions that can be complemented by addition of Fe and exacerbated by removal
of cotyledons!*4. This together suggests the role of autophagy in Zn excess is to

help mobilise Fe from cotyledons to other tissue such as true leaves.

Overall, Arabidopsis thaliana must respond to Zn excess by sequestering Zn and

increasing Fe uptake to combat Fe deficiency.

1.2.6 Gene expression regulation in Zn excess is mostly that of the

Fe deficiency response

Although no Zn-specific Zn excess response has been demonstrated to date,
Arabidopsis thaliana in Zn excess does have a characteristic change of redox
homeostasis*?® compared to that generated by excess Cd**® and Cu'*6. Recent work
in Populus ussuriensis**’ has identified a heat shock transcription factor (PUHSF4a)
responsible for Zn excess-specific induction of GLUTATIONE-S-TRANSFERASE
U17 and PHOSPHOLIPASE A2 genes, which together improved the tolerance of
plants to Zn excess generated oxidative stress. Whether this mechanism operates in
Arabidopsis species is currently unknown. In addition to potential Zn excess-
specific redox state regulation, Zn excess has been shown to increase phytochelatin
synthesis and alter the expression of miRNAs in plants!?®, although the mechanisms

behind this regulation is still unknown.

Although in Arabidopsis no Zn excess specific signalling pathways are known, the
Fe deficiency response which is activated under Zn excess is well characterised. In
the Zn hyperaccumulator Arabidopsis halleri spp gemmifera, one of the differences
compared to Arabidopsis thaliana is improvement of Fe uptake in Zn excess
conditions®, illustrating the importance of Fe regulation in the Zn excess response.
Fe-deficiency genes are upregulated through a cascade of basic helix-loop-helix
(bHLH) transcription factors. At the top of the cascade is AtURI, a I\VVb subfamily
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bHLH member which dimerises with members of the I\Vc subfamily*. The IVc
subfamily genes includes AtILR3'*°, AtoHLH34, AtbHLH104 and AtoHLH115%0:151
which are active in conditions of Fe deficiency. The IVc bHLHSs then go onto
induce members of the Ib bHLH subfamily including AtFIT, AtoHLH38 and others,
which dimerise and function redundantly**2%3, FIT in dimerization with other Ib
bHLHSs then induces the transcription of Fe deficiency machinery including
AtFRO2 which is responsible for reduction of Fe** to Fe?*, and AtIRT1 which as
mentioned previously is the major importer of Fe?* in the roots!3¢1%, In addition to
increasing Fe deficiency genes such as AtIRT1, through interactions with AtPYE in
pericycle cells, AtILR3 mediates the repression of Fe transport and storage genes
such as those controlling the synthesis of NA synthesis and ferritin

synthesisl49'154'155

It has recently become elucidated how Fe levels co-ordinate this cascade. Fe-
dependant degradation of bHLHSs within the cascade occur by BRUTUS (BTS) and
BRUTUS-LIKE (BTSL) E3 ligases which target AtFIT and I\VVc bHLHSs for
degradation in Fe sufficient conditions'®5'%8, This interaction and degradation is
thought to be attenuated by IRON MAN (IMA) peptides through binding to BTS
and BTSL proteins'®®1%°, Therefore, IMAs which are transcriptionally induced in
Fe deficiency promote the Fe deficiency response®l. The main components of this

regulatory cascade are shown below in Figure 1.3.
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Figure 1.3 Fe deficiency response induced by Zn excess. In Fe replete conditions,
BTS and BTSL proteins are active and degrade members of the bHLH transcription
factor (TF) cascade reducing expression of Fe deficiency genes. In low Fe
conditions, BTS and BTSL proteins are inactive thus stabilising URI and 1Vb
bHLH TFs. URI IVb bHLH TFs then induce expression of AtFIT and IVVc bHLH
TF genes which then induce genes including those involved in Fe uptake (AtIRT1
and AtFRO?2).

1.3 Auxin homeostasis in Arabidopsis thaliana

Plants are sessile organisms that adapt to changing conditions through growth and
development mediated through a variety of plant hormones. Some of the earliest
plant growth responses to be analysed were gravitropism and phototropism, which
were discovered to rely on a transported signal from the root or coleoptile tip62163,
The transported molecule was later isolated and identified as indole-3-acetic acid
(IAA, auxin)!®+1% |n addition to the role of auxin in tropisms, application of auxin
inhibitors and antagonists showed auxin to be a major player in embryonic
development of plantst®¢-1%°, Furthermore, post-embryonic development through

maintenance of the root apical meristem!’%172 and the shoot apical meristem!’376 js
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also regulated through auxin in conjunction with other plant hormones such as

cytokinint?7-180,

1.3.1 Auxin transport is important to many aspects of plant

development

Auxin transport is key to many aspects of auxin regulation of development. Key to
understanding auxin transport was the generation of the chemiosmotic model where
protonation of auxin at extracellular acidic pH, electrochemical gradients of
deprotonated auxin and protons, and polarly localised auxin transporters drive auxin
movement between and within cells and tissues'®-182, Studies on auxin transport
found Arabidopsis mutants such as Atpin-formed 1 which shared a growth
phenotype with plants treated with inhibitors of polar auxin transport*8, The
phenotypes of these reduced auxin transport mutant plants included a long
inflorescence with no or few flowers, from which the causal gene (AtPIN1) was
isolated and characterised!®4. AtPIN1 is one of a number of PIN family members
that since have been characterised to facilitate polar auxin transport3-188,
Mutations in other PIN genes responsible for polar auxin transport show distinct
phenotypes, implying that they function non-redundantly, such as Atpin2 which
displayed reduction in root gravitropism and root growth'®, Present in all land
plants, with Arabidopsis containing 88°, PINs can be split into two groups based on
the length of a loop between two central transmembrane helices. In Arabidopsis,
AtPIN1,2,3,4,7 are so called long PINs, AtPIN5 and 8 are short PINs and AtPIN6
shows an intermediate length of loop®®. Long PINs have been shown to take part in
polar transport of auxin through cell efflux'8-188 with the long hydrophilic loop
playing a role in the intracellular trafficking of PINs to their polar location®°. Short
PINs on the other hand, have been found to be localised to the ER membrane with
AtPINS transporting auxin into the ER lumen and AtPIN8 exporting auxin from the
ER lumen®®-19 AtPING appears to show dual localisation to the ER and plasma
membrane and so plays a role in intracellular auxin homeostasis as well as polar
auxin transport!®. ER accumulation of auxin also occurs through members of the

PIN-LIKES (PILS) family, with the ER accumulation associated with an increase in
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auxin inactivation through conjugation®®, a process which will be explored later.
Further subcellular transport machinery for auxin includes WALLS ARE THIN1
(AtWAT1) which was shown to be important for release of vacuolar stores of auxin

to aid secondary wall formation in the developing vasculature!®®-1%,

Mutants showing resistance to the root growth effects mediated by auxin and
ethylene treatment led to the identification and later characterisation of AUX1 as a
facilitator of auxin uptake into cells that requires a proton gradient%8-202, AtAUX1
and its homologues in Arabidopsis, LIKE-AUX1 (AtLAX)1, AtLAX2 and AtLAX3 are
members of the amino acid/auxin permease super family?%3, Mutations in different
AUX/LAX genes show different phenotypes. For example Atlax3 mutants show
reduced lateral root density due to a role in auxin-induced auxin accumulation in
cortical cells?®*, whereas Atlax2 mutants show disruption of auxin induced

vasculature formation in cotyledons®®,

Other less well characterised auxin transporters include members of the P-
GLYCOPROTEIN class of the ATP BINDING CASSETTE (ABC) transporter
family that have also been implicated in auxin import and export, both through
direct transport activity and also through interactions with AtPIN proteins2°6-208,
Finally, AtNRT1.1 has also been shown to catalyse the influx of auxin into cells in

addition to its role in nitrogen homeostasis®°.

In summary, auxin import and polar export can be used to create gradients in auxin
concentration between and within cells and tissues to mediate growth responses

through activating concentration-dependant signalling events.

1.3.2 Auxin signalling

To initiate auxin signalling, auxin needs to bind to receptors. Several auxin
receptors have been identified, including components of the Skp-Cullin-F-box
(SCF) E3 ubiquitin ligase complex. The SCF ubiquitin ligase complex ubiquitinates
proteins for subsequent degradation by the proteasome?'%?!t, The F-box protein
within the SCF complex acts as a receptor determining the specificity of the

targeted ubiquitination?!2, Using a combination of work including mutants and use
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of proteasome inhibitors it was demonstrated that the SCF™R! complex (SCF
complex with TIR1 as the F-box protein) mediates the degradation of Aux/IAA
proteins?3-21% Auxin binds to the nuclear-localised coreceptor AtTIR1, a state
which is made more stable by the further binding of coreceptor Aux/IAA proteins
and thus promoting their ubiquitination and degradation in an auxin dependant
manner?1%-218 AtTIR1 is part of the 6 member TIR1/AFB family of F-box proteins
with other members of this family that show different auxin affinities?!® playing
similar roles to AtTIR1, with some overlapping function, although AtTIR1 and
AtAFB?2 constitute the majority of physiological auxin binding in this family?2%-222,
A similar degradation-dependant mechanism for auxin signalling has also been
found within cell cycle control. In Arabidopsis, auxin promotes the degradation of a
cell division related transcription factor AtDPB through binding to an F-box protein
AtSKP2A?23:224,

The Aux/IAA proteins are nuclear localised proteins whose expression is rapidly
induced??® and whose protein stability is reduced after exogenous auxin
application??® through the aforementioned ubiquitination. Aux/IAA proteins act as
transcriptional repressors of auxin responsive genes through recruiting
TOPLESS/TOPLESS-RELATED corepressors and binding with AUXIN
RESPONSE FACTORS (ARFs)?26-228 . ARFs, unlike Aux/IAA proteins, bind DNA
directly to auxin response elements?2>22%, Therefore, when Aux/IAA is degraded,
auxin-responsive genes are released from repression and are transcribed. Both
Aux/1AA proteins and ARFs are part of large families, with differing activities
which enable precise control of auxin signalling?°-2%, Interestingly an atypical
ARF (ETTIN) has also been found to bind directly to auxin, which leads to

dissociation of corepressors and so enables rapid gene induction?3234,

Auxin binding has also been demonstrated for AUXIN BINDING PROTEIN1
(AtABP1)2%® which localises to the ER and plasma membrane?*® and was thought to
be responsible for signalling from extracellular IAA. Work on the physiological
role of AtABPL1 in auxin biology has been hindered by apparent off-site mutations
within knockdown lines, as null Atabpl alleles show none of the major auxin
response defects previously ascribed to it?’. However, more recent work has shown
that AtABP1 binds auxin in the apoplast and through TRANSMEMBRANE
KINASE 1 (AtTMKZ1) orchestrates a series of phosphorylations that contribute to
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auxin-promoted vasculature formation and regeneration after wounding?®. Null
mutants in Atabpl and Attmk1 cannot establish the auxin-induced vasculature
formation and Atabpl plants are not complemented by mutated AtABP1 which
lacks auxin binding?3®. AtTMK1 activation leads to altered expression of auxin
response genes in formation of the apical hook during seedling growth in the dark
through cleavage of the C-terminus of AtTMKZ1. This enables the cytosolic
fragment to phosphorylate and stabilise non-canonical Aux/IAA family members,
the reverse of that occurring in the canonical TIR1/AFB auxin signalling
pathway?°. Auxin induced AtTMK1 activation also leads to rapid changes in
phosphorylation status of many proteins?®, This fast change in phosphorylation
status may also explain part of the rapid auxin-induced reduction in root cell
elongation in high exogenous auxin conditions that requires TIR/AFB2%°, However,

exactly how ABP1/TMK1 signalling may relate with this is currently unclear.

Within plants the total concentration of active auxin which can be transported and
initiate signalling events is mediated through a combination of synthesis,

conjugation and catabolism.

1.3.3 Auxin synthesis

In young seedlings, the majority of IAA synthesis occurs in above-ground tissue
particularly cotyledons, but all tissues do show localised de novo synthesis?41242,
IAA can be synthesised from tryptophan (Trp) and Trp-independent sources. Trp-
independent 1AA synthesis is hypothesised to operate through indole synthase
action on indole-3-glycerol phosphate to generate indole?*3-24°, however evidence of

the following steps to generate 1AA is lacking?4®.

The pathway of synthesis from Trp to IAA can take two routes: via indole-3-
acetaldoxime (IAOX) or via indole-3-pyruvic acid (IPA). Trp can be converted to
IPA by Trp aminotransferases (TAA/TARSs)?4"24% which is then converted to IAA
through the activity of cytosolically active YUCCA (YUC) flavin
monooxygenases?*’249, All TAA/TAR and YUC steps are catalysed within the

cytosol, with some enzymes showing tethering to the ER membrane®>°. There are
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three TAA/TAR genes and 11 YUC genes in Arabidopsis, with single mutants
showing only minor phenotypes, although higher order mutants show stronger
phenotypes indicative of some redundancy in this important pathway of auxin
synthesis?®12%3, AtYUCs are differentially expressed throughout the plant in root
and shoot?32%, Shoot overproduction of auxin cannot complement lack of root-
synthesised auxin through the YUC containing pathway, further underlining that
local auxin synthesis occurs in all tissues and plays vital roles in plant
development?®*, Control of auxin synthesis through AtYUCCA expression is seen in
the shade avoidance response, whereby detection of shade induces AtYUCCA
expression and leads to auxin induced hypocotyl elongation and increased leaf

ang|8255'256.

The second route to IAA from Trp is a pathway first involving conversion of Trp to
IAOx which is catalysed by the cytochrome P450 monooxygenase
AtCYP79B2/B3%57:2%8 within the chloroplast?’. IAOx can then be used for
synthesis of IAA or the synthesis of glucosinolates?®°. This IAOx pathway and

260 and act with increased

glucosinolates are only present in Brassicaceae
importance for IAA synthesis at elevated temperatures?? in root meristems and
lateral root primordia®*2. IAOXx is converted to indole-3-acetonitrile (IAN) by
AtCYP71A13%%2, The subsequent conversion of IAN to 1AA is thought to occur
through the activity of AINITRILASE12%3264 an enzyme localised in the cytosol?®®,
Another route to |AA appears to be from |AOx-generated indole-3-acetamide
(IAM)260286 although loss of function mutants in IAM hydrolases did not yield
changes in IAA content nor a strong phenotype implying this route to IAA is a
minor one?®’. A further minor route to 1AA is from indole-3-butyric acid (IBA)
which occurs in the peroxisome through a putative peroxisomal acyl-CoA

oxidase/dehydrogenase?©8269,

1.3.4 Auxin conjugation and oxidation

The concentration of active IAA can be regulated by conjugation into inactive

storage forms and degradation via oxidation.

47



Amide-linked 1AAs include amino acid-linked 1AAs (1AA-aas), peptide-linked
IAAs and protein-linked 1AAs. IAA-aas are formed from IAA through the action of
enzymes in the Gretchen Hagen 3 (GH3) family?°, which have three subgroups, of
which only those in group Il (containing nine members in Arabidopsis) show
conjugation activity with 1AA as a substrate?’®. Few of the group 11 GH3 enzymes
have been characterised in vivo, with those characterised so far in Arabidopsis and
Physcomitrella patens showing cytosolic localisation?*?"2, In vitro data have
shown different group Il GH3 enzymes show a wide range of amino acid selectivity
for IAA conjugation?’°273, This has been supported by in vivo data from
Arabidopsis, with either single or higher order Atgh3 mutants showing reduced

levels of specific IAA-aa?"42™,

In some cases (IAA-Asp and IAA-GIu), this conjugation is irreversible?’® and the
conjugate is then catabolised. The concentration of these irreversibly synthesised
conjugates is higher than those for reversibly synthesised conjugates?’”2’8, Other
IAA-aa conjugates however (IAA-Ala, IAA-Leu, IAA-Phe among others) are
hydrolysed back into IAA through IAA-aa amidohydrolases in the ER?79282_ |t is
interesting to note that IAA-aa synthesis in all reported cases so far occurs in the
cytosol?’1272 while 1AA-aa hydrolysis occurs in the ER?7%282 with no 1AA-aa
transporters found thus far. Furthermore, transport of IAA into the ER is associated
with increased conjugation!®2" hypothesised to be due to ER-nuclear migration of
auxin increasing auxin signalling which promotes conjugation?®. Further work on
the subcellular compartmentalisation of auxin and its conjugates is therefore

required to understand these features of auxin.

Larger molecular weight amide-linked 1AAs were found in seeds of Phaseolus
vulgaris?® 28 with similar results seen in Arabidopsis?® suggesting a role for these
different larger protein-1AA conjugates in seed 1AA storage. Activation of IAA in
germination in Arabidopsis is hypothesised to involve hydrolysis of IAA-aa®’.
IAA-aa hydrolase enzymes were expressed during in the first 3 days after
germination and triple mutants in those hydrolases led to reduced seed and early
seedling IAA levels indicating a role of IAA-aa hydrolysis in seed storage and

germination®®’.
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The major ester linked IAA conjugate observed in Arabidopsis is IAA-glucose
(IAA-Glc). This conjugation to glucose occurs through the activity of a UDP-
glucosyltransferase (UGT), AtUGT84B12%8 with lower activity levels also noted for
AtUGT84B2, AtUGT75B1, AtUGT75B2, AtUGT74D1, AtUGT76F1 and a group
of auxin-induced AtUGT76E enzymes?®2%, This glucosylation of IAA is
reversible in rice?® and maize®®, and although the hydrolysis step has not been
demonstrated in Arabidopsis, it is suspected®®. In addition to glucosylation of IAA,
glucosylation of IPA and oxIAA has been shown to take place through these same
glucosylation enzymes as they show activity across a broad range of substrates?8®-
290293297 These different enzymes show different expression profiles, substrate
specificity and phenotypes in mutants illustrating that these enzymes do not
function redundantly, although compensatory upregulation in single Atugt mutants

is observed?®°.

Glycosylation of IAA to form IAA-myo-inositol takes place in Zea mays?%82%,
Interestingly, Arabidopsis mutants with low myo-inositol concentrations show
embryo developmental defects that are made more severe by overexpression of
AtUGT84B1, implying that IAA is stored as IAA-myo-inositol and its hydrolysis to

IAA is important in early development3®,

Methylated 1AA is formed through IAA CARBOXYMETHYLTRANSFERASE 1
(IAMT1)3! and this process is reversed via esterases including AtMES173%, The
importance of this storage of IAA as methylated IAA has so far only been
demonstrated in hypocotyl gravitropism where Atiamtl mutants exhibit altered PIN

distribution and so gravitropic reponse3%,

Oxidation is the main pathway by which 1AA is catabolised at physiological auxin
levels®®, DIOXYGENASE FOR AUXIN OXIDATION enzymes (AtDAQ1/2)3%4
306 catalyse the oxidation of IAA to oxIAA, which can then become glucosylated to
oxIAA-Glc mostly through the action of AtUGT74D12%. A summary of these

auxin related metabolic pathways is shown in Figure 1.4.

Metabolism, transport and signalling of auxin is then tightly controlled by many

factors including auxin itself.
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Figure 1.4 Auxin synthesis, conjugation and degradation pathways. Other
pathways for IAA synthesis include from methylated IAA, the Trp-independent

pathway via indole and that from IBA. For details of metabolic conversions see

text.
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1.3.5 Auxin-induced changes in auxin signalling, metabolism and

transport

Auxin induces both transcriptional and non-transcriptional changes to regulate
developmental output in addition to regulating its own levels. Meta-analysis of
separate transcript profiling experiments for gene regulation changes under
different auxin treatments?®® has shown increases in expression of many but not all
AtAUX/1AA genes, along with some AtGH3 and AtPIN genes. Increased expression
of AUX/IAA genes?? provides a negative feedback to inhibit auxin responsive gene

expression?26-228,

Metabolic changes also show a negative feedback loop in auxin induction.
Increased auxin level leads to a decrease of expression of AtYUCCA genes, thus
reducing 1AA synthesis through the TAA-YUCCA pathways®*"3%_ Expression of
AtCYP79B2 AtCYP79B3 as well as AtSUR1 and AtSUR2 genes involved in IAOx
utilisation in glucosinolate synthesis is also decreased by exogenous auxin together

reducing IAA synthesis through the IAOx pathway?,

Auxin levels also can alter the rate of auxin conjugation and oxidation through a
different negative feedback loop. This feedback mechanism within IAA
conjugation and oxidation is hypothesised to operate through the auxin mediated
induction of AtGH3?3 and AtDAO1 genes®** which are coregulated with genes for
auxin glucosylation?®. Disruption of IAA oxidation in Atdaol mutants leads to
increased AtGH3 induction resulting in dramatically increased IAA-Glu and 1AA-
Asp levels whilst IAA itself remains at wildtype levels3®. Additionally,
overexpression of AtUGT84B1 led to increased IAA-Glc with reduction in IAA-
aas?®8, This overexpression of AtUGT84B1 also led to increased IAA levels
suggesting compensatory mechanisms to control IAA levels are not fully
complementary. On the opposite side of this feedback loop, disruption of activation
of IBA, methylated IAA and 1AA-aas leads to increases in IAA synthesis through
TAA/YUCCA gene induction®'°, Overall IAA metabolism appears to be regulated
through a series of complex negative feedback loops with many partially redundant

pools of inactive auxin compounds.
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The expression of certain PIN genes (particularly AtPIN1, AtPIN3 and AtPIN7) can
be induced by exogenous auxin treatment?®3311 with change of activity of one PIN
influencing the expression and localisation of another PIN in an auxin-dependant
manner!!, These auxin-dependant PIN changes have been demonstrated in the root,
in vasculature formation, in the stem wounding response and in lateral root
formation®2. Auxin-induced changes in auxin transport had been theorised
previously®*-15 and lead to the creation and narrowing of auxin transport pathways
in a process referred to as canalization. Both intracellular®!*® and extracellular
auxin sensing®®® is required for this canalisation response, involving changing
activity of AtWRKY233!" and receptor kinases CANALIZATION-RELATED
AUXIN-REGULATED MALECTIN-TYPE RECEPTOR-LIKE KINASE
(AtCAMEL) and CANALIZATION-RELATED RECEPTOR-LIKE KINASE
(AtCANAR)38, The mechanistic link between these components and altered PIN
distribution is currently unknown, but probably involves regulation of cytoskeletal
components®'®. How all these auxin related components work together to regulate
parts of a developmental response to different conditions such as altered Zn

nutrition is only recently becoming elucidated.

1.4 Auxin and Zn interactions

Currently the intersection of auxin action with Zn status is not well understood.
Under Zn deficiency in Solanum lycopersicum, 1AA levels were decreased and 1AA
inactivation rates were increased relative to controls®*?. In addition, in Glycine max
and Zea mays Zn deficiency is correlated with a change in expression of auxin
signalling related genes®21322 although how this relates to wider auxin activity and
development remains to be determined. Early experiments have also determined
that biosynthesis of Trp requires Zn®?, but the in vivo relevance of this Zn

dependency is unknown.

Comparatively more is known about the interaction of auxin and Zn excess.
Transient Zn excess has been shown in Arabidopsis to increase I1AA levels through
AtYUCCA gene induction®*, but AtYUCCA gene expression and IAA levels are
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both reduced after continual Zn excess®®. It is suggested that auxin transport also
has a role in the Zn excess response with inhibition of auxin transporters causing
hypersensitivity to Zn excess®?®, and AtPIN4 expression was shown to be down
regulated after transient Zn excess®?*. A reduction of the division rates in the
meristem®2* was detected after transient Zn excess with this feature showing
consistency with previous work investigating the effect of continual Zn excess in
Festuca rubra®?® and Arabidopsis®®32’, suggesting a reliable auxin-related feature
of Zn excess is reduced root length and meristem size. Transient exposure to Zn
levels up to 200 M was also shown to increase LR formation whereas Zn
concentrations above this point were inhibitory to LR formation®?*. Continuous
exposure to high levels of Zn however was shown to be inhibitory to LR

formation®2.

The molecular underpinnings of these responses remain unknown, and in some
cases may relate to a general nutrient stress response rather than a Zn specific
response. One of the hypothesised molecular links between auxin homeostasis and

Zn is through 1AA-aa hydrolysis.

1.4.1 Control of auxin conjugate hydrolysis

In Arabidopsis IAA-aa hydrolysis to I1AA is governed by four of a seven-member
lIr1-like amidohydrolase family?®. Enzymes shown to have IAA-aa hydrolysis
activity include IAA-LEUCINE RESISTANT 1 (ILR1)?", ILR-LIKE 1 (ILL1),
ILL2 and IAA-ALANINE RESISTANT 3 (IAR3)% which show differing
substrate specificity including some redundancy but all show enhanced in vitro
activity with increased Mn and Co and are repressed by Zn, Ca and Mg ions?®!. Zn
however was the strongest inhibitor of llr1-like amidohydrolases tested and no Ca
or Mg transporters have been identified in screens for genes that regulate sensitivity
to IAA-aas. This together indicates Zn is the most physiologically relevant metal
ion that regulates the llrl1-like amidohydrolase family and so will be examined

further in this study.
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The activity of the enzymes has also been tested in vivo, through use of an auxin
sensor, and it has been determined that IAA-Phe is preferentially hydrolysed by
AtILR1 and AtILL2, IAA-Leu by AtILR1 and to a lesser extent AtILL2 and
AtIAR3, and IAA-Ala hydrolysed preferentially by AtlIAR3 and to a lesser extent
AtILL2 and AtILR1%2, The 1AA-aa hydrolysing enzymes were all determined to be
localised to the ER through bioinformatic, proteomic and GFP-tagging
experiments?’®282_ To identify genes responsible for controlling auxin conjugation,
screening conditions were established with high concentrations of auxin conjugates
to find mutants that did not show the characteristic root or hypocotyl shortening
elicited by high concentrations of IAA-aa conjugates?’%3%,

Isolation of mutants insensitive to certain IAA-aa conjugates further emphasised a
potential link between auxin conjugation and metal homeostasis. Firstly, Atilr2
mutants, specifically resistant to IAA-Leu and IAA-Phe but not IAA-Ala, show
reduced lateral root number similar to Atiarl Atilr2 and Atiar3 ilr2 double mutants,
but in addition showed resistance to low and high Mn induced changes to root
length®2®. Furthermore, microsomal vesicles from Atilr2 plants showed increased
ATPase-dependant Mn transport activity into vesicles without changes in whole
plant metal content. Sequence analysis of AtILR2 protein shows no transmembrane
domains and high similarity (54% amino acid identity) to Arabidopsis halleri
partitivirus 1330331 Although currently unclear, it is hypothesised that activation of
the Mn transport system would sequester Mn away from IAA-aa hydrolases and
thus lead to reduced hydrolytic rates. It is interesting that Atilr2 remains sensitive to
IAA-Ala which is hydrolysed preferentially by AtIAR3?%2 in vivo and may point to

differing metal requirements or affinities of the IAA-aa hydrolases.

A further Atilr mutant was found to be connected with metal homeostasis, in this
case Atilr3. Interestingly, AtILR3 is involved in upregulating the Fe deficiency
response®®, but additionally functions to suppress the Fe excess response in
conjunction with AtPYE154155 Gain of function Atilr3 mutants showed slightly
increased resistance to IAA-Leu in addition to insensitivity to excess Mn, whilst
loss-of-function Atilr3 mutants show enhanced sensitivity to IAA-Leu®32, Although
the influence of Fe on in vitro IAA-aa hydrolase activity was not assayed?®!, it
could be hypothesised that increasing Fe availability relative to Mn availability

reduces hydrolytic rates. However, further work is required on Fe subcellular
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homeostasis in the ER to understand this, particularly because AtILR3 regulates a
vast array of genes. Therefore, together the Atilr2 and Atilr3 mutants illustrate that
activities of IAA-aa hydrolases are influenced in vivo by metal homeostasis

disruptions.

In a screen for mutants insensitive to IAA-Ala or enhancers of IAA-Leu or Phe
insensitivity in Atilrl mutants, the IAA-Ala resistancel (AtIAR1) gene was found®?é,
Seven mutants were generated with five in a Ws background and two in a Col-0
background with a range of phenotypic severity. In the Col-0 background Atiarl-3
and Atiarl-4 were generated showing a frame shift near the 3° end of the coding
sequence and a 65-80 kbp deletion of the AtlIAR1 coding region and a neighbouring
gene respectively. The Atiarl mutants were all shown to be less sensitive to all
IAA-aa conjugates tested including IAA-Ala, IAA-Leu and IAA-Phe among others,
although weaker mutants such as Atiar1-3 were less resistant to IAA-Leu. High
auxin Atsuperrootl plants®332%* had their high auxin phenotype of reduced root
growth after 10 days partially suppressed in Atsuperrootl Atiarl double mutants

suggesting Atiarl mutants were low in auxin.

Evidence available at that time and since has indicated a role in ion homeostasis in
the phenotypes of Atiarl mutants. Increasing the Mn content of the media gradually
suppressed this IAA-aa insensitivity in Atiarl-1 and Atiar1-2 plants®?®, AtIAR1 was
identified as a ZIP transporter with expression of its mouse homologue MmKE4
(MmZIP7) complementing the Atiarl phenotype, suggesting that the phenotype was
metal-transport related. Further work has shown that MmZIP7 functions as a Golgi-
localised Zn transporter in mice®*®, and also complements the yeast strains lacking
the AtIAR1 homologue (yke4A), which is hypothesised to conduct bidirectional

transport of Zn on the ER membrane®3®.

In addition, the Atiarl phenotype was partially compensated by additional
mutations in AtMTP5!. These mutants showed defective or absent transcripts of the
full length AtMTP5 splice variant (referred to as AtMTP5A). Single Atmtp5-2
mutants with no detectable full-length transcript showed similar IAA conjugate
sensitivity to wildtype, although Atmtp5-1 mutants with altered splice positioning
showed increased sensitivity to IAA conjugates compared with wildtype. These

Atmtp5-1 splice mutants were crossed with Atiar3 and Atilrl mutants and did not
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complement their respective IAA-Ala and IAA-Leu insensitivities, although the
Atiar3 Atmtp5 double mutant now showed enhanced sensitivity to IAA-Leu
compared to wildtype. As AtMTP5 at the time was predicted to be a Zn
cytoplasmic exporter similar to AtMTP1, the following model was established for
the antagonistic transport of inhibitory metals by AtIAR1 and AtMTP5 in the ER as

shown below in Figure 1.5.

maan O\ IAA-Ala

IAR1 S — / < :. lARIx Zn/l
TIAA

Zn

()

Zn @S Zn (_MTps
o ER _— — ~___ ER

Cytosol

IAA

Cytosol

Figure 1.5 Adapted Rampey et al, 2013! model on metal transport in the ER
and IAA-Ala hydrolysis in wildtype and Atiarl mutant plants. (A) AtMTP5 and
AtlIAR1 antagonistically control levels of metals including Zn in the ER which then
controls the activity of IAA-Ala hydrolases. (B) Atiarl mutants lose Zn transport
activity, causing ER Zn levels to increase which inhibits IAA-Ala hydrolases.

Model adapted with permission to focus on Zn as the inhibitory cation.

Although IAA-aa hydrolases have been determined to be localised to the ER
through bioinformatic, proteomic and GFP-tagging experiments?’®-282 AtMTP5A
was found to encode a cis-Golgi localised protein that interacts with AtMTP12 to
facilitate transport of Zn into the Golgi®. Neither expression of AtMTP12 or
AtMTP5A alone was seen to complement yeast transporter mutants, indicating
neither of these proteins alone shows Zn import activity. This could suggest that the
Atmtp5 compensatory mutations observed is mediated through disrupting of the
AtMTP5-AtMTP12 Golgi-located Zn transporting complex rather than AtMTP5

transport activity alone in the ER.
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1.5 Aims of the thesis

With the complexities of auxin and Zn homeostasis in mind, this thesis aims to
investigate the Zn-auxin interaction mediated through Zn transporters in the
secretory system. These aims will be addressed through chapters focussing on

different aspects of the ER/Golgi focussed Zn-auxin interaction as shown below.

e How is Zn transport into the ER through AtMTP2 transcriptionally
controlled?

e What is the transport activity, localisation, and expression pattern of
AtlIAR1?

e What are the effects of Atiarl mutations on wider Zn homeostasis?

e \What are the effects of Atiarl mutations on wider auxin homeostasis?

Through answering these questions, this thesis will further understanding of auxin

conjugate utilisation and ER/Golgi Zn homeostasis in different Zn conditions.
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Chapter 2. Materials and Methods
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2.1 Saccharomyces cerevisiae growth, transformation, and

phenotyping

2.1.1 Saccharomyces cerevisiae strains

AtIAR1 (Arabidopsis thaliana IAA-Ala resistant 1) functionality including

transport capabilities was assessed by transforming AtlAR1-based constructs into

Saccharomyces cerevisiae transporter mutants using BY4741 and DY 1457 strains

as controls where relevant. Details of these mutants are shown in Table 2.1

Strain Description Genotype Source
BY4741 Background for MATa; his3A1; Podar et al.>*’
yke4A and smfI1A leu2 AO; met15A0;
ura3A0
vked4 A AtIARI yeast BY4741; MATa; Euroscarf
homologue his3A1; leu2AO;
mutant metl5A0; ura3A0;
YILO23c::kanMX4
smfIA Mn import mutant BY4741; MATa; Euroscarf
his3A1; leu2AO;
metl5A0; ura3A0;
YOL122c::kanMX4
DY 1457 Background for DY 1457; MATa; Evens et al.*3®
zrtlA zrt2A and adel/+; canl; his3,;
fet3A fet4A leu2; trpl; ura3
zrtl A zrt2 A Zn import mutant DY 1457; MATa; Evens et al.>3®

adel/+; canl; his3,;
leu2; trpl; ura3,
zrtl LEU2,
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zrt2::HIS3

fet3A fetdA Fe import mutant ~ DY 1457; MATa; Evens et al. >
adel/+; canl; his3;
leu2; trpl; ura3;
fet3-2::HIS3, fet3-
1::LEU2

Table 2.1 List of Saccharomyces cerevisiae strains used in this study

2.1.2 Constructs for Saccharomyces cerevisiae expression

To assess the function of AtlARL, constructs for heterologous expression of AtIAR1
in Saccharomyces cerevisiae were assembled into a pYES2 (lab stock) vector,
allowing for selection in bacterial and yeast hosts with ampicillin resistance and
uracil autotrophy respectively. Constructs were synthesised (Integrated DNA
Technologies) to represent codon-optimised AtlIAR1 cDNA from Arabidopsis
thaliana Col-0 ecotype as well as for the Atiar1-3 mutant identified in Lasswell et
al.3?8, For each of these constructs, the signal peptide (SP) sequence was either kept
as AtlAR1 or swapped with that of AtIRT1, using the signal peptide cleavage site for
AtIAR1 predicted by SignalP-5.0%%. This method had previously been utilised to
traffic the endoplasmic reticulum (ER) bound transporter AtZTP29, a member of
the ZIP (Zinc-regulated transporters, Iron-regulated transporter-like Proteins)
family to the plasma membrane for similar Saccharomyces cerevisiae
complementation studies®. Detailed diagrams of these plasmids are shown as

plasmid maps in Figure 2.1.
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Figure 2.1 Plasmid maps of different AtlIAR1 constructs for Saccharomyces
cerevisiae transformation. (A) AtlAR1 — for expression of AtIAR1 gene with no
adjustments. (B) Atiarl-3— for expression of AtlIAR1 gene with changes caused in
the Atiar1-3 mutation from Lasswell et al.3%, (C) AtIRT1(SP)::AtIAR1 — for
expression of AtIAR1 with the signal peptide (SP) sequence swapped for that of
AtIRT1. (D) AtIRT1(SP)::Atiar1-3 — for expression of AtIAR1 with the signal
peptide (SP) sequence swapped for that of AtIRT1 with changes caused in the
Atiarl-3 mutation. URA3 — uracil autotrophy, AmpR — ampicillin resistance, GAL1
promotor — galactose mediated expression in yeast, T7 promotor — strong promotor

for expression.

2.1.3 Saccharomyces cerevisiae media

Growth of non-transformed Saccharomyces cerevisiae strains was conducted in
YPAD media with or without agar. YPAD media consisted of 1% (w/v) yeast
extract (Millipore, 70161), 2% (w/v) peptone (Formedium, PEP02), 2% glucose
(Fisher Scientific, G/0500/53), 0.002% (w/v) Adenine (Sigma-Aldrich, A2786) and
2% (w/v) agar (Formedium, AGAO03) if required.

Once transformed with recombinant plasmids, transformed Saccharomyces
cerevisiae gained uracil autotrophy and were grown on synthetic complete media
lacking uracil (SC-U). In addition, expression of the AtIAR1 based construct was
controlled by glucose or galactose addition. Unless otherwise stated SC-U was
made using glucose to repress expression of the AtlIAR1 based construct. SC-U
media consisted of 0.69% (w/v) yeast nitrogen base (Formedium, CYNO0405), 2%
(w/v) glucose or galactose (Formedium, GALO03), 0.19% (w/v) Kaiser mixture
synthetic complete uracil drop-out (Formedium, DSCK102) and 2% (w/v) agar if
required. Due to slow growth, for fet3A fet4A transformants the pH of SC-U liquid

and solid media was set to 4.5, whilst all other strains were grown at pH 5.3.
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2.1.4 Saccharomyces cerevisiae growth conditions and

transformation

Non-transformed Saccharomyces cerevisiae strains were streaked onto solid YPAD
plates at 28°C for 2-4 days until individual colonies were visible. These strains
were then transformed using the lithium acetate method®*. In this method
individual colonies were picked and grown in 50 ml YPAD media for 12-20 hours
at 30°C and 210 rpm until the optical density at 600 nm (OD600) reached between
1 and 2. After diluting these cultures in YPAD to OD600 of 0.3 they were then
returned to 30°C, shaking at 210 rpm until the OD600 reached 1.

The cells were then harvested by centrifugation at 3000 x g for 5 minutes and
resuspended in distilled water (dH20). The centrifugation and dH-O resuspension
steps were repeated to remove all YPAD media. After a final centrifugation step the
cells were then resuspended in a solution of 10 mM lithium acetate (Sigma-Aldrich,
517992), 1 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, E9884)
and 10 mM tris(hydroxymethyl)aminomethane (Tris, Melford Biolaboratories Ltd
T60040) pH 7.6 for transformation.

Resuspended cells were then vortexed with single stranded salmon sperm DNA
(D9156, Invitrogen), plasmid DNA, and a solution of 40% (w/v) polyethylene
glycol 3350 (Sigma-Aldrich, P4338), 10 mM lithium acetate, 1 mM EDTA and 10
mM Tris pH 7.6. The vortexed mixture was then incubated at 30°C for 30 minutes
before being transferred to a 42°C water bath for 15 minutes to allow heat shock
mediated transformation. Transformed cells were then grown on SC-U selective

plates for 2-4 days at 30°C, with colonies replated and confirmed by PCR.

2.1.5 Saccharomyces cerevisiae drop assay

To assay complementation of mutant strains on restrictive media, a drop assay was
performed with the transformed Saccharomyces cerevisiae strains. Individual

colonies of the transformed Saccharomyces cerevisiae were grown in 10 mL liquid

64



SC-U overnight at 30°C, shaking at 210 rpm. These cultures were pelleted by
centrifugation at 1,500 x g for 10 minutes at room temperature, with the supernatant
discarded and the pellet resuspended in dH2O. After repeating the centrifugation
step and discarding the supernatant, the pellet was then resuspended in dH20 to an
0OD600 of 1.0. 10 pL of this diluted culture and serial dilutions up until 10° were
then pipetted onto SC-U agar plates containing 2% (w/v) galactose to induce

expression of the AtlIAR1-based construct.

Restrictive media for transformants were based on those from previous publications
68,336337 with some minor alterations. The yke4A strain was sensitive to cell wall
binding cell wall disruption so was complementation was assayed in media with 20
ug/ml calcofluor white and 10 pg/ml evans blue dye (Sigma-Aldrich, 18909). The
smfIA strain was sensitive to Mn deficiency and so complementation was assayed
in media with 20 mM ethylene glycol-bis(p-aminoethyl ether)-N,N,N’,N'-tetraacetic
acid (EGTA, Millipore, 324626) and 50 mM 2-ethanesulfonic acid (MES, Sigma-
Aldrich, M8250) at pH 5.5. The zrtl A zrt2A strain was sensitive to Zn deficiency
and so complementation was assayed in media with 500 uM ZnSO4 (Sigma-
Aldrich, Z1001) and 1 mM EDTA. The fet3A fet4A strain was sensitive to Fe
deficiency and so complementation was assayed in media with 25 uM
bathophenanthroline disulphonate (BPDS, Sigma-Aldrich, 146617) and 20 mM
MES.
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2.2 Arabidopsis growth and transformation

2.2.1 Plant materials

To assess the impact of loss of AtIAR1 activity in Arabidopsis thaliana, two
different mutant lines were sourced. The Atiarl-3 mutant was obtained from
Lasswell et al.3%8, This mutant was generated through neutron-mutagenized
Columbia (Col-0) seeds and contains a frame shift mutation resulting in a change in
C-terminal (Ct) residues. The second mutant was a T-DNA insertion mutant34!
(SALK_047876C, obtained through the Nottingham Arabidopsis Stock Centre), in
a Col-0 background, hereafter referred to as Atiarl-t. Atiarl-t plants are
homozygous for a T-DNA insertion within the coding region corresponding to one
of the central metal transporting helices in AtlAR1. The position of mutations for
the AtlAR1 mutants is shown below in Figure 2.2. Arabidopsis thaliana Col-0

ecotype was therefore used as a wildtype (WT) reference for both these mutants.

A B
N Protein C-terminal sequence

c ER lumen AtIARI SLILGMSVALCISLIE*
OsIAR1 SLTMGMLVALGISLVE*
NtIAR1 SLLSGMAVALCISLVE*
ZmlAR1 SLAMGMLVALGISLVE*

Cytosol
GmlAR1 SLTIGMAVALGISLVE*
MplAR1 ALTVGMGIAVAISLAE*

* AtiarI-3 — Neutron mutagenesis

T AtiarI-t— T-DNA inserti .
tarl nsertion Atiarl-3 SLILGPECCSLHLSYRMIS*

Figure 2.2 Atiarl mutants used in this study. (A) Schematic of AtIAR1 topology
with the yellow and red asterisks representing the amino acid positions
corresponding to the site of T-DNA insertion or neutron mutagenesis in Atiarl-t
and Atiarl-3 plants respectively. Transmembrane helices containing conserved
transport-associated residues are in grey and histidine rich loops shown in red. (B)

Amino acid sequences at the C-terminus in AtlIAR1, AtlIAR1 plant homologues and
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Atiarl-3. Asterisks indicate STOP codons while the sequences in red are those
altered through a frame shift mutation in the Atiarl-3 gene. Residues highlighted in
grey are those showing 100% conservation in the sample of plant AtlIAR1
homologues shown (Oryza sativa, Nicotiana tabacum, Zea mays, Glycine max and
Marchantia polymorpha).

Genotyping of the Atiar1-3 plants were conducted as described in Lasswell et al.3?®
whilst genotyping of the Atiarl-t plants were conducted using left border primer
GTCTCTTGCGTGAATGAGAGG, right border primer
CATTTCTGCAAGAACTCCAGC and T-DNA border primer
ATTTTGCCGATTTCGGAAC.

2.2.2 Generating constructs for Arabidopsis transformation

2.2.2.1 DNA extraction using the CTAB methodology

For cloning of AtlIAR1, genomic DNA was extracted from Arabidopsis thaliana
Col-0 ecotype leaves using the Hexadecyltrimethylammonium bromide (CTAB)
methodology®*2. Briefly, 200 mg leaf tissue was snap frozen and homogenized by 3
mm tungsten carbide beads (QIAGEN, 69997) using the TissueLyser LT
homogeniser (85600, QIAGEN). Homogenised tissue was then vortexed with
CTAB buffer containing 2% (w/v) CTAB (Sigma-Aldrich, H5882), 20 mM EDTA,
2.5 M NaCl (Sigma-Aldrich, S7653) and 0.1 M Tris. After incubation at 55°C for
15 minutes, the suspension was pelleted by centrifugation at 10,000 x g for 5
minutes. The resulting supernatant was extracted and added to 250 pL 24:1
chloroform:isoamyl alcohol (Sigma-Aldrich, C0549) to undergo liquid-liquid
extraction (LLE) via inversion and centrifugation at 15,800 x g for 1 minute. The
upper aqueous phase was extracted and then subject to another LLE step before 500
uL ethanol (Sigma-Aldrich, 51976) kept on ice and 50 puL 7.5 M ammonium
acetate (Sigma-Aldrich, A1542) was added to precipitate the DNA. This mixture
was then inverted several times and stored at -20°C for at least 2 hours before
pelleting the DNA by centrifugation at 15,800 x g for 1 minute. The DNA pellet
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was washed by removing the supernatant, adding 70% (v/v) ethanol kept on ice to
the pellet and centrifuging again. After a further wash step with 70% (v/v) ethanol
the pellet was air-dried for 15 minutes before resuspending the DNA in dH20 and
its quality assessed by spectrophotometry using a NanoDrop™ 2000

spectrophotometer (ND-2000, ThermoFisher Scientific).

2.2.2.2 Cloning fragments and golden gate cloning of AtIMTP2::LUC plasmid

To investigate the control of AtMTP2 expression a recombinant plasmid
(AtMTP2::LUC) was generated, with luciferase expression controlled with the
native AtMTP2 promotor and terminator. Genomic DNA was extracted as in 2.2.2.1
and was used as a template for polymerase chain reaction (PCR) to amplify
AtMTP2 promotor and terminator sequences in several parts of the genome using
primers with overhangs that would be compatible with golden gate cloning*3. The
primers used are shown below in Table 2.2 and cause changes in single base pairs
to accommodate the Bsal/Bbsl-based cloning used in golden gate cloning. In
addition to these PCR-amplified parts, due to the positioning of Bbsl and Bsal sites,
a section of AtMPT2 (part 4, Table 2.3) was synthesised (Integrated DNA
Technologies). These changes are referred to as domestication and are shown in
Table 2.4.
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Primer name Sequence

AtMTP2 domestication part 1 FOR GATGAAGACATCTCAGGAGGCTA
AACTTCACTGAATGGAACTACAT
AATG

AtMTP2 domestication part 1 REV GATGAAGACATCTCGCCACGTGT
CATCCTCTTCCTCCG

AtMTP2 domestication part 2 FOR GATGAAGACATCTCAGTGGACGA
GCCGCCGC

AtMTP2 domestication part 2 REV GATGAAGACATCTCGCATTTGCA
GCAAAAAAGATTGTAACTTTAGA
GCATGAATC

AtMTP2 domestication part 3 FOR GATGAAGACATCTCATTCGTAAA
ACAACAAAAGGGTTCATTTCTCT
GG

AtMTP2 domestication part 3 REV GATGAAGACATCTCGTAGAAACC
TTATCAACACATCAAAACTCCAA
AG

AtMTP2 domestication part 5 FOR GATGAAGACATCTCACGGATATG
AAGTTACCCGTTTGGATTG

AtMTP2 domestication part 5 REV GATGAAGACATCTCGAGCGTTCA
CTTTGCAGCATCTGTAGAAATGG

Table 2.2 Primers used to amplify AtMTP2 parts for golden gate assembly. Red
sequences denote overhang with Bbsl recognition and cleavage site. Purple
sequences denote the overhangs left after Bsal digestion from a pUAP1 backbone

for level 1 assembly. Source: T.Gate
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Part name Sequence

AtMTP2 part 4 GATGAAGACATCTCATCTAAGGT
CTTGGTTAACCAATAACCATGCA
AAGCACGAATGTTTTGTTTCTTT
GCTCAAATTTTGTGTGACCGGAC
GAGATGTCTTCTTG

Table 2.3 Synthesised AtMPT2 part 4. Red sequences denote overhang with Bbsl
recognition and cleavage site. Purple sequences denote the overhangs left after Bsal

digestion from a pUAP1 backbone for level 1 assembly. Designed by T.Gate.

Wildtype Domesticated Region Reason for ~ Amino acid
base base (position) change change
A T promotor (- Bbsl site N/A
1784)

C G terminator Bbsl site N/A
(1404)

A T terminator Bsal site N/A
(1404)

Table 2.4 Domestication sites created during golden gate cloning of AtMTP2.

The product of amplification was then assembled into a level 0 pUAP1 plasmid
containing LacZ gene (SynBio) to allow blue-white screening, and chloramphenicol
resistance testing. The golden-gate assembly for a level 0 plasmid required 100 ng
of pUAPL1 acceptor plasmid, PCR amplified insert in 2:1 molar ratio to pUAP1, 10
units Bbsl-HF (NEB, R3539), 1.5 uL T4 ligase buffer (NEB, B0202), 200 units T4
DNA ligase (NEB, M0202), 1.5 pL 10x bovine serum albumin (BSA) and dH20 to
a reaction volume of 15 pL. This mixture was incubated for 20 seconds at 37°C,

then 26 cycles of 3 minutes at 37°C followed by 4 minutes at 16°C, 5 minutes at
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50°C, 5 minutes at 80°C to denature the restriction enzyme and then 5 minutes at

16°C for a final ligation step.

After the digestion-ligation golden gate reaction, 1 pL the reaction mixture was
transformed into chemically competent E.coli strain DHSo (NEB, C2987) using a
heat shock protocol. After incubating 100 ng of plasmid with 25 pL of competent
cells on ice for 30 minutes, the mixture was placed in a water bath set to 42°C for
15 seconds. The mixture was then cooled on ice for a further 5 minutes before
adding 600 pL super optimal broth medium (Sigma-Aldrich, S1797) and incubating
at 37°C for 1 hour while shaking at 220 rpm. This resulting mixture was plated onto
solid Luria broth (LB) plates containing Isopropyl B-D-1-thiogalactopyranoside
(IPTG, Formedium, IPTG025S), 5-Bromo-4-chloro-3-indolyl §-D-
galactopyranoside (X-Gal, Sigma-Aldrich, B4252) and chloramphenicol (Sigma-
Aldrich, C0378) at a final concentration of 25 pg/mL. Successful white colonies
were picked and grown overnight in liquid LB media containing chloramphenicol
for extraction of the recombinant plasmids using a miniprep kit (QIAGEN, 27106),

checked for insert length and then sent to be confirmed by sequencing (Genewiz).

After the sequence of the insert was verified, another digestion-ligation reaction
was used with the donors being the pUAP1 AtMTP2 plasmids and a luciferase
donor plasmid (pICSL80001, SynBio) with the acceptor being a level 1 plasmid
(pICSL869550D, SynBio) with LacZ for blue-white screening, a kanamycin
resistance gene and a nos:bar:nos cassette for L-Phosphinothricin selection once
transformed into plants. The digestion ligation reaction was performed identically
to a level 0 assembly except Bsal-HFv2 (NEB, R3733) was used as the restriction
enzyme in place of Bbsl-HF. After transformation into the chemically competent
E.coli strain DHS0, the cells were plated onto LB agar plates containing IPTG, X-
Gal and kanamycin (Sigma-Aldrich, K1377) at a final concentration of 50 pg/mL
for a round of blue-white screening. Successful colonies were picked and the
extracted plasmid, checked for insert length and then sent to be confirmed by
sequencing (Genewiz). The final AtMTP2::LUC plasmid map is detailed below in
Figure 2.3.
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Figure 2.3 AtMTP2::LUC plasmid map for Arabidopsis transformation.
AtMTP2 native promotor (3 kb) and terminator (1 kb) control luciferase expression.
NPT (Neomycin phosphotransferase Il) generates kanamycin resistance and

nos:bar:nos generates L-Phosphinothricin resistance. See text for further details.

2.2.2.3 Cloning fragments and golden gate cloning of AtIAR1::GUS and GFP

plasmids

To investigate the control of AtlIAR1 expression, a recombinant plasmid
(AtIAR1::GUS) was generated, with B-glucuronidase (GUS) expression controlled
by the native AtIAR1 promotor and terminator. To investigate subcellular
localisation, recombinant plasmids were synthesised with GFP modules within the

AtlIAR1 coding regions. In the cloning of Green fluorescent protein (GFP) tagged
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membrane proteins, GFP presence can result in non-functional proteins due to
misfolding or interruption of functional sites. To reduce the likelihood of
interruption, monomeric enhanced GFP (mEGFP) were engineered to be cloned
with surrounding loop regions (see Table 2.5) and then inserted separately into
three areas. The GFP sites are the N-terminus (Nt) after a predicted signal peptide
cleavage event, C-terminus (Ct) and in the intracellular loop 3 (ICL3) avoiding the
putative metal binding sequences in other loop regions such as the first extracellular
loop (ECL1) that proved successful with AtIRT123,

Part name DNA Sequence Amino acid sequence

Pre-mEGFP linker GGCATAGGTCTCATA GSAGSAAGSGGSAGS
CTGGAAGTGCAGGCT AAGSGGA
CAGCTGCCGGGTCTG
GTGGAAGTGCAGGC
TCAGCTGCCGGGTCT
GGTGGAGCCATTGA
GACCATTGGC

Post-mEGFP linker CGGATAGGTCTCAAA GSAGSAAGSGGSAGS
TGGGAAGTGCAGGC  AAGSGGAS
TCAGCTGCCGGGTCT
GGTGGAAGTGCAGG
CTCAGCTGCCGGGTC
TGGTGGAGCTTCGTG
AGACCTTACCG

Table 2.5 Synthesised linker fragments and amino acid composition when
translated in-frame. Red sequences denote overhang with the Bbsl recognition
and cleavage site. Purple sequences denote the overhangs remaining after Bsal

digestion from a pUAP1 backbone for level 1 assembly. Source: T.Gate.
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Genomic DNA was extracted as in 2.2.2.1 and was used as a template for PCR to
amplify AtIAR1 sequences in the genome using primers with overhangs that would
be compatible with golden gate cloning*®. Due to the number and positions of
already existing Bsal and Bbsl sites within AtIAR1 it was necessary to create a
AtlIAR1 fully domesticated level 1 plasmid which could then be used as a template
for the level O parts required for the GUS and GFP plasmids. In addition, a
synthesised fragment (Integrated DNA Technologies) was used. These first level O
and level 1 assemblies were carried out as in 2.2.2.2 with primers, synthesised parts
and resulting domestication sites shown in Table 2.6, Figure 2.4 and Table 2.7

respectively.

74



Primer name Sequence
AtIAR1 domestication part 1 FOR GATGAAGACATCTCAGGAGAAA
GGATTCACTCGACTTGAC
AtIAR1 domestication part 1 REV GATGAAGACATCTCGACAACAA
GACTTTGTACAATGCTG
AtIAR1 domestication part 2 FOR GATGAAGACATCTCATTGTATCT
CTTACGGTATTCTGTGATG
AtIAR1 domestication part 2 REV GATGAAGACATCTCGGTCATGAG
AATGACTACACCC
AtIAR1 domestication part 4 FOR GATGAAGACATCTCACTTCTTGT
GGAGAAGTTGG
AtIAR1 domestication part 4 REV GATGAAGACATCTCGAGTAAAG
ACCTCTTGGGG

AtIAR1 domestication part 5 FOR

AtIAR1 domestication part 5 REV

GATGAAGACATCTCATACTCTAT
TTCCTAAACAAACCTAAAAATG
GATGAAGACATCTCGAGCGATTT
AAGAGCAACGATCCAGC

Table 2.6 Primers used to amplify AtIAR1 parts for golden gate assembly. Red

sequences denote overhang with Bbsl recognition and cleavage site. Purple

sequences denote the overhangs left after Bsal digestion from a pUAP1 backbone

for level 1 assembly. Source: T.Gate.
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GATGAAGACATCTCATGACCACGACCACGACCACGATCATGATCATCAT
GTGAAGAAAACGACGGCGAAGGTGGAGATGAAGTTGCCGGAGGAGCTT
GCTGAAGAGGAGGATATGAGATTATGTGGGTTTGGGCCTTGTCTCCATG
ATCACGATCACGAATCAAGTTCCACTCTTACGGGGTTTGGTAAATTTGG
TTCCTTTAGCTACATTCTTCATTGGGTTTTACAAATCATTACTTGATGATT
AGAATCTCTTCTTCTTGTTGGTTTTTGTAGCTCTGTGGCTTAATGCATTG
GGATGCTCTCTTTTAGTTAGCTTGGCCTCACTCATCTGCCTTGTTTTGCTT
CCCATTATGTTTGGTAAGCAATTTTTTGTATACCTATGAAAACCAAAAA
GCATTGCTTTTAATTGTCCTGGAGAAAATGCTCTCTTTCGTTTATTCATG
TGCTATAATGTGTTCATGAGAGTAACTGTTTCAAGTCTTATGTTGCAACT
AACAGTTCAAGGGAAGCCATCAAAATGGTTCGTTGATTCTTTGGCTCTC
TTTGGGGTAAGTCATTAGACTGACTACAGTAGCTTTTTCTTTGGCGGTGG
TGGTTCTGAATGCAAGAAAAATATTTTAGCAATATCTATACACTGTGTTT
CGTCGCAACTTTATCACTTGGATGAGTTGGAAATGTTAATAATATATGA
TCTGTTGATTCAGTTAATTTGTTTACCAGGCAGGAGCTATGTTGGGAGAT
GCTTTTCTTCACCAACTGCCCCATGCTTTTGGTACAGTAATGGACACAAG
TTTCTGATCTCTTTTTTAGTATCTGCATTGTTTCATAATTTGGCTTTTATG
CCTTCTCATTTTGTTTGCTTTTATATCTTCCTGAAGTGCAAAATATATTTA
TGGTTTGGCAGGTGGTGGCCACTCTCACTCTAATGATCACCATGAGAAC
CATGACCATCATGATCATTCTCATTCGGATTCGCCTTCACACTCACATTC
TATACAAGATTTGTCTGTTGGATTGTCTGTTCTTGGTAAGTATCATAACA
CTTCCTCTTGTGTTTATTGAACAAAATATTTTGACAGAATTGACACTTTC
AATCATCATTCTTAATTATCCAGCTGGGATTGTGGTGTTCCTTCCGAGAT
GTCTTCATC

Figure 2.4 Synthesised AtlIAR1 part 3. Red sequences denote overhang with the
Bbsl recognition and cleavage site. Purple sequences denote the overhangs
remaining after Bsal digestion from a pUAP1 backbone for level 1 assembly.

Source: T.Gate.
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Wildtype Domesticated Region Reason for ~ Amino acid

base base (position) change change

C G Promotor (- Bbsl site N/A
1673)

G A Exon 1 (189) Bbsl site none

T C Exon 1 (273) Bbsl site none

C G Exon 7 (1263) Bbsl site none

C T Intron 9 Bsal site N/A
(2145)

Table 2.7 Domestication sites created during golden gate cloning of AtIARL.

Using the domesticated AtIAR1 plasmid as a template it was then possible to create

level 0 and subsequently level 1 AtIAR1::GUS and GFP plasmids, using GUS don
plasmids (pICH75111, SynBio), mEGFP donor plasmids (pICSL30032, SynBio)

or

and the same acceptor plasmid as in 2.2.2.2. Primers used for this second round of

golden gate cloning are shown below in Table 2.8. All final plasmids were then
verified by sequencing (Genwiz) and with plasmid maps shown below in Figure
2.5.
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Primer name

Sequence

AtlAR1::GUS

AtlIAR1 domestication part 1 FOR

AtIAR1::GUS partl REV

AtlIAR1::GUS part2 FOR

AtIAR1 domestication part 5 REV

GATGAAGACATCTCAGGAGAAA
GGATTCACTCGACTTGAC
GATGAAGACATCTCGCATTTCTG
AGTGAGCTAAGAAGAGCG
GATGAAGACATCTCATTCGTGAT
CTCATAACAATTGTTTTTGTAAC
CGATATAGAAATCCCAAG
GATGAAGACATCTCGAGCGATTT
AAGAGCAACGATCCAGC

AtIARL:()GFP

AtIAR1 domestication part 1 FOR

AtIARL::(I))GFP partl REV

AtIARL::(I)GFP part2 FOR

AtlIAR1 domestication part 5 REV

GATGAAGACATCTCAGGAGAAA
GGATTCACTCGACTTGAC
GATGAAGACATCTCGAGTACCAA
CTGATCCATAGATGAGAAACGC
GATGAAGACATCTCATTCGGGTT
GGTCAAGAACTATGTTTTTACTT
GCCC
GATGAAGACATCTCGAGCGATTT
AAGAGCAACGATCCAGC

AtIARL::(NY)GFP

AtIAR1 domestication part 1 FOR

AtIARL::(Nt)GFP partl REV

GATGAAGACATCTCAGGAGAAA
GGATTCACTCGACTTGAC
GATGAAGACATCTCGAGTAGCCG
GCGTTGACTGAG
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AtIARL::(Nt)GFP part2 FOR

AtIAR1 domestication part 5 REV

GATGAAGACATCTCATTCGCGTG
ACGATCACGTGCATC
GATGAAGACATCTCGAGCGATTT
AAGAGCAACGATCCAGC

AtIARL::(Ct)GFP

AtIAR1 domestication part 1 FOR

AtIARL::(Ct)GFP partl REV

AtlIAR1::GUS part2 FOR

AtIAR1 domestication part 5 REV

GATGAAGACATCTCAGGAGAAA
GGATTCACTCGACTTGAC
GATGAAGACATCTCGAGTAGCTT
CTATAAGAGAGATGCAAAGAGC
GATGAAGACATCTCATTCGTGAT
CTCATAACAATTGTTTTTGTAAC
CGATATAGAAATCCCAAG
GATGAAGACATCTCGAGCGATTT
AAGAGCAACGATCCAGC

Table 2.8 Primers used to amplify domesticated AtlAR1 parts for golden gate

assembly. Red sequences denote overhang with Bbsl recognition and cleavage site.

Purple sequences denote the overhangs remaining after Bsal digestion from a

pUAP1 backbone for level 1 assembly. Source: T.Gate.
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Figure 2.5 AtlAR1::GUS and GFP plasmid maps for Arabidopsis
transformation. (A) AtlIAR1::GUS: GUS expression controlled by AtIAR1
promotor (2 kb) and terminator (1 kb). (B) AtIARL::(Nt)GFP: mEGFP integrated
into the N-terminus of AtlAR1 whose expression was controlled by the native
AtIAR1 promotor and terminator. (C) AtIARL::(i))GFP: mEGFP integrated within
ICL3 of AtlIAR1 whose expression was controlled by the native AtlIAR1 promotor
and terminator. (D) AtIARL::(Ct)GFP: mEGFP integrated into the C-terminus of
AtIAR1 whose expression was controlled by the native AtIAR1 promotor and
terminator. NPT (Neomycin phosphotransferase 1) for kanamycin resistance, with

nos:bar:nos for L-Phosphinothricin resistance. See text for further details.

2.2.3 Agrobacterium tumefaciens transformation by electroporation

Transformation of Agrobacterium tumefaciens strain GVV3101 (lab stock) was
conducted through electroporation, using the Gene Pulser (BioRad). 50 pL of
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electrocompetent agrobacterium culture was added to 100 ng plasmid in an
electroporation cuvette (1652083, BioRad). Electroporation conditions were 2.4 kV
voltage and 400 ohm resistance. After electroporation, cells were recovered in 10
mL LB for 3 hours at 28°C, shaking at 210 rpm, then plated onto LB agar plates
containing rifampicin (Sigma-Aldrich, 13292-46-1) final concentration of 50
pg/mL, Gentamycin (Sigma-Aldrich, G3632) final concentration of 10 pg/mL, and
kanamycin. A colony from the LB plate was picked and grown in 10 mL LB with
the appropriate antibiotics and incubated at 28°C to create a starter culture. The
starter culture was then checked for the correctly sized insert by PCR and then used

for Arabidopsis transformation by floral dipping3**.

2.2.4 Arabidopsis growth media and conditions

2.2.4.1 Seed sterilisation and vernalisation

Arabidopsis thaliana seeds were surface sterilised using 70% (v/v) ethanol
followed by treatment with 5% (v/v) bleach and 0.05% (v/v) tween 20 (Sigma-
Aldrich, P2287) solution for 10 minutes. After three 10-minute washes with dH20,
the seeds were then placed into sterile 0.1% (w/v) agarose (Melford Biolaboratories
Ltd, A20080) solutions. Sterilised seeds were then vernalised for 48 hours at 4°C in

darkness, before being placed into the relevant media.

2.2.4.2 MS-based media

When control of Zn deficiency was not needed, plants were grown on % strength
MS (Murashige and Skoog) media consisting of 0.1% (v/v) Murashige and Skoog
medium (Duchefa, M0222), 0.75% (w/v) sucrose (Formedium S/8600/60) and 1%

(w/v) agar if required.
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2.2.4.3 Zn deficient media

If Zn deficiency on solid media was required, agar was washed with EDTA as
shown in Sinclair et al.%2. Contaminating cations bound to agar were removed
through chelator washing. For this process, 30 g agar was washed three times with
1L 50 mM EDTA pH 8.0, twice for 5 hours then once for 14 hours. The agar was
then washed again with 1 L dH20O four times for 4 hours then once for 14 hours. To
maintain suspension of agar during washes, the agar solution was placed in a shaker
shaking at 130 rpm. To exchange media, the agar suspension was filtered through
Miracloth (475855, Merck Millipore Ltd., Watford, UK). After the water washes,
the agar was air-dried on filter paper (185 mm diameter, FT3205185, Sartorius Ltd.,
UK) for 1 day at room temperature, before adding the modified Hoagland growth
media®*® shown below (Table 2.9) with 0, 1 or 150 uM Zn and sucrose to 1% (w/v)
to yield media with 1.5% (w/v) agar.
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Stock solution Source Final Concentration

Ca(NO3)2 Sigma-Aldrich, C1396 1.5 mM

KH2PO4 Sigma-Aldrich, P3786 0.28 mM
MgSO4 Sigma-Aldrich, M2643 0.75 mM
KNOs Sigma-Aldrich, 221295 1.25 mM
CuSO4 Sigma-Aldrich, C1297 0.5uM
ZnSO4 Sigma-Aldrich, 21001 1uM
MnSO4 Sigma-Aldrich, M7634 5uM
H3BO3 Sigma-Aldrich, B6768 25 uM

Na:MoO4 Sigma-Aldrich, 243655 0.1puM

KCI Sigma-Aldrich, 31248 50 uM
MES pH 5.7 Sigma-Aldrich, M8250 3mM
10 mM FeHBED (10 Sigma-Aldrich, 216828 5uM
mM Fe(NOs)z + 10.5  and Strem Chemicals,
mM HBED 35369-53-0

Table 2.9 Components of modified Hoagland solution.

2.2.4.4 Growth in soil

After vertical growth on ¥ MS agar plates for 10 days, seedlings were transplanted
onto soil containing peat mix with 600 L Levington F2 peat (Scotts, Ipswich, UK),
196 g Exemptor® (chloronicotinyl insecticide, GB84080896A, Bayer CropScience
Ltd., UK) and 100 L 4 mm grit.

2.2.4.5 Arabidopsis growth conditions

Unless otherwise specified, Arabidopsis was grown vertically at 21°C in long day
conditions (16-hour light, 8-hour dark) under 90 pmol m2 s light.
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2.2.5 Arabidopsis transformation

Arabidopsis thaliana was grown on ¥ MS agar plates then transferred to soil and
grown until the plants had bolted and had stems approximately 10cm high. For

transformation with AtlIAR1::GUS and AtIAR1::LUC plasmids, Col-0 plants were
grown for transformation, whilst for transformation with AtlIAR1::GFP plasmids,

Atiarl-3 plants were grown, to allow possible phenotype complementation.

To prepare the transformed Agrobacterium strains, 100 mL of LB with appropriate
antibiotics was inoculated with starter culture prepared as in 2.2.3, and then
incubated at 28°C for 16 hours. The cultures were then centrifuged at 4000 x g for
10 minutes at room temperature to collect the cells and resuspended the pellet in
5% (w/v) sucrose (Formedium S/8600/60) to an OD600 of 0.8. Silwet L-77 (Fisher
Scientific, 306302161) was added to the suspension to a final concentration of
0.02% (v/v) and mixed well. To undertake floral dipping, plants were inverted and
dipped in the Agrobacterium suspension and mixed lightly for around 10 seconds
before being removed, drained for 5 seconds and then covered for 24 hours before

resuming regular growth conditions.

Seeds produced from transformed plants were sown onto selective ¥ MS agar
plates containing 5 pg/mL L-Phosphinothricin (Gold Biotechnology, P-165-250).
After 2 weeks, seedlings showing resistance to L-Phosphinothricin by root growth
and green leaves were transplanted to soil for further growth and seed collection.
After a further round of L-Phosphinothricin selection, transplanting and seed
collection, homozygosity was tested by assessing the ratio of seeds still resistant to
L-Phosphinothricin, and lines showing 100% resistance were continued. After
transplanting to soil these lines were subject to DNA extraction as in 2.2.2.1 and
had the presence of the desired construct checked by PCR using primers from the

cloning stages in 2.2.2.
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2.3 Arabidopsis phenotyping

2.3.1 Luciferase expression

Seeds containing the AtMTP2::LUC construct were surface sterilised, vernalised
and then grown in 96-well plates (655073, Greiner Bio-one Itd) with liquid MS
media for 14 days. These MS media, depending on the condition, had variable Zn
(0, 30, 100 pM ZnS0O4), Mn (0, 80, 500 UM MnSQ4), and Fe (0, 100, 250 uM
NaFe-EDTA (Sigma-Aldrich, E6760)). Additionally, to assess the potential impact
of auxin and auxin conjugates on AtMTP2 expression, indole acetic acid (1IAA,
Sigma-Aldrich, 45533) to a final concentration of 200 nM and N-(3-indolylacetyl)-
L-alanine (IAA-Ala, Sigma-Aldrich, 345911) to a final concentration of 20 uM

were added across the different Zn conditions.

On day 14, media were exchanged with fresh media containing 5 mM luciferin
(FA141819, Biosynth) and incubated in the dark for 4 hours at room temperature.
After incubation the plants were then imaged for luciferase activity with NightOWL
I1 LB 983 (Berthold Technologies). Images were taken at 560 nm, with
luminescence exposure time set to 120 seconds. Using indiGo software (Berthold
Technologies), regions of interest were drawn around each well and data on total

counts were gathered for each well and exported for analysis.

2.3.2 Root and shoot growth phenotyping

To assess root architecture phenotypes, sterilised and vernalised seeds were sown
onto Hoagland solution-based EDTA-washed agar media with 0, 1 or 150 uM
ZnSO4 and with either no auxin, 100 nM IAA or 20 uM 1AA-Ala added. As even
EDTA-washed agar contains residual Zn ions, the ‘0 uM’ Zn conditions contain
sufficient Zn for plant growth whilst causing a Zn deficiency response. After 10

days of growth, images of plants were taken for measurement of lateral root density
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and primary root length (see Figure 2.6). For calculating the percentage primary
root growth in auxin-containing media, the length of the primary root was
compared to the mean primary root length of the same biological repetition grown

on media without any auxin added.

Figure 2.6. Picture of a typical agar plate containing vertically grown

Arabidopsis thaliana used for image analysis.

To assess hypocotyl growth phenotypes, sterilised and vernalised seeds were sown
onto Hoagland solution-based EDTA-washed agar media with 0, 1 or 150 uM
ZnSOq4. For hypocotyl length and apical hook angle experiments,
skotomorphogenesis was induced as previously carried out in Mateo-Bonmati et
al.?% py transferring vernalised seeds to light conditions at 21°C for 8 hours to

allow germination before transferring to darkness for four more days at 21°C.

All images were then analysed with Fiji (ImageJ) software.

88



2.3.3 Chlorophyll content measurement

Sterilised and vernalised seeds were sown onto Hoagland solution-based EDTA-
washed agar media with 0, 1 or 150 pM ZnSO4 and grown for 16 days before
having the shoot fresh weight measured and then snap frozen in 50 mg pools. These
pools were homogenized using 3 mm tungsten carbide beads and the TissueLyser
LT homogeniser. Samples were dissolved in 100% methanol (Fisher Scientific,
10674922) for 30 minutes at 40°C, before being clarified by centrifugation at
10,000 x g for 1 minute. The resulting supernatant was then diluted as appropriate
and absorbances at 650 nm (A650) and 665 nm (A665) were measured using a
spectrophotometer to calculate chlorophyll concentration based on the equation

below?*. Chlorophyl content was then reported as pg/mg of fresh weight.

Chl (ug/mL) = 22.5 x A650 + 4 x A665

2.3.4 Inductively coupled plasma-optical emission spectrometry
(ICP-OES)

Sterilised and vernalised seeds were sown onto Hoagland solution-based EDTA-
washed agar media with 0, 1 or 150 pM ZnSO,4 and grown for 16 days. Shoots and
roots were separated. To remove apoplastic cations from the roots, roots were
washed in a solution of 2 mM CaSO4 (Sigma-Aldrich, C3771) and 10 mM EDTA
for 10 minutes with shaking at 4°C. To remove Fe ions, the roots were further
washed with shaking for 3 minutes in a solution of 5.7 mM sodium dithionite
(Supelco, 1.06505) and 0.3 mM BPDS. The roots were then washed twice further
with dH20 while shaking.

After air drying for 15 min, roots and shoots were dried for 48 hours at 65°C and
subsequently weighed. Dried roots and shoots were separately digested at 95°C for
4 hours in a solution of 2 mL 65% v/v HNO3z (Sigma-Aldrich, 1004410250) and 0.5
mL H20- (Sigma-Aldrich, 95321). After digestion, Milli-Q ultrapure water was
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added to 15 mL. Diluted samples were then transferred to the Balk lab, Department
of Biochemistry and Metabolism, John Innes Centre for ICP-OES.

2.3.5 Reverse transcriptase quantitative PCR (RT-gPCR)

Sterilised and vernalised seeds were sown onto Hoagland solution-based EDTA-
washed agar media with 0, 1 or 150 pM ZnSO4 and grown for 16 days. Whole 16-
day-old seedlings were pooled into 100 mg samples which were snap frozen in
liquid nitrogen. The samples were then homogenised using 3 mm tungsten carbide
beads and the TissueLyser LT homogeniser. RNA was then extracted using the
RNeasy Plant Mini Kit (74904, QIAGEN, Hilden, Germany) as instructed with

RNA concentration measured with the NanoDrop™ 2000 spectrophotometer.

To synthesize cDNA, the SuperScript™ IV First-Strand Synthesis System
(Invitrogen, 18091050) was performed according to manufacturer’s specifications
with each 20 pL reaction containing 4 L RNA (400 ng/uL). Negative controls
with no template (NTC) and no reverse transcriptase (NRT) were also included.
Reactions were run at 37°C for 50 min, then 70°C for 15 min in the Mastercycler®
pro (Eppendorf UK Ltd., Stevenage, UK). cDNA was diluted 10-fold to give a final
volume of 200 pL and stored at -20°C.

RT-gPCR was carried out in 96-well plates (ABO700W, Thermo Fisher Scientific).
Each reaction totalled 20 pL and contained 5 pL diluted cDNA, 10 uL SYBR
Green JumpStart™ ReadyMix™ (S4438), 1 uL forward primer (10 uM), 1 pL
reverse primer (10 pM) and 3 pL dH20. Primers used are shown in Table 2.10.
Within each plate, there were technical triplicates for every reaction, including for
reference genes polyubiquitin C (AtUBC) and TAP42 interacting protein of 41 kDa
(AtTIP41), NTC and NRT. Each experiment had three independent biological

replicates.
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Primer name Sequence Reference
AtZIP5 FOR TTGGCGTGGAATCTG Zheng et al.”®
GTGAA
AtZIP5 REV TTGAAATTTCCCTGG Zheng et al.”
GCGATG
AtZIP3 FOR TGCACAGGTATTGGA Zheng et al.”
GTTGGG
AtZIP3 REV TGCGAAGAACGTCG Zheng et al.”®
ACATGA
AtZIP4 FOR CACGGACATATGCA Zheng et al.”®
CGGGAA
AtZIP4 REV ACTGTGCCTGAGAG Zheng et al.”
ATGCAG
AtIAR1 FOR CTTCCCCAAGAGATA T. Gate
GGTGATTTTGG
AtIAR1 REV CAAGAACTCCAGCA T. Gate
ACAGCTATG
AtZIP9 FOR ACTCTGCTCGCGGAT Zheng et al.”
TTCAT
AtZIP9 REV TGGAGAGGCTATGA Zheng et al.”
CGGTGA
AtMTP2 FOR GGACAACCATTAAG Sinclair et al.%
ATGCTTCG
AtMTP2 REV TCTCTCGGTGTGCTC Sinclair et al.%
TCCATTA
AtBiP3 FOR CACGGTTCCAGCGTA Valencia et al.3’
TTTCAAT
AtBiP3 REV ATAAGCTATGGCAG Valencia et al.3*’
CACCCGTT
AtBiP1/2 FOR TCAGTCCTGAGGAG Cho et al.3*8
ATTAGTGCT
AtBiP1/2 REV TGCCTTTGAGCATCA Cho et al.3*8

TTGAA
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AtbHLH38 FOR TTTCACAAACTTCGG  Rodriguez-Celma et al.*>’

TTGGCC
AtbHLH38 REV CTGACGAAACAGAT  Rodriguez-Celma et al.*>’

ACTCCCAAGCT

AtIMA1 FOR TGATTGTAATTTAGG Grillet et al.26!
AGGAAACAAAA

AtIMA1 REV TCAATCCACAAGTAA Grillet et al.16!
ACATCTATGG

AtUBC FOR CTGCGACTCAGGGA Zheng et al.”
ATCTTCTAA

AtUBC REV TTGTGCCATTGAATT Zheng et al.”
GAACCC

AtTIP41 FOR GTGAAAACTGTTGG Grillet et al.1®*
AGAGAAGCAA

AtTIP41 REV TCAACTGGATACCCT Grillet et al.1®*
TTCGCA

Table 2.10 Primers used in RT-gPCR for gene expression analysis

The PCR programme was then as follows: 95°C for 3 min, followed by 40 cycles of
94°C for 30 s, 63°C for 30 s, 72°C for 30 s and one cycle of 50°C for 30 s. There
then followed a melt curve analysis (from 65°C up to 95°C, with increments of
0.5°C). Data were then exported to Excel (Microsoft® Office 2016) using CFX
Manager (v. 3.1.1517.0823, Biorad) software. qPCR reactions were run using the
C1000TM CFX96 Touch™ Real-Time PCR Detection System (Biorad, Hercules,
California, USA). The expression of genes of interest was calculated using the 2-
ACt method**® with fold changes represented relative to Col-0 under control

conditions.
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2.3.6 Microscopy methods

2.3.6.1 GUS expression

Sterilised and vernalised seeds were sown onto Hoagland solution-based EDTA-
washed agar media with 0, 1 or 150 uM ZnSO4 and with either no auxin, 100 nM
IAA or 20 uM IAA-Ala added. After growth in light conditions for 8 days,
seedlings were stained overnight in X-Glc (Sigma-Aldrich, 73837) 0.05% (w/v)
solution at 37°C, and then transferred to 70% (v/v) ethanol for 8 hours to remove
chlorophyll. Cleared seedlings were then imaged with an Axio Imager Z2

microscope (Zeiss) and captured using the AxioCam 506 camera (Zeiss).

2.3.6.2 Root meristem size

Sterilised and vernalised seeds were sown onto Hoagland solution-based EDTA-
washed agar media with 0, 1 or 150 uM ZnSO.. 5-day old plants were cleared
overnight in chloral hydrate solution, a solution of 67% (w/v) chloral hydrate
(Sigma-Aldrich, 23100), 25% (v/v) dH20 and 8.3% (v/v) glycerol (Fisher
G/0650/17). Differential interference microscopy was performed using the Axio
Imager Z2 microscope (Zeiss) and captured using the AxioCam 506 camera (Zeiss).
Following previous methods®? cells in the cortical layer can be divided into cells in
the meristematic zone (red) transition zone (yellow) and elongation zone (green),
whose boundaries were found by the shape of the cell and cytosol appearance (see

Figure 2.7). Only cells within the meristematic zone were counted.
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Figure 2.7 Root meristem cortex cell counting. Cortical layer lies above the

coloured line. Meristematic zone to be counted shown in red, transition zone in
yellow and elongation zone in green. Taken with 40x objective, using tile scan

experiment and stitching processing available in ZEN software (Zeiss).

2.3.7 Metabolite analysis

2.3.7.1 Metabolites of interest

To investigate the influence of Zn status and AtlAR1 activity on auxin metabolism,
the abundance of several auxin-related metabolites was measured (Table 2.11 and
Figure 2.8). These were chosen to represent precursors of IAA (Tryptophan and
IAN), 1AA itself and IAA conjugation and degradation products (IAA-Ala, IAA-
Asp, IAA-GIc and oxIAA).
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Metabolite Source

L-Tryptophan (Trp) Sigma-Aldrich, T0254
3-Indoleacetonitrile (1IAN) Sigma-Aldrich, 129453
3-Indoleacetic acid (IAA) Sigma-Aldrich, 45533

Indole-3-acetyl b-D-Glucopyranose Toronto Research Chemicals,
(IAA-Glc) 1627020
(2S)-2-[[2-(1H-Indol-3- Astatech, A11375
yl)acetyl]lamino]butanedioic acid (IAA-
Asp)
N-(3-Indolylacetyl)- L -alanine (IAA- Sigma-Aldrich, 345911
Ala)
2-0Ox0-2,3-dihydro-1H-indol-3-yl)acetic Sigma-Aldrich, CDS009127
acid (oxIAA)
Indole-3-acetic-2,2-D; acid (D2-1AA) Sigma-Aldrich, 492817

Table 2.11 Metabolites measured in this study and sources.
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Figure 2.8 Structures of metabolites measured in this study. Created using
ChemDraw 2.0 (PerkinElmer)



2.3.7.2 Metabolite extraction

Sterilised and vernalised seeds were sown onto Hoagland solution-based EDTA-
washed agar media with 0, 1 or 150 pM ZnSO4 and grown for 16 days. In a
protocol adapted from Sugahara et al.?’®, 100 mg pools of 16-day old whole
seedlings were snap frozen in liquid nitrogen and homogenised with 3 mm tungsten
carbide beads with a TissueLyser LT homogeniser. 333 pL 80% (v/v) methanol
containing the internal standard deuterated I1AA (D2-1AA) at 500 nM was added to
the homogenate, then centrifuged at 10,800 x g for one minute and the supernatant
extracted and retained in a separate 2 mL Eppendorf vial on ice. Two further rounds
of adding 333 pL 80% (v/v) methanol, homogenisation and collecting supernatant
were performed resulting in 1 mL of 80% (v/v) methanol solution containing
extracted metabolites and 166 nM D»-1AA.

The 80% (v/v) methanol solution was then subjected to LLE using hexane. After
adding 700 pL of hexane and inverting several times, the mixture was separated by
centrifugation at 16,000 x g for 3 minutes. The upper hexane layer was removed,

and the hexane addition, inversion and centrifugation steps repeated twice further.

The resulting fraction was dried in the Genevac EZ-2 Elite Evaporator (SP
Scientific), with a temperature limit of 45°C, evaporation time of 90 minutes and a
drying time of 30 minutes. Dried samples were then resuspended in 100 pL 80%
(v/v) methanol containing no D2-IAA and passed through a 0.22 pum pore spin filter
(8161, Corning Ltd).

2.3.7.3 Liquid chromatography mass spectrometry (LC-MS)

The Xevo TQ-S (Waters) was used for LC-MS separation, detection and
quantification of target ions. Separation of the metabolites was performed by
passing the sample through a Kinetex® 2.6um EVO C18 100 A, LC Column 100 x
2.1 mm (Phenomenex, 00D-4725-AN, see Table 2.12 for details) which closely

resembles the column used by Sugahara et al.?®,
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Property of LC column Value
Internal diameter (mm) 2.1
Length (mm) 100

Stationary phase

Solid Support

Particle size (um)
Pore size (A)

C18 with trimethylsilyl endcapping
Organo-silica with ethane cross-
linking,

2.6
100

Table 2.12 Properties of LC column used in this study.

The metabolites were separated using reverse phase LC along a methanol gradient

as shown in Table 2.13 using conditions as shown in Table 2.14 and detected with

MS conditions as in Table 2.15.

LC condition Value
Solvent A 0.5% (v/v) formic acid (Supelco,
00940) dissolved in Milli-Q ultrapure
water
Solvent B 100% methanol
Column temperature (°C) 40
Flow rate (mL/min) 0.4
Injection volume (L) 5

Table 2.13 LC conditions used in this study.
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Time Solvent A% Solvent B%

0 95 5

4 10 90

5 10 90
5.2 95 5

8 STOP STOP

Table 2.14 Inlet method for LC used in this study.

MS condition Value
lonisation mode Electrospray ionisation
Capillary voltage (kV) 1.5
Cone voltage (V) 20
Source offset (V) 50
Desolvation gas temperature (°C) 500
Desolvation gas flow (L/hr) 1000
Cone gas flow (L/hr) 150
Nebulising gas pressure (bar) 70
Collision gas flow (mL/min) 0.15

Table 2.15 MS conditions used in this study.

2.3.7.4 Calculation of metabolite content

The concentration of the metabolites was established by comparison to the internal
standard D.-IAA. Comparing the known concentration of D2-1AA in the sample to
the detected peak allows calculation of the percent of metabolites that have been

lost between sample extraction and detection by MS, labelled (F).

Detected response (Standard) = F x Sample concentration (166 nM)
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Due to the co-linearity of the response of metabolites, if the level of detected IAA
metabolites of interest (IAA etc) falls within the linear range we can use the F value
from the internal standard, D>-1AA, to calculate the concentration of the IAA
metabolites in the samples prior to extraction. Metabolite content was then given as

mol/mg of fresh weight.

Detected response (IAA etc)
F

= Sample content (IAA etc (M))

All analysis was carried out in MassLynx software (Waters).
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2.4 Bioinformatic methods

2.4.1 Phylogenetic analysis of the ZIP transporter family

To illustrate the relationship of AtlAR1 to other plant ZIPs as well as the wider ZIP
transporter family, a phylogenetic tree was constructed. Sequences of ZIP genes
were gathered using the tBLASTn function on the BLAST server®! using AtIAR1
amino acid sequence (Uniprot accession number Q9M647) and AtIRT1 amino acid
sequence (Uniprot accession number Q38856) as the query and collecting
sequences from organisms within animal (Drosophila melanogaster and Homo
sapiens), plant (Arabidopsis thaliana, Oryza sativa and Medicago truncatula) and
fungal (Saccharomyces cerevisiae) kingdoms. These sequences were aligned and
phylogeny calculated within the MEGA-X software®*2. For alignment, MUSCLE®>*
was used, using default settings and phylogeny calculated with the Maximum
Likelihood method and Jones-Taylor-Thornton (JTT) matrix-based model*>* with a
gamma distribution of 5 categories to model different evolutionary rates at different
sites. The phylogenetic tree was then constructed from 100 bootstrap replicates and
initial trees using BioNJ and Neighbour-Join algorithms on the JTT-generated

matrix.

2.4.2 Bioinformatic analysis of amino acid composition in AtlIAR1

homologues

Sequences of AtlIAR1 homologues were gathered using the tBLASTn function on
the BLAST server®! using AtIAR1 amino acid sequence (Uniprot accession
number Q9M647) as the query and collecting sequences of from organisms within
animal (Drosophila melanogaster, Xenopus laevis, Mus musculus, and Homo
sapiens), plant (Arabidopsis thaliana, Oryza sativa, Nicotiana tabacum, Zea mays,
Glycine max and Marchantia polymorpha) and fungal (Saccharomyces cerevisiae)

kingdoms. These sequences were aligned using MUSCLE® using default settings.

100



The aligned sequences were then separated between loop and transmembrane
sequences based on the loop positions present in the AtIAR1 AlphaFold model®®.
These loop sequences were analysed for histidine density which could then be

plotted.

To further check the conservation of residues involved in the transport of metals,
the aligned sequences were also aligned against residues seen in the crystal
structure of Bordetella bronchiseptica ZIP protein®*® seen to bind metals during

their transport through the transmembrane helices 4 and 5.

2.4.3 Subcellular localisation predictions of AtlIAR1 homologues

To screen AtlIAR1 homologues for putative subcellular location, three different
subcellular localisation prediction programmes were used; PProwler v1.2%%,
TargetP v2.0%% and DeepLoc v2%°. Sequences of AtIAR1 homologues were
gathered using the tBLASTn function on the BLAST server3%! with AtIAR1 amino
acid sequence (Uniprot accession number Q9M647) as the query and sequences of
good quality collected from organisms within a diverse set of plants (Solanum
tuberosum, Nicotiana tabacum, Vitis vinifera, Gossypium hirsutum, Medicago
truncatula, Phaseolus vulgaris, Glycine max, Arabidopsis thaliana, Brassica
oleracea, Oryza sativa, Sorghum bicolor, Zea mays, Triticum aestivum, Hordeum

vulgare, Pinus kesiya, Marchantia polymorpha and Physcomitrium patens).

To examine the potential changed localisation of AtIAR1 homologues within the
Solanaceae family in further detail, sequences from closely related species and
Solanaceae family members were gathered. Extra sequences were collected from;
Hibiscus syriacus, Gossypium raimondii, Durio zibethinus, Prunus mume, Prunus
armeniaca, Prunus persica, Prunus dulcis, Nyssa sinensis, Actinidia chinensis,
Buddleja alternifolia, Olea europaea, Ipomoea triloba, Ipomoea nil, Nicotiana
tomentosiformis, Nicotiana attenuata, Nicotiana sylvestris, Capsicum annuum,
Capsicum baccatum, Capsicum chinense, Solanum chilense, Solanum pennellii,

Solanum lycopersicum and Solanum commersonii.
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These sets of sequences were then passed to prediction software with the

probability of localising to each sub-cellular compartment outputted for analysis.

2.4.5 Promotor region annotation

Promotor regions were accessed using the TAIR genome browser3®°. Predicted
transcription factor binding sites for these regions were found using the PlantCARE

database®* and visualised using the gene feature visualisation server®2,
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Chapter 3: Control of AtMTP2 Expression
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3.1 Introduction

3.1.1 Role of AtMTP2 in ER Zn homeostasis

A wide variety of genes in Arabidopsis are upregulated under Zn deficient
conditions including metal transporter genes (e.g. AtZIP9) and nicotianamine
synthase genes (e.g.AtNAS4)! with further details of this response discussed in
Chapter 1.2. Some of these genes are regulated by the transcription factors
AthZIP19 and AtbZIP23" which are themselves responsive to local Zn levels!?,
Some Zn deficiency responsive genes are upregulated by a shoot-derived Zn
deficiency signal, including AtMTP?2 that could override local signals in the root of
Zn sufficiency®2. AtMTP2 codes for an endoplasmic reticulum (ER) localised Zn
transporter in the outer cell layers of the elongation zone, and Atmtp2 mutants show
reduced biomass and lower Zn partitioning to shoot under Zn deficient conditions®2.
It is therefore hypothesised that AtMTP2 facilitates Zn transport symplastically
through the ER-luminal continuum in the root cortex® to aid root-to-shoot Zn
transport. As AtMTP2 is to date the only ER Zn importer shown to be localised to
the ER, AtMTP2 appears to be a major regulator of ER Zn homeostasis, and
therefore represents a key target for further understanding ER Zn dynamics during

systemic Zn deficiency.

In addition to the role of ER Zn in root-to-shoot Zn transport in Zn deficiency
conditions, ER Zn levels have been implicated in the response to exogenous auxin
conjugates'=28, Whether AtMPT2 plays a role in the Zn related response to
exogenous auxin conjugates is currently unknown. Further research of the control
of ER Zn import through AtMTP2 may prove vital in understanding the control of
root-to-shoot Zn translocation in Zn limited conditions and also auxin metabolism

in Zn deficient conditions.
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3.2 Results

3.2.1 Identifying components in a systemic Zn deficiency response

To begin investigating the components of the systemic regulation of genes by shoot
Zn deficiency, a group of genes upregulated by this systemic signal were identified
from data within Sinclair et al.®2. All genes identified as systemically regulated by
Sinclair et al.®? were taken forward for promotor analysis and included AtMTP2,
AtMLO9, AtRPS15B, AINWMU2-2S, AtSAUR28, AT5G03620. AT1G03890,
AT1G73510, AT3G28770, AT2G05400, AT2G19420, AT4G39753, AT2G36780,
AT2G03160 and AT2G04720. Unfortunately, a search for conserved motifs in
promotors of these genes using Multiple Em for Motif Elicitation (MEME)
analysis®®® did not result in any obvious potential transcription binding sites. Due to
time restraints, and the fact that AtMTP2 is the only gene in the list with a known
link to Zn homeostasis, only AtMTP2 was investigated further, although in future

work, expression of other genes could be assessed.

Another method to find components involved in the shoot-to-root Zn deficiency
signal was to use a forward genetic screen. A luciferase-based screen was decided
upon, based on previous success for measuring cadmium response in plants*®* and
the ability to quantify expression by emission at 560 nm during the cleavage of
exogenous D-luciferin to oxyluciferin®®. Therefore, Arabidopsis Col-0 ecotype
plants were transformed with Agrobacterium containing a plasmid with the
promotor and terminator sequences of AtMTP2 (2.6 and 1 kbp) upstream and
downstream of a firefly luciferase gene (see Chapter 2.2.2). These transformed
AtMTP2::LUC lines were then taken to the fourth generation through several rounds

of selection (see Chapter 2.2.5) and were used for further analysis below.
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3.2.2 AtMTP2::LUC lines respond to Zn deficiency

To determine which AtMTP2::LUC lines would be best for use in a forward screen
and for general AtMTP2 expression profiling, seedlings were screened for highest

luciferase expression in 0 Zn media relative to control Zn levels as seen in Figure

3.1
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Figure 3.1 AtMTP2::LUC transformants respond differently to Zn deficiency.
Data are split by different parental lines (labelled A3-13). Three independent sets of
32 plants were analysed for each condition, with data displayed using R version
4.1.1. Lower case lettering indicates statistically significant differences between
groups (labelled sequentially from ‘a’ in order of estimated mean) as calculated
using analysis of variance (ANOVA) using Tukey’s method for p-value

adjustment®® for 12 groups using a p-value cut-off of 0.05.

As shown in Figure 3.1 the AtMTP2::LUC lines showed a variety of
responsiveness to Zn deficient conditions and all showed almost no detectable
response in replete Zn conditions. AtMTP2::LUC line B4 was the line with the

highest counts per well, indicating highest luciferase activity in Zn deficient
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conditions, and had minimal expression in replete conditions. This line was
therefore taken forward for further expression analysis and could be used in a future

forward genetic screen.

3.2.3 AtMTP2::LUC B4 line responds to Zn deficiency specifically

Specificity of response is important for reporter lines used in forward genetic
screens in order to find mutants only involved in the transcriptional response under
investigation. Divalent metal ions such as Zn?*, Mn?* and Fe?* have similar ionic
radius and so compete with each other for metalation of proteins according to the
Irving-Williams series!?. To check whether the AIMTP2::LUC B4 line was
responsive to this metal cross-homeostasis, the AtMTP2::LUC B4 line was screened

in excess or deficient Zn, Fe and Mn conditions (Figure 3.2).
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Figure 3.2 Metal specificity of the AtMTP2-driven luciferase expression. Three
independent sets of 32 plants were analysed for each condition. High Mn, Fe and
Zn levels were 500, 250 and 100 uM respectively, with MS media as a control.
Data displayed using R version 4.1.1. Statistically significant differences between

groups were calculated and displayed as in Figure 3.1.

As Figure 3.2 illustrates, the chosen line shows significantly higher luciferase
activity in Zn deficiency conditions compared to all other conditions including
control conditions. Firstly, this further emphasises the Zn deficiency responsiveness
of this reporter line, and secondly, shows that AtMTP2 expression and by extension
the shoot-derived Zn deficiency signal is not responsive to the altered Mn and Fe

conditions tested.

With this experiment, it became obvious that the differences in size of plants grown
under different conditions were influencing the luciferase activity reported because
plants under high Zn and Fe deficiency conditions were smaller than those grown in
other conditions. In future experiments, this heterogeneity could be corrected for by
including a constitutively expressed GFP module within the plasmids used for
transformation and measuring luciferase activity as a percentage of GFP

fluorescence.
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Unfortunately, due to time restrictions, the mutagenesis and screening for mutants
in AtMTP2 expression were not carried out. However, the AtMTP2::LUC B4 line
has been shown to respond with high intensity and specificity to Zn deficiency and

so could be used in a screen at a later date.

3.2.4 Promotor analysis of AtMTP2 showed multiple potential

regulators of expression

To predict the conditions in which AtMTP2 expression might be induced, the
promotor region of AtMTP2 was analysed (shown below in Figure 3.3). The
promotor was found to contain elements for response to light (G-box, TCT-motif,
Box 4, chs-CMA1, AE-box), anaerobic induction (ARE), salicylic acid (TCA-
element), abscisic acid (AAGAA motif), gibberellin (P-box), ethylene (ERE),
wounding (WRE3) and also elements thought to be involved in leaf development
(CCAAT box). In addition, the promotor was found to contain myc and TGACG
motifs that are important for binding of MYC and TGA transcription factors
respectively which have varied roles but include expression in response to
exogenous auxin and heavy metals3¢”-*%_ This promotor analysis has indicated that
AtMTP2 expression and by extension Zn transport into the ER may be controlled by
a wide range of stimuli, including a variety of plant hormones including auxin, any

of which could prove important in root-to-shoot Zn transport.
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Figure 3.3. Promotor elements present in AtMTP2 promotor. Promotor
elements as identified by PlantCARE3%! from sequences upstream of the coding
sequence (CDS). CAAT (common cis-acting element) and TATA-box (common
core promotor region) annotations were removed for clarity. Numbers indicate base
pairs from 5° end of the promotor sequence used for generation of AtMTP2::GUS

constructs.

3.2.5 AtMTP2::LUC expression in Zn deficiency is reduced by

eX0genous auxins

Previous work has suggested that plant hormones including auxin may interact with
Zn nutrition to co-ordinate nutritional requirements of developing tissues.
AtSAUR28, a gene upregulated by auxin and involved in temperature-induced
rosette architecture changes®®®, was found within the group of genes regulated by
this systemic Zn deficiency signal by Sinclair et al.®. In addition, AtMTP2 controls
Zn transport into the ER where metal balance is thought to play a role in auxin
conjugation®*? and promotor analysis found binding sites of transcription factors,
some of which are influenced by auxin. It was therefore hypothesised that either

unconjugated or conjugated auxin may influence AtMTP2 expression. Thus,
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luciferase expression was assayed in the AtMTP2::LUC B4 line in media with either

no auxin, unconjugated (IAA) or conjugated auxin (IAA-Ala) added.
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Liquid media condition

Figure 3.4 Auxin responsiveness of AtMTP2 driven luciferase expression. Data
are split into columns by Zn concentration in the media (0, 1, 100 uM) with either
no auxin, 100 nM 1AA or 20 uM IAA-Ala in the media. Three independent sets of
32 plants were analysed for each condition, with data displayed using R.
Statistically significant differences between groups were calculated and displayed

as in Figure 3.1

As the results in Figure 3.4 show, both exogenous IAA and IAA-Ala reduce the
luciferase activity observed, indicating a reduction in AtMTP2 expression. The size
of plants was reduced in the auxin treatments which may have contributed to the
drop in reported luciferase activity, which was not taken into account here. A future
experiment using a lower concentration of auxin could be used to elicit an auxin
transcriptional response without the associated reduction in size. In addition, long
term treatment with 1AA and IAA-Ala such as this and in experiments in following
chapters will lead to many indirect effects which could account here for any

changes in expression. Furthermore, IAA and IAA-Ala will degrade in light
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conditions over time further complicating this result and that of future chapters. In
future experiments a more stable auxin analogue could be used such as 1-
naphthalene acetic acid (NAA).
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3.3 Discussion

In this study a luciferase-based reporter plant which responds specifically to Zn
deficient conditions has been generated. Because the expression of luciferase is
driven by an AtMTP2 promotor, this reporter plant can be used to probe the
components of the systemic Zn deficiency response along with other responses to
control ER Zn import in Arabidopsis. The results of further work on the
AtMTP2::LUC B4 line could provide useful information which would be used to

help generate crops with higher Zn translocation into the shoot and into grains.

The expression of AtMTP2 was found to be potentially regulated by many
mechanisms with exogenous auxin leading to a reduction in AtMTP2 expression in
Zn deficient conditions. AtMTP2 activity is thought to increase Zn levels in the ER
where conjugate hydrolases are localised?”°2%2, and high Zn levels lead to a
reduction in auxin conjugate hydrolysis in vitro®!. Therefore, AtMTP2 activity in
Zn deficiency would reduce hydrolysis of auxin conjugates. However, with high
levels of exogenous auxin or auxin conjugate, if reduction in AtMTP2 expression
results in a reduction in ER Zn levels, this would promote auxin hydrolysis over
conjugation. A larger portion of the auxin pool would therefore exist in the active
unconjugated form, creating a positive feedback loop. In contrast, previous work
has shown that when supplied with exogenous auxin, YUCCA genes, responsible
for the rate limiting step in auxin production are transcriptionally downregulated to
reduce the active auxin pool*®72% whilst genes for auxin conjugation and
inactivation are upregulated??, Therefore, future work is required to establish
whether AtMTP2 expression correlates with ER Zn levels and auxin conjugate
hydrolysis, such as through investigating the sensitivity of Atmtp2 mutants to auxin
conjugates. This further work may provide insights into the developmental changes

associated with Zn deficiency and the role of auxin metabolism on Zn nutrition.
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Chapter 4: IAR1 fundamentals: Transport,

Localisation and Expression
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4.1 Introduction

4.1.1 AtlAR1 was found to influence auxin conjugate hydrolysis

Indole-3-acetic acid (IAA, auxin) is a major plant hormone involved in many
developmental processes in plants. The concentration of auxin is controlled by
many factors including biosynthesis, transport, degradation, and conjugation (see
Chapter 1.3 for more details).

Conjugation of auxin to inactive conjugates is an evolutionarily conserved
mechanism of controlling the concentration of IAA®°. One of these conjugate
groups are IAA-amino acid conjugates (IAA-aas). The enzymatic conjugation to
IAA-aa in some cases is reversible through hydrolysis which is governed by
hydrolases with different substrate specificities?®* and appears to take place in the
endoplasmic reticulum (ER)?7°282, These hydrolase enzymes are metalloenzymes
and have their activity enhanced by availability of Mn?* ions?’%28, Other divalent
ions such as Zn?* or Cu?* compete with Mn?* for these binding sites and thus bring

about inhibition of these enzymes in vitro?®.,

In a screen for genes involved in hydrolysis of IAA-aa conjugates, Arabidopsis
mutants were isolated that showed insensitivity to the growth inhibitory effect of
exogenous IAA-alanine (IAA-Ala). The growth inhibitory effect of IAA-Ala is due
to the hydrolysis of inactive IAA-Ala to active IAA and so sensitivity to IAA-Ala
derives from IAA-Ala hydrolysis and IAA sensitivity. From this screen, mutants in
the gene AtIAR1 (IAA-Ala resistancel) were found®?® which were relatively
insensitive to IAA-Ala but remained sensitive to IAA. AtIAR1 was found to be a
member of the ZRT, IRT-like Protein (ZIP) family, a ubiquitous family of metal

transporters that transport metal ions into the cytosol®.
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4.1.2 AtlARL1 is likely an ER and/or Golgi-based Zn transporter

Several pieces of existing evidence point to AtlAR1 functioning as a Zn transporter
localised to the secretory pathway. Firstly, the auxin conjugate hydrolases, which
AtIARL is thought to influence, are present within the ER?"*-282 and are inhibited by
Zn?!, The phenotypes of the Atiarl-1 and Atiar1-2 mutants found in the screen
were also complemented by excess Mn®? which is thought to compete with the
Zn?* for hydrolase binding sites. The Atiarl-3 mutant, which has a frameshift
mutation at the end of the AtIAR1 coding region, has its phenotype compensated by
additional mutations in AtMTP5, a member of the Zn-Cation Diffusion Facilitator

(CDF) transporter family responsible for metal transport out of the cytosol®.

Interestingly, AtMTP5 was later confirmed to have one splice variant localised to
the Golgi, and showed Zn transporting activity only when in a complex with cis-
Golgi-localised AtMTP12%°. Both human and mouse ZIP7 have been shown to be
localised to the ER®"! as well as the Golgi apparatus and both transport Zn into the
cytosol®®S. In addition, DmCatsup®? has been shown also to transport Zn out of the
secretory pathway into the cytosol. Interestingly, ScYke4 is thought to transport Zn
bidirectionally between the ER and cytosol®*®. However, this bidirectional nature of
transport has yet to be identified directly in other homologues. Altogether, this
evidence was used to generate a model of AtlIAR1 activity shown below in Figure
4.1.
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Figure 4.1 Adapted Rampey et al, 2013' model on metal transport in the ER
and IAA-Ala hydrolysis in wildtype and Atiarl mutant plants. (A) AtMTP5 and
AtlIAR1 antagonistically control levels of metals including Zn in the ER which then
controls the activity of IAA-Ala hydrolases. (B) Atiarl mutants lose Zn transport
activity, causing ER Zn levels to increase which inhibits IAA-Ala hydrolases.

Model adapted with permission to focus on Zn as the inhibitory cation.

Confirming the fundamentals of this model is vital for clarifying the interaction
between metal ions and auxin metabolism. Therefore, this study will focus on
AtIARL1 transport activity, localisation and expression, as well as how the mutations
within the Atiar1-3 mutant from Lasswell et al.3?® affect these features. The Atiarl-
3 mutant was chosen as its phenotype was complemented by AtMTP5 mutations
and represents the only AtlIAR1 mutant in a Col-0 background without deletion of

neighbouring genes (as in Atiarl-4).
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4.2 Results

4.2.1 AtlARL1 is a LIV-1 subfamily member of the ZIP family

The transport activity and localisation of ZIPs varies across the family. For
example, ScYKE4 transports Zn?* out of the cytosol from the ER®%, AtZIP1 is
responsible for Mn?* mobilisation from the vacuole®® and the AtIRT1 protein can
import extracellular Fe2* along with other divalent metals®’. Phylogenetic analysis
of ZIP transporters was key to understanding the role of AtlIAR1 in auxin conjugate
hydrolysis. Looking to the closest characterised homologue of AtIAR1 was
therefore a useful starting point to investigate functionality. The phylogeny of the
ZIP family including members from the plant, animal and fungal kingdoms is

illustrated below in Figure 4.2.
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Figure 4.2 Phylogenetic analysis of the ZIP family. AtIAR1 is indicated by the
red star. Sequences taken from within animal (Drosophila melanogaster and Homo
sapiens), plant (Arabidopsis thaliana, Oryza sativa and Medicago truncatula) and
fungal (Saccharomyces cerevisiae) kingdoms. Sequences were aligned using
MUSCLE 3% and phylogeny calculated within the MEGA-X software®? with the
Maximum Likelihood method and Jones-Taylor-Thornton (JTT) matrix-based
model®*4. To model different evolutionary rates a gamma distribution of 5
categories was used. The phylogenetic tree was then constructed from 100
bootstrap replicates and initial trees using BioNJ and Neighbour-Join algorithms on
the JTT-generated matrix. Numbers by branches show bootstrap support values. As
seen in previous analyses, HsZIP9 does not fit easily into any of the four

subfamilies®”, but is classed as being part of the ZIP | subfamily®",

The ZIP family can be split into four subfamilies®”® with AtIAR1 found in the LIV-1
subfamily. The closest characterised homologues within this subfamily are human
and mouse ZIP7, DmCatsup and ScYke4. Constitutive expression of the mouse
homologue MmZIP7 in Atiarl mutants restored IAA-Ala sensitivity®?8, and in
ScYKE4 mutants restored calcofluor white resistance*® suggesting that AtIAR1 and

its homologues show a high degree of conservation of function across kingdoms.
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4.2.2 Transport

Crucial to the model of AtlAR1 activity is its ability to transport inhibitory metals
including Zn out of the ER into the cytosol. Several ZIP transporters are known to
transport many divalent metals with varying levels of specificity such as AtIRT1%,
which can transport Fe* but also Mn?* and Zn?*. Given that auxin conjugate
hydrolysis relies on Mn-dependant enzymes and is thought to be inhibited by Zn
ions?®!, the metal transport specificity of AtIAR1 is vital to understand. In addition,
potential bidirectional transport has been demonstrated in the yeast homologue3®3®
which adds a potential additional layer of complexity to the interaction of Zn and
auxin in the model. For both these points, yeast mutant complementation provides

an ideal tool for assessing protein functionality.

4.2.2.1 AtIAR1 and Atiarl-3 expression complements yke4A phenotype

It has already been demonstrated that the mouse homologue MmZIP7 gene, when
constitutively expressed, can fully complement the Atiar1-3 mutant phenotype3?
and the calcofluor sensitivity phenotype of the yeast yke4A mutant strain®*. The
vke4A mutants show reduced growth on media containing calcofluor white which
binds to cell wall components including chitin, causing cell wall stress, allowing
screening for cell wall mutants®’®. This phenotype was complemented by growth on
high Zn. As such the cell wall defects were hypothesised to be caused by metal
dyshomeostasis in the secretory system, from lack of Zn transport into the ER, thus
representing a direction of transport so far not seen in other homologues.
Expression of the MmZIP7 gene was able to complement yke4A3%®, but MmZIP7
has only been shown to transport Zn out of the secretory system in mice**37’

therefore casting doubt on whether yke4A complementation is an accurate indicator

of Zn transport into the secretory system.
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Complementation of the yeast yke4A strain with the wildtype AtlIAR1 gene and the
mutated Atiarl-3 gene has not been performed. To test whether expression of
AtlAR1 or Atiarl-3 could functionally restore metal homeostasis in yke4A mutants,
and therefore indicate possible bidirectional transport of AtlIAR1, AtlAR1 and
Atiarl-3 heterologous expression plasmids were constructed and transformed into

vke4A mutants (see Chapter 2.1).
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Figure 4.3 AtlIAR1 and Atiarl-3 expression complements yke4A strain. Serial
10-fold dilutions (left to right) of transformed yeast cultures were pipetted onto
media containing 20 pg/ml calcofluor white and 10 pg/ml evans blue dye. Wildtype
(WT) or yke44 mutant strains sensitive to calcofluor white were transformed with
e.v (empty vector), AtIARI or Atiari-3 recombinant plasmids. Image shown from

an experiment that was representative of 3 biological repeats.

Expression of both the AtIAR1 and Atiar1-3 genes complements the yke4A
phenotype on calcofluor white-containing plates. It is surprising that in yeast both
versions of the At/AR1 gene are functional, which is in contrast to the model, where
Atiar1-3 proteins should be incapable of Zn transport. Further work may include
changing conditions to increase the severity of the yke4A phenotype to show this
complementation more clearly. As this experiment provided only a single form of

assessment of metal transport capabilities, it was therefore important to expand the
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complementation assays to include more measurements of transport activity into the

cytosol.

4.2.2.2 AtlAR1 can transport Zn but not Fe or Mn

Complementation of yeast strains incapable of importing metals is a commonly
used method for assessing the metal transport capabilities of plant ZIP proteins
including from Arabidopsis®, Medicago®’® and Poncirus®’® species. Therefore, a
collection of strains incapable of importing Zn?*, Mn?* and Fe?* was transformed
with AtlIAR1-based constructs. The transformed strains were then assessed for their
growth on Zn, Mn or Fe restrictive media as described in Chapter 2.1. The
complementation of the Zn import mutant strain zrt/4 zrt2A4 with AtIAR1 has
previously failed®? which was reasoned to be because of poor trafficking of the
predicted ER-localised AtlIAR1 to the plasma membrane to allow Zn uptake.
Therefore, in the present study the signal peptide of AtIRT1 was swapped for that
of AtlIAR1 in some of the constructs to allow increased trafficking to the plasma
membrane, as occurred for the ER-localised AtZIP29 protein®. The ability of the
AtIRT1 signal peptide to traffic AtIAR1 successfully from the secretory pathway
was seen by the loss of yke4A complementation when the swapped constructs were
expressed (data not shown). Additionally, the constructs in this study used codon

optimised sequences to reduce the likelihood of low expression of the constructs.
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Figure 4.4 Complementation of metal import mutants by AtlAR1 constructs.
Serial 10-fold dilutions (left to right) of transformed yeast cultures were pipetted
onto restrictive media. Wildtype (WT) or mutant strains defective in the import of
Zn (zrtld zrt24), Mn (smf14), Fe (fet34 fet44) were transformed with e.v (empty
vector), AtlAR1, Atiarl-3, AtIRT1(SP)::AtlAR1 (signal peptide sequence swapped
for that of AtIRT1), and AtIRT1(SP)::Atiar1-3. Transformed strains were then
grown on (A) Zn-restrictive media, (B) Mn-restrictive media or (C) Fe-restrictive
media. Images shown from experiments that were representative of 3 biological

repeats.

As Figure 4.4 shows, the AtIAR1 construct lacks the ability to complement the Mn
and Fe uptake mutants, while being able to partially complement the Zn uptake

mutant, which was not seen in previous studies®?®

and implies AtlIAR1 shows
specific transport activity for Zn as predicted. The increased trafficking of AtIAR1
proteins to the plasma membrane by signal peptide swapping with AtIRT1 led to a
decrease in complementation which was unexpected and suggests that potentially
the swapped signal peptide may be interfering with Zn transport activity in this
instance. Transformation with the Atiar1-3 construct did not lead to
complementation, unlike in transformations with AtIRT1(SP)::Atiar1-3 constructs.
Given that plasma membrane expression is required to complement the zrt1A zrt2A
strain, this suggests that Atiar1-3 may be incapable of being trafficked to the
plasma membrane without the AtIRT1 signal peptide. Additionally,
AtIRT1(SP)::Atiar1-3 may in fact have higher Zn transport activity than
AtIRT1(SP)::AtlIAR1, as shown by the more complete complementation. This
suggests the interference of Zn transport seen in AtIRT1(SP)::AtlIAR1 does not
occur in AtIRT1(SP)::Atiar1-3. Further work to confirm these results could involve

expression in Xenopus oocytes, followed by measurements of cation uptake.

Translation of this work in Arabidopsis to other plant species of interest, including
agricultural crops, is important to establish how widespread this link between Zn

transport and auxin metabolism is. Therefore, the conservation of structural features
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thought to be important in metal transport across IAR1 homologues in eukaryotes

were examined.

4.2.2.3 AtlAR1 plant homologues show similar transport-related structural

features

Conservation of structural features is an indication of shared function. This property
was used to give insights to transporter activity on AtlAR1 homologues across
eukaryotes. AtlIAR1 is predicted to be a transmembrane protein with 8
transmembrane helices (see Figure 4.5) with histidine (H) rich segments in loops
either side of the membrane including on the ‘variable loop’ between helices a3 and

4.

y
/
N f
c ER lumen K )

Cytosol

Figure 4.5 AtlARL1 protein topology and predicted structure. (A) ZIP
transporter structural model adapted from Guerinot.%* with histidine rich loops in
orange and helices with conserved metal transport residues in grey. (B)
AlphaFold®®® structural model of AtIAR1 with signal peptide cleavage site as
predicted by SignalP-5.0%% in red, histidine (H) containing extracellular loops
shaded orange, and acidic N(00) helix shaded blue. (C) Top-down view from
‘extracellular’ side of AlphaFold model of AtIAR1. Helices labelled a0 to a8, N to

C terminal, blue to red, removing signal peptide for clarity.
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Key features of this structure with respect to metal binding include the highly
conserved sequences within helices 04 and a5 and the H-rich loops. Crystal
structures of a bacterial ZIP protein, BbZIP, showed that residues from 04 and a5
contribute together to form two sites for binding metals within the protein during
transport®*®. Conservation of these residues in the binuclear site and surrounding
residues may indicate the same transport metal selectivity and mechanism and so
equivalent sequences in AtlAR1 homologues across a spectrum of eukaryotes were

aligned against those found in the crystal structure of BbZIP (Figure 4.6).
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Figure 4.6 Conservation of equivalent metal-contacting residues present in

BbZIP crystal structure. Sequences within helices a4 and 5 were taken from

AtlIAR1 homologues in plants (green), animal and fungi (blue) as well as from the
ZIP | subfamily (yellow) and aligned against residues within the binuclear site seen
the crystal structure of BbZIP3®. Residues in direct contact to the transporting

metal and the equivalents in the chosen ZIP transporters are highlighted in black.
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As shown above, the residues that might contact the metal in AtIAR1 are not
identical but similar to those of BbZIP. Within the 04 helix, the contacting residues
are highly similar with E substituted with D, and the wider surrounding residues are
not identical but again biochemically similar. A possibly significant difference is
the change of the LP residues between the contacting residues to FT, which may
lack the inflexibility that proline provides and therefore may indicate a slight

difference in conformational changes during transport between AtIAR1 and BbZIP.

Residues in the 04 and a5 helices are highly conserved in AtIAR1 plant
homologues, with the residues predicted to contact transporting metals being 100%
conserved. In addition, surrounding residues on these helices are biochemically
similar which implies a similar metal binding site and transport mechanism,
suggesting that the metal transport activity observed for AtIAR1 is representative of
other plant AtIAR1 homologues.

Interestingly, this conservation of predicted metal contacting residues extends into
homologues in the animal and fungal kingdom for the a4 but not the a5 helices.
The change from Q to H in the a5 residues may lead to a change in transport
activity and so functional characterisation of mammalian or yeast AtlIAR1
homologues may not be an accurate estimation for plant homologues. The
conservation of putative transported metal-binding residues is higher among plant
IAR1 homologues and animal or fungal IAR1 homologues than with Arabidopsis
ZIP | subfamily transporters. This further emphasises the point that Arabidopsis
AtIAR1 is more closely related to LIV-1 subfamily members in the animal and

fungal kingdom than to other ZIPs within Arabidopsis.

In addition to the residues within the transport channel, metal binding loops also
may act as transport selectivity determinants by acting as a chaperone, transporting
Zn to the transport channel such as in the case of a H rich loop in HYMTP13¥ In
the AtIRT1 protein, another H-rich motif in the ‘variable loop” which faces the
cytosolic side of the plasma membrane acts as a sensor for Zn** and Mn?* ions to
promote endocytosis of the transporter?*. The metal binding activity of loops
within AtlIAR1 and its homologues may therefore play a role both in metal transport

but also metal sensing and localisation changes. Sequences for these loop regions
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were therefore extracted for AtlAR1 homologues in the plant, animal and fungal
kingdom as well as ZIP transporters from the ZIP | subfamily. As histidine is the
major metal binding residue used by ZIP transporters, these loops were then

analysed for histidine content as shown in Figure 4.7.
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Figure 4.7. Histidine density of loops is similar in AtIAR1 homologues in
plants and animals. Loops are classified by their direction of facing if present on
the plasma membrane, either extracellular, (ECL) or intracellular (ICL) and
numbered from N-terminal to C-terminal. Histidine density is shown by colour and

loop size is indicated by diameter of the dot. Data visualised using Python 3.

As shown in Figure 4.7, large H-rich loops predicted to face into the ER/Golgi
lumen (ECL1 and ECL2) are present in all AtIAR1 homologues in plants and
animals. In addition, ICL2 (the ‘variable loop’) is consistently larger than other
loops in AtIARL1 plant and animal homologues. It is interesting to note that the size
and histidine density decreases in the two fungal homologues, suggesting a change

in metal binding and potentially transport activity regulation. This could be
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explored further and confirmed by expanding this analysis to include more samples
from the fungal kingdom. Comparing AtlIAR1 homologues in plants and animals to
ZIP I subfamily members, the large ‘variable loop’ is a common feature but H-
richness in ECL1 and 2 is distinct to the AtIAR1 homologues. This implies a role of
metal sensing or binding in the luminal side of IAR1 which is lacking in the sample

of ZIP | subfamily chosen.

Taken together, the conservation of metal binding residues within the transport
metal-binding site and within surrounding loops on both sides of the membrane
suggest plant IAR1 homologues will transport and interact with metals similarly to
AtIAR1 and so transport Zn between the secretory pathway and the cytosol. It is
possible that the metal binding loops facilitate Zn sensing and so control some
aspect of this Zn transport. In comparison to the conservation of histidine density in
the loop regions, it appears that there are small differences in the binuclear metal
site between animal and plant IAR1 homologues, which could influence transport

mechanics.

Future work on metal transport could include testing the complementation of yeast
transporter mutants with AtIAR1 constructs containing mutated sequences for loop
regions or binuclear metal binding sites. This would enable the testing of
hypotheses that these regions are determining factors in metal transport specificity
and directionality. For the current model on AtlAR1 function, the Zn ion
transported is from ER to the cytosol, and so localisation of AtlIAR1 and its

homologues were tested.

4.2.3 Localisation

The subcellular localisation of AtlIAR1 is important for confirming the role of
AtIAR1 in auxin conjugate hydrolysis, and as yet has not been directly verified. In
addition, the localisation of other plant AtIAR1 homologues is potentially different
where mutant data on IAA-Ala sensitivity is unknown, which would lead to

changes in the predicted role of the gene in Zn-auxin interactions. The localisation
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was therefore investigated with a green fluorescent protein (GFP) tagging approach

and a bioinformatic approach.

4.2.3.1 AtlIAR1::GFP complementation lines did not yield observable GFP

fluorescence

GFP tagging is a method that can be utilised to visualise subcellular localisation of
proteins where GFP is expressed fused to the protein of interest®°. In the cloning of
GFP-tagged membrane proteins, GFP presence can result in non-functional proteins
due to misfolding or interruption of functional sites. To reduce the likelihood of
interruption, in this study GFP was cloned with surrounding G-rich flexible linkers
(see Chapter 2.2.2.3) and was designed to be inserted separately into three areas.
The GFP insertion sites were the N-terminus after a predicted signal peptide
cleavage site, within ICL3 and at the C-terminus. Previous GFP tagging of AtIRT1
utilised ECL1 to insert GFP into®?, but as outlined above, ECL1 has conserved
metal binding properties and so was thought unsuitable for GFP insertion. GFP
constructs were then transformed into Atiarl-3 plants as detailed in Chapter 2.2.5
and a total of nine independently transformed lines were subsequently checked for
complementation by measuring the insensitivity to IAA-Ala as shown in Figure
4.8.
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Figure 4.8 GFP complementation lines show a range of complementation.
Complementation lines from plants transformed with N-terminal tagged GFP
(NtGFP), ICL3-tagged GFP (iGFP) and C-terminal-tagged GFP (CtGFP) constructs
arranged from lowest percentage growth in IAA-Ala conditions to highest.
Percentage growth determined as root length in media with IAA-Ala relative to
mean root length in media without IAA-Ala. Three independent sets of at least 50
homozygous T3 plants were analysed for each condition, with data displayed using
R version 4.1.1. Lower case lettering indicates statistically significant differences
between groups (labelled sequentially from ‘a’ in order of estimated mean) as
calculated using analysis of variance (ANOVA) using Tukey’s method for p-value

adjustment®® for 9 groups using a p-value cut-off of 0.05.

As shown in Figure 4.8 a range of complementation from no complementation
(NtGFP_F2 line) to full complementation (iGFP_I1 line) was seen. The
complementation level did not seem to be correlated with the placement of the GFP
within AtlIAR1 and so was therefore thought to be due to expression levels, which
in future could be checked using reverse transcriptase quantitative PCR (RT-
gPCR). iIGFP_I1 and CtGFP_A4 lines displayed the strongest complementation but

showed no GFP fluorescence above background and so could not be used for
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subcellular localisation. Future work could involve testing more conditions which
induce AtIARL1 to a higher level or antibody-mediated detection of GFP which may

increase signal to noise ratio.

4.2.3.2 AtlAR1 and the majority of the plant AtlAR1 homologues are

predicted to have ER or Golgi localisation

In addition to GFP tagging, software has been developed to predict subcellular
localisation of proteins. Prediction software is particularly useful here as it allows
quick screening of AtIAR1 homologues for putative localisation. Software was
chosen based on ability to accurately predict localisation of plant ZIPs with
experimentally verified localisation. The software chosen was PProwler v1.23%,
TargetP v2.0%8 and DeepLoc v2%° which all use neural networks to predict
localisation. PProwler v1.2 is built upon the original TargetP software3! which
predicts localisation based on the N-terminal sequence, to the secretory pathway,
mitochondria, or chloroplast with everything else classed as ‘other’. TargetP v2.0,
unlike PProwler v1.2 and DeepLoc v2 can also predict thylakoid luminal transit
peptides and DeepLoc v2 enables further distinctions such as between ER and
Golgi localisation. Comparing localisation predictions from these three software
packages together in Figure 4.9 allows for a more accurate prediction of

localisation of AtlAR1 and its homologues.
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Figure 4.9 Most plant AtIAR1 homologues are predicted to localise to the
secretory pathway. Red asterisk denotes AtIAR1. Probability of localisation
prediction is shown by colour. ‘OTHER’ contains either non-identifiable signal
peptides in the case of TargetP v2 or ‘other’ localisation predicted in the case of
DeepLoc v2 or PProwler v1.2. The ‘Mitochondria’ group contains predictions for
presence of a mitochondrial targeting peptide by TargetP v2 and PProwler v1.2 as
well as mitochondrial localisation predicted by DeepLoc v2. The ‘Chloroplast’
group contains the summed probability of TargetP v2 predicting a chloroplast
transit peptide and a thylakoid luminal transit peptide, the probability of a
chloroplast transit peptide by PProwler v1.2 and chloroplastic localisation by

DeepLoc v2.

All localisation software tested showed AtlAR1 and many AtlAR1 homologues to
have ER or secretory pathway localisation as the highest probability. DeepLoc v2
interestingly suggested lysosome, Golgi apparatus and cell membrane as most
likely localisations after ER (probability of 0.62, 0.47 and 0.38 respectively), but it
should be noted that lysosome localisation was predicted with high probability
(greater than 0.5) for many test ZIP proteins which have not shown lysosome
localisation measured in vivo. Together this supports the localisation of IAR1 to the
ER but potentially suggests some additional localisation including the plasma

membrane and Golgi. Interestingly, outliers in the foregoing analysis were for
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AtIAR1 homologues within Solanum tuberosum and Nicotiana tabacum. These
sequences were identified to have a thylakoid luminal transit peptide by TargetP v2,
a mitochondrial targeting peptide by PProwler v1.2, and ER localisation by
DeepLoc v2. To further investigate this, a higher resolution sampling of the
Solanaceae family and closely related families was undertaken as shown in Figure
4.10 below.
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Figure 4.10 AtlIAR1 homologues in many Solanaceae species are predicted to
localise outside the secretory pathway. Solanaceae family members are indicated
by the red bar. Predictions of localisation are shown by colour. ‘OTHER’ contains
either non-identifiable signal peptide in the case of TargetP v2 or other localisations
predicted such as in the case of DeepLoc v2 or PProwler v1.2. The ‘Mitochondria’
group contains predictions for presence of a mitochondrial targeting peptide by
TargetP v2 and PProwler v1.2 and mitochondrial localisation predicted by DeeplLoc
v2. The ‘Chloroplast’ group contains the accumulated probability of TargetP v2
predicting a chloroplast transit peptide and a thylakoid luminal transit peptide, the
probability of a chloroplast transit peptide by PProwler v1.2 and chloroplast

localisation by DeepLoc v2.
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As Figure 4.10 illustrates, both TargetP v2 and PProwler v1.2 software consistently
predict different non-secretory pathway localisations for AtlAR1 homologues
specifically within the Solanaceae family. In many cases, such as in the
commercially important Nicotiana tabacum, this AtlAR1 homologue is the only
AtlIAR1 homologue present and so this potential altered localisation has not
occurred through duplication and neofunctionalization. TargetP v2 is the only
software utilised that can accurately predict thylakoid luminal transit peptides
which may be a contributing factor to why these predictions are different. In
addition, PProwler v1.2 was developed much earlier than TargetP v2 and DeepLoc
v2 and so used a much different training set which could have led to altered
prediction. Confirming the localisation of IAR1 proteins in these species and the
associated 1AA conjugate sensitivity in iarl mutants is important for testing
whether this changed localisation represents a shift in the Zn-auxin interaction

landscape in these species.

Overall, localisation of AtIAR1 is most likely to be present in the ER or Golgi,
potentially both, and this is consistent across the plant kingdom apart from
Solanaceae family members which may exhibit alternate localisations. Therefore,
the evidence suggests that the localisation part of the model for AtIAR1 function is
partially accurate on a cellular level. However, to expand the model from the
cellular level to the level of tissues and organs, understanding how AtlIAR1 is
regulated at a whole plant level is required. The first step of this investigation was

to assess what regulates the expression of AtIARL.

4.2.4 Expression

Auxin synthesis and action are dynamically regulated and spatially separated by
transporters which create auxin gradients in tissues and organs to produce
developmental responses (see Chapter 1.3.1). The role of auxin conjugates and
therefore AtIAR1 could thus be location- and condition-dependant, which is not
currently considered in the model of IAR1 activity. Therefore, to investigate what

may be transcriptionally regulating AtlIAR1, promotor analysis was conducted and

135



followed up with investigations of how Zn and auxin levels influence AtlIAR1
expression using gPCR and AtlIAR1 promotor controlled B-glucuronidase (GUS)
reporter plants.

4.2.4.1 Promotor analysis of AtlAR1 illustrates multiple potential inducers of

expression

In silico analysis of the AtIAR1 promotor for known transcription factor binding
sites found that AtlIAR1 expression is likely responsive to a wide range of
conditions. The promotor was found to contain elements for response to abscisic
acid (AAGAA-motif), light (AE-box, GATA motif, | box, MRE, TCT motif),
anaerobic conditions (ARE), low temperature (LTR), seed development (O2-site),
general stress (STRE, TC-rich) and wounding (WRE3, WUN-box) (Figure 4.11).
In addition, the promotor was found to contain myc and TGACG motifs that are
important for binding of MY C and TGA transcription factors respectively which
have varied roles. Some TGACG motifs have been known to be associated with
expression in response to exogenous auxin®®’ and heavy metals, including
cadmium?®%®, Given the potential interaction between Zn and auxin in the relation to
AtIAR1, GUS reporter plants were analysed across conditions of varying Zn and

auxin levels.
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Figure 4.11 Promotor elements present in AtlAR1 promotor. Promotor elements
as identified by PlantCARE?®! from sequences upstream of the coding sequence
(CDS). CAAT (common cis-acting element) and TATA-box (common core
promotor region) annotations were removed for clarity. The Annexin 5 gene body
highlighted represents AT1G68090, a gene involved in Ca-dependant membrane
trafficking®?, which may have overlapping regulatory sequences with AtIAR1.
Numbers indicate base pairs from 5° end of the promotor sequence used for

generation of AtlIAR1::GUS constructs.

4.2.4.2 AtIAR1 expression is dependent on Zn, IAA and IAA-Ala

As AtIAR1 appears to operate as a Zn transporter important in auxin metabolism,
and there are potential auxin and heavy metal stress responsive elements in the
AtIAR1 promotor, it was hypothesised that AtlIAR1 expression was regulated

through both auxin and Zn levels. Promotor-controlled GUS expression has been
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developed in plants as a common methodology for visualising the location of
expression of a gene of interest®®, The expressed GUS enzyme will cleave -
glucuronides including 5-Bromo-4-chloro-3-indolyl-p-D-glucuronic Acid (X-Glc)

to produce an insoluble product®®* which can then be visualised by microscopy.

Firstly, to visualise where AtIARL is expressed without any exogenous auxin added
to the media, AtIAR1::GUS plasmids were generated and transformed into Col-0
Arabidopsis (see Chapter 2.2.2.3, and Chapter 2.2.5 respectively). These reporter
plants were then grown on three different Zn conditions determined to induce
conditions of Zn deficiency, Zn-replete and Zn excess conditions which led to GUS

expression as shown below in Figure 4.12.

Hypocotyl

Leaf

Figure 4.12 AtIAR1::GUS reporter plants show increased GUS expression in
the hypocotyl and leaf under excess Zn. GUS reporter plants grown on modified
Hoagland’s media containing EDTA-washed agar, with either (left to right) 0 Zn
added (deficiency), 1 UM Zn (control) or 150 uM Zn (excess). After 8 days of
growth, whole seedlings were then stained overnight in X-Glc solution, and then
cleared in 70% (v/v) ethanol for 8 h before imaging. Red arrow indicates small
staining in leaf tip. Images represent the most common expression pattern achieved
by 7 independently transformed homozygous T3 lines. Black scale bars indicate
500 pm.
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As Figure 4.12 illustrates, GUS expression visualised through staining is only seen
in excess Zn conditions when no exogenous auxin is present. In particular, the leaf
and hypocotyl vasculature show strong staining with some additional stain
highlighted by the red arrow in the leaf tip. No staining was observed in the root.
To investigate whether the Zn-dependant GUS expression seen above was
responsive to exogenous auxin, the GUS reporter plants were grown on the same
Zn conditions but additionally with IAA and IAA-Ala added (see Figure 4.13)

+IAA

+IAA-Ala

Figure 4.13 AtIAR1::GUS reporter plants show GUS expression in Zn deficient
and control conditions with exogenous auxin. GUS reporter plants grown on
modified Hoagland’s media containing EDTA-washed agar, with either (left to
right) 0 Zn added (deficiency), 1 uM Zn (control) or 150 UM Zn (excess) and either
100 nM 1AA or 20 uM IAA-Ala. After 8 days of growth, whole seedlings were
then stained overnight in X-Glc solution, and then cleared in 70% (v/v) ethanol for
8 h before imaging. Images represent the most common expression pattern achieved
by 7 independently transformed homozygous T3 lines. Black scale bars indicate
500 pm.
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The response of exogenous IAA and IAA-Ala was very similar which was as
expected because |AA amide conjugates are inactive until hydrolysed to 1AA.
Staining was most prominently seen in the hypocotyl vasculature under control and
Zn deficiency conditions, in contrast to “no auxin” treatment in Figure 4.12.
Furthermore, there was no staining observed in either hypocotyl nor leaf
vasculature under Zn excess conditions. As with the no auxin treatments, no

staining was observed in the roots.

Confirmation of these GUS expression results can be assessed by qPCR. As Figure
4.14 displays, due to highly variable expression of AtlIAR1 any difference in
expression at high Zn is not statistically significant. In future work, this gPCR-
mediated expression analysis could be expanded to include conditions with

exogenous auxin and further repeated.
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Figure 4.14 AtIAR1 expression under different Zn conditions. RNA extracted
from whole plants grown for 16 days in Zn deficient (0 Zn added), Zn control (1
uM) and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. Expression is calculated using the 2-ACt method3*°, using
internal reference genes of AtUBC and AtTIP41, and relative to the mean
expression seen within control Zn conditions for each of three biological
repetitions. Error bars show standard error of the mean. Data displayed using R
version 4.1.1. Statistically significant differences between groups were calculated

and displayed as in Figure 4.8.
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In summary, promotor analysis appears to show that AtIAR1 expression is regulated
by a wide range of developmental and abiotic stimuli. Through the use of
AtIAR1::GUS reporter plants, AtIAR1 was shown to be induced in excess Zn
conditions, but induced in Zn deficient and control conditions only if IAA or IAA-
Ala is also present, suggesting Zn-auxin crosstalk in AtlIAR1 regulation. On a tissue
level, AtIAR1 expression was shown to be localised mostly to the vasculature in
hypocotyls and leaves. This differential expression is not currently taken into

consideration within the IAR1 model.
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4.3 Discussion

The working IAR1 hypothesis by Rampey et al, 2013* has AtIAR1 localised to the
ER, transporting metal ions inhibitory to IAA-aa hydrolases into the cytosol. In
AtIAR1 mutants including Atiarl-3, this Zn transport is lost and so leads to a build-
up of ER Zn. Confirming the fundamentals of this model, and its applicability
across different tissues and species is crucial to further understanding the AtIAR1-

dependent Zn-auxin interaction.

4.3.1 AtlIAR1 and plant homologues transport Zn

Heterologous expression of constructs containing AtIAR1 and AtIRT1(SP):AtlIAR1
have been demonstrated in this study to complement the yeast Zn import mutant,
zrtiA zrt24, which indicates that AtIAR1 does transport Zn ions into the cytosol.
However, additionally, expression of constructs containing AtlAR1 complemented
the yeast AtlIAR1 homologue mutant, yke44, which may suggest that AtlAR1 can
also transport Zn in the reverse direction into the secretory pathway which is not
taken into account in the published model. Further testing of this potential Zn
import into the ER could involve complementation of mutant yeast strains sensitive
to Zn excess such as zrc14 cotld or expression of AtIAR1 and Atiarl-3 constructs

in Xenopus oocytes.

Bioinformatic analysis supports the notion that the Zn transport capability is
conserved across the plant kingdom and has identified large, conserved H-rich

loops which may act as Zn sensors in the lumen to control the activity of AtIAR1.
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4.3.2 AtlAR1 and plant homologues predominantly localise to the

secretory pathway

AtIAR1 appears to localise across several membranes when expressed in yeast. The
complementation of yke4/ strains suggest ER localisation, whereas the
complementation of zrt14 zrt24 strains suggest that in yeast, AtlARL is localised at
least partially to the plasma membrane. Bioinformatic analysis from three separate
software packages agreed that the most likely localisation of AtIAR1 in plants was
within the secretory system (with ER being the most likely as predicted by
DeepLoc v2). DeepLoc v2 did additionally predict a probability of greater than 0.3
for lysosome, Golgi and plasma membrane localisation. Unfortunately, these
localisations were unable to be tested in plants using GFP complementation lines

due to low expression.

Most plant IAR1 homologues were also predicted to be localised within the
secretory pathway, although members of the Solanaceae family showed potential
deviation as predicted by Target P v2 and PProwler v1.2. This deviation may
represent a change in Zn-auxin interaction in these species as the IAR1 model
requires IARL1 to localise to the compartment containing auxin hydrolases, and so

warrants further investigation.

Therefore, although the model may be partially correct in predicting that IAR1 is
localised to the ER membrane, the model may not represent all the sub-cellular

localisations of AtlIAR1 nor that of IAR1 homologues in Solanaceae.

4.3.3 AtlARL is expressed in the vasculature of above ground tissues

in a Zn and auxin dependant manner

AtIAR1 promotor analysis has suggested that there are multiple potential regulators
of AtlIAR1 expression, including abiotic and developmental stimuli. Using
AtIAR1::GUS reporter plants, this study has shown that three of these induction

conditions are Zn excess, exogenous auxin and exogenous auxin conjugate.
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Interestingly, Zn and auxin/auxin conjugate seem to interact with each other:
expression was observed in conditions of Zn excess with no exogenous auxin or
auxin conjugate as well as conditions of deficient or replete Zn with exogenous
auxin or auxin conjugate. In both cases the expression was seen in the hypocotyl
vasculature, and for the Zn-excess condition additionally in the leaf vasculature and

leaf tip.

Therefore, this work suggests that the model IAR1 function of regulating auxin
conjugate balance occurs only under specific conditions and in certain tissues. The
significance of AtIAR1 expression in these areas is investigated further with respect

to Zn and auxin in later chapters (Chapter 5 and Chapter 6 respectively).

4.3.4 Atiarl-3 may have improper dimerization and localisation

Evidence for the IAR1 model came from several different AtIAR1 mutants, which
all showed relative insensitivity to a variety of auxin conjugates including 1AA-Ala,
predicted to be caused by reduced cation transport out of the ER. One of these
mutations identified in these plants, Atiarl-3, has been characterised in this study as
still able to complement the yeast AtIAR1 homologue mutant yke44, and Zn import
mutants, but only when expressed with an AtIRT1 signal peptide sequence. This
suggests that Atiar1-3 is still capable of transporting Zn in yeast, but may have
restricted localisation to the ER. Therefore, the model of how Atiarl mutants lead

to auxin conjugate insensitivity may not apply to Atiarl-3.

The Atiarl-3 mutant contains a frameshift mutation, close to the 3’ end of the
coding region, which leads only to changing of the final 11 amino acids. However,
the C-terminus is highly conserved in plants as shown in Figure 4.15 and although
seemingly not directly involved in transport may play a role in IAR1 functionality
by forming dimerization contacts as predicted through analysis of evolutionary
coupling of residues in the ZIP family33°. C-terminal residues are also known to be
important for localisation particularly within the secretory pathway: for example the
di-lysine motif was shown to promote ER retention of membrane proteins in

plants®®. However, neither the C-terminus of AtIAR1 nor Atiar1-3 show known
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retention signals. These features may indeed be linked, as in the case of the
membrane protein prenylin in which failed dimerization due to C-terminal

substitutions results in improper ER retention®®’.

Protein C-terminal sequence

AtIAR] SLILGMSVALCISLIE*
OslARI SLTMGMLVALGISLVE*
NtIAR1 SLLSGMAVALCISLVE*
ZmIAR1 SLAMGMLVALGISLVE*
GmIARI1 SLTIGMAVALGISLVE™*
MplIARI1 ALTVGMGIAVAISLAE*
Atiarl-3 SLILGPECCSLHLSYRMIS*

Figure 4.15 Atiarl-3 mutations cause substitutions within the highly conserved
C-terminus. Asterisks indicate STOP codons while the sequence in red is that
altered through a frame shift mutation in the Atiar1-3 gene. Residues highlighted in
grey are those showing 100% conservation in the sample of plant AtlIAR1
homologues shown (Oryza sativa, Nicotiana tabacum, Zea mays, Glycine max and

Marchantia polymorpha).

It is therefore hypothesised that Atiarl-3, loses its ability to dimerise, which causes
it to be localised only in the ER, instead of other compartments such as the Golgi,
whilst retaining its Zn transport activity. Assuming that functional transport in yeast
is an indicator of functional Zn transport in plants and that localisation of IAR1 in
yeast represents localisation in plants, this study suggests that this mislocalisation,
rather than loss of transport activity, led to the auxin conjugate insensitivity in
Atiarl-3 plants. If Atiar1-3 is indeed functional in the ER, then loss of Zn transport
out of the ER is not directly responsible for the IAA-Ala insensitivity of Atiarl-3
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plants and as such this phenotype may be due to loss of IAR1-related function

outside the ER such as in the Golgi.

The compensatory loss of function mutations found within AtMTP5 gene!, which
when expressed with AtMTP12 forms a functional Zn transporter in the cis-Golgi®®
suggests that the Atiar1-3 phenotype may be due to disruption of metal homeostasis
in the Golgi. Hydrolases specific for auxin-amide conjugates such as IAA-Ala have
been shown to localise to the ER, through bioinformatic, proteomic and GFP-
tagging experiments?’9-282_ Therefore, disruption of Golgi Zn homeostasis in Atiarl-

3 is predicted to lead to disrupted of ER Zn homeostasis.

Testing this hypothesis of restricted localisation, requires high-resolution
subcellular localisation data on AtlIAR1 and Atiarl1-3 which unfortunately was not
possible in this study, but could be continued with complementation of full Atiarl
knock out mutants with AtIARL::GFP and Atiarl-3::GFP constructs.

Overall, through testing of the model for AtlARL, this study has found evidence
supporting that AtlIAR1 transports Zn out of the ER, localises to other locations in
the secretory pathway and is expressed in vasculature of hypocotyls and leaves in a

Zn and auxin-dependent manner.
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Chapter 5: AtlAR1 and Zn homeostasis
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5.1 Introduction

5.1.1 Zn deficiency in Arabidopsis thaliana

5.1.1.1 Zn homeostasis in Arabidopsis thaliana in Zn deficient conditions

Zinc (Zn) is a redox-stable transition metal that binds to around 9% of the
eukaryotic proteome?. Its roles include acting as catalytic centres in enzymes like
carbonic anhydrase®, structural components in some transcription factors®,
stabilisation of membranes®, as an intracellular second messenger in mammals®”,
and in reactive oxygen species (ROS) protection®. Therefore plants without
sufficient Zn show severe phenotypes including stunted growth, leaf chlorosis,
increased shoot branching, early senescence of leaves, reduced floral fertility*4*°

and increased ROS levels!®.

Therefore, in conditions of Zn deficiency, plants co-ordinate a range of responses to
increase Zn uptake and utilisation. This includes maximizing Zn uptake from the
soil into the cytosol of root cells’*%, This Zn is then transported into the xylem for
root-to-shoot translocation®>%2112, During Zn deficiency mobilisation of above-
ground Zn stores also occurs from trichromes and cell vacuolest3!14388 For further

details of the Zn deficiency response in Arabidopsis see Chapter 1.2.3.

The regulation of this Zn deficiency response in Arabidopsis occurs through a local
and systemic Zn deficiency response. The local response involves the Zn-
responsive AthZ1P19/23 transcription factor pair’18-120 Whereas the systemic Zn
deficiency response operates through an as yet unidentified shoot-derived signal
that regulates genes including AtMTP2%2, This regulation of Zn deficiency is

summarised below in Figure 5.1.
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Local Zn deficiency response Systemic Zn deficiency response

Nuclear Zn Shoot Zn

KX

bZIP19/23 Shoot-to-root signal

AtZIP5 f

AtZIP4
I AINAS2

AMTP2

I AtHMA2

Figure 5.1 Zn deficiency response in Arabidopsis thaliana. (A) Local Zn
deficiency response. bZ1P19/23 transcription factor activity is inhibited by direct
binding of Zn. In low Zn conditions, the active transcription factor pair activates the
transcription of many genes including those for Zn and Mn import (AtZIP4,
AtZIP5) and nicotianamine synthesis (AtNAS2). (B) Systemic Zn deficiency
response. Low Zn status in the shoot is transmitted through unknown components
to the root leading to induction of genes involved in endoplasmic reticulum (ER) Zn
import (AtMTP2) and xylem Zn loading (AtHMAZ2). For further details see Chapter
1.2.4.

5.1.1.2 Zn deficiency sensitive mutants give insights into the Zn deficiency

response

Mutants in components of the Zn deficiency homeostasis system show sensitivity to
Zn deficiency. It should be noted that each of the components involved in Zn
homeostasis is part of a plastic network!’. This means that the mutant phenotypes
of singular ZIP genes such as in Atzip9 and Atzip12 plants!'® are often marginal, in
this case the phenotypes were slightly reduced root length with reduced Zn content

in roots in Zn deficient conditions. Higher order mutants of ZIP genes including
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quadruple Atzip mutants are often required to combat this redundancy to produce a
strong Zn phenotype’. Atmtp2 mutants also show sensitivity to Zn deficiency, in
particular reduced biomass and reduced shoot Zn levels in Zn deficient
conditions®2. Mutants in the components of the deficiency response produce more
significant phenotypes in Zn deficiency compared to individual transporter mutants.
The Atbzip19 Atbzip23 double mutants show reduced fresh weight of shoots and
roots relative to controls under Zn deficient conditions’. Together, this suggests
root length, shoot fresh weight and elemental analysis can be used to characterise

mutants potentially sensitive to Zn deficiency.

The current model for AtIAR1 involves the transport of divalent cations (most
likely Zn) from the endoplasmic reticulum (ER)*3?. Zn ER levels have been
implicated in the systemic Zn deficiency response which involves Zn import into
the ER through AtMTP2 activity®2. However, Zn release from the ER has not been
investigated as a potentially important factor in Zn deficiency. This study therefore
aims to address whether Zn transport by AtlIAR1 is an important component of the

Zn deficiency response.

5.1.2 Zn excess in Arabidopsis thaliana

5.1.2.1 Zn and Fe homeostasis within Arabidopsis thaliana in Zn excess

conditions

Under Zn excess, plants suffer from inhibition of photosynthetic enzymes!?%127 and
increased oxidative stress'?82° and so show reduced fresh weight and chlorosis®®®.
Some of these symptoms come from the competition of Zn with other divalent
cations for binding sites in particular Fe?* according to the Irving-Williams
series!?>1%, Therefore, Arabidopsis thaliana responds to Zn excess by sequestering
Zn in the cell wall**®13! vacuole®-%338° and the Golgi’®. In addition, Fe availability

is also increased to combat Fe deficiency that accompanies Zn excess including
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from vacuolar Fe release®®®® and Fe uptake®135-138 For further details on the Zn

excess response in Arabidopsis see Chapter 1.2.5.

Although in Arabidopsis, no Zn excess specific signalling pathways are known, the
Fe deficiency response which is activated under Zn excess is well characterised. Fe-
deficiency genes are upregulated through a cascade of basic helix-loop-helix
(bHLH) transcription factors!#8150-153 At the end of the cascade in Fe deficient
conditions, active AtFIT, in dimerization with other bHLHs including AtbHLH38,
then induces the transcription of Fe deficiency machinery including for reduction of
Fe3* to Fe?* and import of Fe?* in the roots'®-1%, BRUTUS (BTS) and BRUTUS-
LIKE (BTSL) E3 ligases regulate this cascade by degrading members of the bHLHs
involved in the cascade in Fe sufficient conditions'®61°8 and these E3 ligases are
themselves inhibited by Fe deficiency-induced IRON MAN (IMA) peptides!®9-161,
This regulatory cascade is shown below in Figure 5.2.
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URI/IVb bHLH TF FIT/1Ve bHLH TF

AtIRTI

I IVe BHLH TFs I AtFRO2

Figure 5.2 Fe deficiency response induced by Zn excess. In Fe replete conditions,
BTS and BTSL proteins are active and degrade members of the bHLH transcription
factor (TF) cascade reducing expression of Fe deficiency genes. In low Fe
conditions, BTS and BTSL proteins are inactive thus stabilising URI and IVVb
bHLH TFs. URI IVb bHLH TFs then induce expression of AtFIT and IVc bHLH
TF genes which then induce genes including those involved in Fe uptake (AtIRT1
and AtFRO?2). For further details see Chapter 1.2.6.

5.1.2.2 Zn excess sensitive mutants show common phenotypes associated with

Fe deficiency

Phenotypes in Zn excess often are associated with Fe deficiency. The most easily
seen phenotype in Zn excess and Fe deficiency is chlorosis, partially due to the Fe-
dependence of chlorophyll biosynthetic enzymes3®°31, This chlorosis is worsened
in many Fe deficiency sensitive mutants such as the Atirtl mutants’’. Similar
phenotypes are seen in mutants sensitive to Zn toxicity such as Atmtpl mutant
plants which show reduced root growth and chlorosis in elevated Zn levels®3389392
similar to that seen in Atpcr2 mutants in similar conditions®!. Mutants within
regulatory portions of the Fe deficiency signalling cascade also show reduced root

growth and enhanced chlorosis in Fe deficiency conditions such as in the Atbhlh34
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and Atbhlh104 mutants®®°. This suggests these features are common to Fe
deficiency in Zn excess and can be used to characterise mutants for sensitivity to Zn

excess and Fe deficiency conditions.

Previous work has shown that Zn transport into the Golgi through AtZIP13 is
important in the Zn detoxification strategy in Arabidopsis thaliana’®. Given that
previous work in this study on AtlIAR1 suggested Zn transport activity and potential
localisation to the Golgi (see Chapter 4.3), the potential role of AtlIAR1 in Zn

excess tolerance is important to clarify.

5.1.3 ER stress is regulated by ER Zn levels

Maintaining optimal Zn levels within the ER is essential for correct metalation of
metalloproteins across kingdoms. The ER stress response in plants can be split into
two pathways. In the first, INOSITOL REQUIRING ENZYME 1 (IRE1) functions
as a protein kinase and ribonuclease3®3-3% with homologues of IRE1 and
downstream factors also found in yeast, plants and mammals®®. In Arabidopsis,
sensing of ER stress is thought to lead to dimerization and auto-
transphosphorylation which activates the ribonuclease activity of AtIRE1 to splice
AtbZIP60 mRNA74%_ This splicing changes the localisation of the resulting
AtZIP60 protein to facilitate nuclear localisation enabling transcriptional activity>®°.
In the second pathway of ER stress activation, type Il transmembrane proteins,
including ATF6, bZIP17 and bZIP28 are firstly migrated to the Golgi where they
are cleaved once again to allow nuclear localisation and transcriptional activity*°-
406 Transcriptional activation from these two pathways is distinct but one of the
common features is expression of genes encoding Binding Proteins (BiPs)*07-40°,
BiPs are Heat Shock Protein 70 family members that contain an ATPase domain
and a protein binding domain, together allowing BiP proteins to act as ATP-
dependant protein chaperones®®. Arabidopsis contains three BiP genes*!, with
AtBiP1 and AtBiP2 showing high sequence identity, all three of which are

upregulated in ER stress34849%,
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Lack of Zn transport into the ER in yeast produces an exacerbated ER stress
response in low Zn conditions*2. Yeast strains with a knock-out mutation in the
gene homologous to AtlIAR1, yke4A, thought to lead to increased ER Zn levels,
show reduced ER stress in Zn deficient conditions®3®. In mammals, Zn deficiency
was seen to transcriptionally upregulate the mammalian ER stress response*!2. In
addition, mice with mutations in genes homologous to AtIAR1 show increased ER
stress in secretory epithelial cells*'3, In plants, ER stress has also been shown to be
Zn sensitive. Addition of Zn to growth media containing NaCl reduced the salt-
induced ER stress in Arabidopsis thaliana. In addition, mutants in the gene
encoding the ER Zn exporter AtZTP29, a member of the ZIP family®°, show
inability to induce the ER stress response in high salt conditions. Overall, this
indicates that Zn levels in the ER and AtIAR1 may regulate the ER stress levels in

plants.

5.1.4 Measurements of Zn content in plants

Measuring the Zn content of plants is a key method for assessing Zn homeostatic
changes in different conditions and genetic backgrounds. The visualisation or
quantification of Zn in plants can be performed through a variety of methods
including inductively coupled plasma-optical emission spectroscopy (ICP-OES)
and mass spectrometry (ICP-MS), fluorescent dyes such as zinquin and
zinypri®414 and more recently, genetically encoded Forster resonance energy
transfer (FRET) sensors*®. Genetically encoded FRET sensors have several
advantages over ICP including greater spatial resolution, subcellular targeting, and
measurement of biologically available Zn not just the total Zn. Genetically encoded
sensors also can quantify the in vivo Zn concentration, unlike the fluorescent dyes,

which is vital for comparative studies.

Currently, three different Zn FRET sensors are being used in subcellular Zn studies.
The ZapCY sensors*® and the eCALWY sensors**® both have a CFP-YFP FRET
pair and the recently developed eZinCH-2 utilises a Cerulean and Citrine FRET

pair*'’. The amino acids that bind Zn in these sensors are histidine and cysteine
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residues and both are pH and redox sensitive*'#49 and therefore require in vivo
calibration. This is especially important for Zn quantification in the ER which is a
much more oxidising environment than the cytosol and so could obscure
calculations*?°, To date using this careful approach with a range of different sensors
of differing affinities, cytosolic Zn concentration in Arabidopsis roots has been
calculated to be in the 400 pM range, differing between biological replicates and
different areas of the root*. ER Zn concentration has not been calculated in plants.
Experimental values in mammalian cell lines using genetically encoded FRET
sensors and targetable fluorescent sensors show Zn levels 10-100 times lower than
the cytosol**>42! whereas other studies using eCALWY sensors show free Zn
concentration of around 5 nM, higher than the cytosol*??. These conflicting data

highlights the difficulty in assaying Zn levels in the ER.

Unfortunately, work with genetically encoded Zn FRET reporter plants in this study
was not taken to completion but could be carried on in the future. Instead, gene
expression analysis has been used as a proxy to investigate subcellular levels of Zn
and Fe. The advantage of using gene expression analysis is the speed at which
results can be gathered in contrast to the use of genetically encoded FRET sensors.
However, expression of genes may not be a direct read out of transport activity due
to post-transcriptional regulation, for example the activity of the ZIP transporter
AtIRT1 is controlled by endocytosis and degradation when its cytosolic loop binds
non-target metals such as Zn and Mn'?4, The occurrence of such regulation in other

ZIPs including those tested in this study is currently unknown.
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5.2 Results

5.2.1 Atiarl-3 and Atiarl-t mutants are predicted to have differing
severity of phenotype

To investigate the role of AtlIAR1 in Zn homeostasis, two different Arabidopsis
mutants were used in this study; Atiarl-3 and Atiarl-t mutants shown below in
Figure 5.3. Atiar1-3 is a partially characterised mutant found during a screen for
IAA-Ala insensitivity by Lasswell et al*2® and contains a frame shift mutation
leading to amino acid substitutions in the C-terminus of the protein. By contrast
Atiarl-t is a T-DNA insertion line (SALK_ 047876C) not yet characterised, with
the T-DNA insertion site within an exon coding for part of the helix a5. Therefore,
Atiarl-t is predicted to be a full knockout whereas Atiarl-3 is predicted to show

expression of the Atiar1-3 gene which lacks some AtIAR1 functionality.
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N Protein C-terminal sequence

¢ ER lumen AtTAR1 SLILGMSVALCISLIE*

OsIAR1 SLTMGMLVALGISLVE*

NtIAR1 SLLSGMAVALCISLVE*

Cytosol ZmlAR1 SLAMGMLVALGISLVE*

GmIAR1 SLTIGMAVALGISLVE*

MplIARI1 ALTVGMGIAVAISLAE*

& Atiarl-3 — Ncutron mutagencsis
Atiarl-1=T-DNA insertion Atiar]-3 SLILGPECCSLHLSYRMIS*

Figure 5.3 Atiarl mutants used in this study. (A) Schematic of AtIAR1 topology
with the yellow and red asterisks representing the amino acid positions
corresponding to the site of T-DNA insertion or neutron mutagenesis in Atiarl-t
and Atiarl-3 plants respectively. Transmembrane helices containing conserved
transport-associated residues are in grey and histidine rich loops shown in red. (B)
Amino acid sequences at the C-terminus in AtIAR1, AtlIAR1 plant homologues and
Atiarl-3. Asterisks indicate STOP codons while the residues in red are those altered
through a frame shift mutation in the Atiarl1-3 gene. Residues highlighted in grey
are those showing 100% conservation in the sample of plant AtlAR1 homologues
shown (Oryza sativa, Nicotiana tabacum, Zea mays, Glycine max and Marchantia

polymorpha).

To firstly check whether Atiarl-3 and Atiarl-t showed disruption of expression of
AtlAR1, transcription level was measured using reverse transcriptase quantitative
PCR (RT-gPCR) as shown in Figure 5.4.
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Figure 5.4 AtlAR1 expression in Atiarl-3 and Atiarl-t plants. RNA extracted
from whole plants grown for 16 days in Zn deficient (0 Zn added), Zn control (1
uM) and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. Expression was calculated using the 2-ACt method®*°, using
internal reference genes AtUBC and AtTIP41, and relative to the mean expression
seen in the Col-0 genotype within control Zn conditions for each of three biological
replicates. Data displayed using R version 4.1.1. Error bars display the standard
error of the mean (SEM). Lower case lettering indicates statistically significant
differences between groups (labelled sequentially from ‘a’ in order of estimated
mean) as calculated using analysis of variance (ANOVA) using Tukey’s method for

p-value adjustment3®® for 9 groups using a p-value cut-off of 0.05.

As shown above, the predicted differences in expression between Col-0 and the
Atiarl mutants were not seen in the expression level of AtlIAR1, possibly due to low
signal to noise ratio. Additionally, a complete absence of AtIAR1 transcript was
detected for Atiarl-t across all Zn conditions. To assess the effect of these
mutations on Zn homeostasis a selection of phenotypes associated with sensitivity
to Zn deficiency and excess was assayed for Col-0, Atiarl1-3 and Atiarl-t

genotypes.
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5.2.2 Root and shoot phenotypes vary across Zn conditions and

genotypes

5.2.2.1 Atiarl-3 and Atiarl-t show different primary root growth responses to
altered Zn

Primary root length has been reported as reduced in mutants sensitive to Zn
deficiency (Atbzip19 Atbzip23 double mutants’*) and Zn excess (Atmtpl
mutants®®). Therefore, the primary root length of Atiar1-3 and Atiarl-t was

measured in Zn deficiency and excess conditions as shown below in Figure 5.5.

159



0 1 150

b c a b c b d e de

g60
£
=
ES)
e
S40
©
o
14
=
©
£20 i
o

0

Col-0 iar1-3 iar1-t Col-0 iar1-3 iar1-t Col-0 jar1-3 iar1-t
Genotype

Figure 5.5 Primary root length of Atiarl mutants grown on different Zn levels.
Primary root length was measured from Col-0 (grey), Atiarl-3 (blue) and Atiarl-t
(green) plants grown for 10 days in Zn deficient (O Zn added), Zn control (1 puM)
and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. At least 50 plants were measured in each of three biological
replicates. Data displayed using R version 4.1.1. Statistically significant differences

between groups were calculated and displayed as in Figure 5.4.

As shown above, in Zn deficient conditions, there is a significant reduction in
primary root length in Atiarl-3 mutants relative to the control, and this difference
persists across all Zn conditions. On the other hand, the Atiarl-t mutant shows
increased primary root length only in Zn deficient conditions. This suggests the two
mutants are responding to Zn differently with the Atiarl1-3 mutant showing a Zn-
independent root growth reduction relative to Col-0. All genotypes responded

similarly to Zn excess conditions with a reduction in primary root length.
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5.2.2.2 Atiarl-3 and Atiar-t show altered shoot development

Shoot fresh weight and chlorophyll content have been shown to be influenced by
Zn deficiency!? and excess®*2 in Arabidopsis. Therefore, to assess the impact of
AtIARL1 activity on these features, the shoot fresh weight was recorded along with

chlorophyll content for Col-0, Atiarl-3, and Atiarl-t plants.
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Figure 5.6 Shoot phenotypes of Atiarl mutants grown on different Zn levels.
(A) Shoot fresh weight and (B) chlorophyll content was measured from Col-0
(grey), Atiarl-3 (blue) and Atiarl-t (green) plants grown for 16 days in Zn deficient
(0 Zn added), Zn control (1 uM) and Zn excess (150 uM) conditions on modified
Hoagland’s media containing EDTA-washed agar. Data displayed using R version
4.1.1. For each of 3 biological replicates, plant shoot tissue from at least 30 plants
was separated into 50 mg pools before measuring. Statistically significant

differences between groups were calculated and displayed as in Figure 5.4.
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Firstly, the Col-0 response to deficient and excess Zn conditions is to reduce shoot
fresh weight. Under Zn deficient conditions and control optimal Zn conditions, the
Atiarl-3 mutant is similar to the Col-0 genotype for shoot fresh weight but shows
reduced chlorophyll content in Zn deficient conditions. The Atiarl-t mutant under
Zn deficient and control conditions shows increased shoot fresh weight with
reduced chlorophyll content. The magnitude of the differences increases between
the Atiarl-3 mutant and the Atiarl-t, suggesting that the Atiarl-t mutant has a more
severe shoot growth phenotype. In Zn excess conditions, no differences were seen
between Col-0 and either Atiarl mutant.

This reduction of chlorophyll content along with increased shoot fresh weight for
Atiarl-t under deficient and control conditions suggest that in these conditions, the
Atiarl-t plants and to a lesser extent the Atiarl-3 plants show a greater proportion
of low-chlorophyll density tissues such as hypocotyl and petioles. This may imply
that the shoot response seen in Zn is a developmental one. Interestingly, in Zn
excess conditions this trend is reversed or lost in Atiarl-3 and Atiarl-t plants

respectively suggesting that Zn excess may interact with this phenotype.

The Zn deficiency sensitive Atbzipl9 Atbzip23 double mutants are unable to
increase the expression of Zn transporters and show reduced root length and shoot
weight in Zn deficient conditions™. Neither Atiar1-3 nor Atiarl-t plants showed
both these features, suggesting AtlAR1 is not involved in Zn deficiency. However, a
small reduction in root length under all Zn conditions similar to that seen in Atzip9
and Atzip12 mutants was observed for Atiarl-3 mutants'®. This could suggest a
similar mechanism for root shortening driven by reduced Zn availability in Atiarl-3

mutants, which is further investigated below.

The Zn excess sensitive Athmal mutants are unable to detoxify Zn effectively and
show a reduction in root length, shoot fresh weight and chlorophyll content in
excess Zn conditions*?3, Neither Atiar1-3 nor Atiarl-t mutants show a similarly
consistent phenotype in excess Zn conditions, suggesting AtlIAR1 is not involved in

plant-wide Zn detoxification.

Overall, this highlights that these mutants may show divergent phenotypes across
Zn conditions, which may relate to the differing severity of the mutations. Further

investigation of the role of AtIAR1 in Zn homeostasis can be achieved by assessing
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the transcriptional response of Atiarl-3 and Atiarl-t mutants to Zn deficiency and

excess conditions.

5.2.3 Expression analysis reveals altered Zn deficiency and excess

response in Atiarl-3 and Atiarl-t plants

5.2.3.1 Parts of the local Zn deficiency response may be reduced in Atiarl-t

mutants

Yeast®® and animal homologues®’” of AtIAR1 have been shown to be contributors
to control of cytosolic Zn levels in Zn deficient conditions. A proxy for direct
measurement of intracellular Zn in Arabidopsis using gene expression relies on the
local Zn deficiency response that is bZIP19/23 dependant. Nuclear Zn deficiency
increases activity of the bZIP19/23 transcription factor pair'?° and resultant
expression of bZIP19/23 regulated genes can be monitored. Proxy genes
(AtZIP3,4,5,9) were selected based on presence of a Zn deficiency response

element (ZDRE) and reduced expression in Atbzip19/23 double mutants’.

AtZIP3 has been shown to transport Zn in yeast mutant complementation assays®
and has its expression induced in both roots and shoots during Zn deficiency
induced by AtMTP1 overexpression*?*, AtZIP4 is localised on the plasma
membrane’? was shown to transport Zn®2 in addition to Cu®® and although is
expressed in roots and shoots’®4?° has its expression upregulated predominantly in
roots under Zn deficiency’?. AtZIP5 in yeast complementation assays has been
shown to transport Mn®8 but also Fe and Zn"®. AtZIP5 has previously been shown to
be induced in roots and shoots under Zn deficiency’*4?% and in the leaf vasculature
under Fe excess conditions’*?". The transport specificity of plasma membrane
localised AtZIP97? is questionable as it has been shown in independent yeast
complementation assays to transport Mn but not Zn®8 but also Zn and not Mn’2,
Expression of AtZIP9 was seen in roots and shoots*?®, but like AtZIP4, is induced
mainly in the roots in Zn deficiency’2. In addition to expression during Zn

deficiency AtZIP9 was also seen to be induced in shoot and roots in low Fe in a
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AtbHLH100/AtbHLH101-dependant manner*?, How these different genes are

regulated in Col-0, Atiarl-3 and Atiarl-t plants is shown below in Figure 5.7.
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Figure 5.7 Expression of genes involved in AtbZ1P19/23 dependant regulation. .

For each of 3 biological replicates, RNA was extracted from whole Col-0 (grey),

Atiarl-3 (blue) and Atiarl-t (green) plants grown for 16 days in Zn deficient (0 Zn

added), Zn control (1 uM) and Zn excess (150 pM) conditions on modified

Hoagland’s media containing EDTA-washed agar. Expression and statistically

significant differences between groups was calculated and displayed as in Figure

5.4.
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As shown, all genes selected show an increase in expression in Zn deficient
conditions in Col-0 as expected. AtZIP4 shows statistically significant increases in
expression under Zn deficient conditions in all genotypes. AtZIP3 and 9 expression
show no statistically significant differences between genotypes within the same Zn
condition. However, expression of AtZIP3 and 9 is not statistically significantly
induced in Zn deficiency in either Atiarl mutant. Additionally, AtZIP5 is not

induced in Atiarl-t unlike Col-0 and Atiar1-3 in Zn deficiency conditions.

In comparison to the local Zn deficiency response seen in bZ1P19/23 dependant
expression, AtMTP2 is thought to be regulated by a shoot-derived Zn deficiency
signal® representing systemic Zn deficiency. AtMTP2 is thought to transport Zn
into the ER in the roots which may help root-to-shoot translocation of Zn. This led
to the hypothesis that AtMTP2 activity and therefore the systemic Zn deficiency
response may be regulated by AtlIAR1 activity which could transport Zn in the
opposite direction according to the AtIAR1 model of Rampey et al, 2013, It was
therefore important to check whether AtMTP2 expression changed in Atiarl

mutants (Figure 5.8).
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Figure 5.8 Expression of AtIMTP2 in Atiarl mutants. For each of 3 biological
replicates, RNA was extracted from whole Col-0 (grey), Atiar1-3 (blue) and Atiarl-
t (green) plants grown for 16 days in Zn deficient (0 Zn added), Zn control (1 pM)
and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. Expression and statistically significant differences between

groups was calculated and displayed as in Figure 5.4.

As shown in Figure 5.8, there is no statistically significant difference between
genotypes or Zn treatment groups. However, there is a possible trend of increased
expression of AtMTP2 in Zn deficient conditions in all genotypes, which may
warrant further repeats of this experiment. Transcription of the chosen AtZIP genes
and AtMTP2 is repressed under excess Zn and so a different set of genes was

analysed for assessing the influence of AtIAR1 in the Zn excess response.

5.2.3.2 Atiarl-3 mutants show an enhanced Fe deficiency response

In Zn excess, Zn outcompetes Fe for Fe-binding sites and so leads to functional Fe

deficiency. Therefore, a transcriptional output for Zn excess is expression of genes
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responsible for Fe deficiency. Genes chosen to be measured for the Fe deficiency
response were AtIMA1 and AtHLH38 because of their known upregulation in

response to Fe deficiency®116L,
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Figure 5.9 Expression of Fe-deficiency genes in Atiarl mutants. For each of 3
biological replicates, RNA was extracted from whole Col-0 (grey), Atiarl-3 (blue)
and Atiarl-t (green) plants grown for 16 days in Zn deficient (0 Zn added), Zn
control (1 uM) and Zn excess (150 uM) conditions on modified Hoagland’s media
containing EDTA-washed agar. Expression and statistically significant differences

between groups was calculated and displayed as in Figure 5.4.

As shown in Figure 5.9, AtIMA1 is more upregulated in Atiarl-3 mutant plants
under excess Zn conditions relative to Col-0. In addition, there appears to be no
statistically significant differences in mean expression of AtHLH38 in Atiarl1-3 and
Atiarl-t plants relative to Col-0, although only in Atiarl-t in Zn excess is AtHLH38
expression level significantly different from that in control Zn conditions. This

suggests that Zn excess may be more severe in Atiarl-3 and Atiarl-t mutants
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leading to an increased Fe deficiency response. Further work on other genes
induced in Fe deficiency such as AtIRT1 and AtFRO2 may help test this hypothesis.

The gene expression data shown so far are responsive mostly to cytosolic or nuclear
Zn levels. As AtlARL1 is likely located on the ER membrane and probably
transports Zn, genes responsive to ER Zn levels were also investigated. It is
hypothesised that low Zn in the ER causes ER stress in yeast*!? and in
Arabidopsis®®. Therefore, expression of AtBiP genes, which are responsive to ER
stress, was therefore investigated to determine if Atiarl mutants showed altered Zn-

dependant ER stress.
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Figure 5.10 Expression of AtBiP genes in Atiarl mutants. For each of 3
biological replicates, RNA was extracted from whole Col-0 (grey), Atiarl-3 (blue)
and Atiarl-t (green) plants grown for 16 days in Zn deficient (0 Zn added), Zn
control (1 uM) and Zn excess (150 uM) conditions on modified Hoagland’s media
containing EDTA-washed agar. Expression and statistically significant differences

between groups was calculated and displayed as in Figure 5.4.

170



It was seen for AtBiP genes that there was no significant change in expression
under any Zn condition or between genotypes. However, under high Zn there is a
possible trend of increased AtBiP expression for Atiarl-t. Further repeats along
with protein quantification could be carried out to investigate this possible trend.
Increasing ER stress with growth in high salt conditions may also help investigate
the role of AtlIARL in ER stress.

Overall, under Zn excess, there is an increase in Fe deficiency in the Atiarl-3
mutant. This implies AtIAR1 may function to reduce Zn toxicity such as through
transport of Zn into the secretory pathway from the cytosol. To further test this
hypothesis, and investigate any potential root and shoot metal distribution changes,

measurements of Zn levels were performed in roots and shoots using ICP-OES.

5.2.4 ICP-OES analysis show no change in Mn, Zn and Fe levels in
Atiarl-3 plants

Mutants in metal uptake or root-to-shoot translocation show differences in metal

abundance in root and shoot. Since Atiarl mutants showed altered gene expression
in Zn deficiency and excess conditions, it was hypothesised that this response may
correlate with altered metal distribution in the plant. Therefore ICP-OES was used
to measure metal abundance in the roots and shoots separately. The metals chosen
to be measured were Zn, Mn and Fe which reflect the most common metals altered
in changing Zn conditions. Unfortunately, only the Atiarl-3 mutant was analysed

alongside the Col-0 background.
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Figure 5.11 Zn content in root and shoot of Col-0 and Atiarl-3 plants. (A) Zn
content in roots and shoots separately or (B) root/shoot ratio for Col-0 (grey) and
Atiarl-3 (blue) plants grown for 16 days in Zn deficient (0 Zn added), Zn control (1
uM) and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. Data displayed for 3 biological replicates using R version
4.1.1. Error bars and statistically significant differences between 6 groups were

calculated and displayed as in Figure 5.4.

As shown in Figure 5.11A, Zn content significantly increases in Zn excess in both
root and shoot samples. Further analysis of the root/shoot Zn ratio in Figure 5.11B

shows that in all conditions, Zn is preferentially stored in roots, which is counter to
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what is seen in the Zn hyperaccumulator species Arabidopsis hallerit2, There were
no differences observed between Zn content in Col-0 or Atiarl-3 plants under any
Zn condition.
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Figure 5.12 Mn content in root and shoot of Col-0 and Atiar1-3 plants. (A) Mn
content in roots and shoots separately or (B) root/shoot ratio for Col-0 (grey) and
Atiarl-3 (blue) plants grown for 16 days in Zn deficient (0 Zn added), Zn control (1
MM) and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. Data displayed for three biological replicated using R version
4.1.1. Error bars and statistically significant differences between 6 groups were
calculated and displayed as in Figure 5.4.
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With increasing Zn concentration in the media, Mn content was seen to
progressively decrease in the shoot (Figure 5.12) indicating potential competition
with Mn transport by Zn. No statistically significant changes in Mn content in roots
or shoots were observed between Col-0 and Atiarl-3 mutants within any of the Zn
supply conditions. Root-to-shoot ratio of Mn decreased severely in Zn excess
conditions, where root Mn levels are decreased to a higher extent in the root than
the shoot. This suggests Mn demand is higher in the shoot than the root under these

Mn-limiting conditions.

174



0 1 150

750 a a a a b b

500 %
= o
g -
gzsﬂ
<
2, I A | | e R | e s——
b=
o
2,50 b b b b a a
(=]
o
LE)
L 500 2

=1
- -
o| —— i | T -
Col-0 iart-3 Col-0 iar1-3 Col-0 iar1-3
Genotype
0 1 150
i& b b b b

-
=

Fe content (Root/Shoot)

w

a a
| e e | DN RN "

Col-0 iar1-3 Col-0 iar1-3 Col-0 iar1-3
Genotype

Figure 5.13 Fe content in root and shoot of Col-0 and Atiarl-3 plants. (A) Fe
content in roots and shoots separately or (B) root/shoot ratio for Col-0 (grey) and
Atiarl-3 (blue) plants grown for 16 days in Zn deficient (0 Zn added), Zn control (1
uM) and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. Data displayed for three biological replicates using R version
4.1.1. Error bars and statistically significant differences between 6 groups were

calculated and displayed as in Figure 5.4.

With excess Zn conditions, Fe content was seen to decrease in the shoot and

increase in the root (Figure 5.13A). This can be seen in the root to shoot ratio of Fe
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which increased in excess Zn conditions. This suggests Fe may be increased in the
root to maintain available Fe levels in a background of increasing competition for
binding sites with Zn. There was however, no differences in Fe content between

Col-0 and Atiarl-3 plants in this experiment.

Overall, no changes in Zn, Mn or Fe levels were seen between Col-0 and Atiarl1-3,
suggesting any changed subcellular ion homeostasis has not impacted wider metal

homeostasis in Zn deficiency or excess conditions.

5.2.5 Hydroponic long-term growth showed little difference
between Col-0 and Atiar1-3 plants

To determine whether the effects seen when grown on Zn deficient or excess agar
were representative of longer-term growth under these conditions, Col-0 and
Atiarl-3 mutants were grown in hydroponic conditions, designed to elicit Zn
deficiency, control and Zn excess conditions. However, there were no statistically
significant changes in the fresh weight of shoot or root tissue between Col-0 and
Atiarl-3 plants after six weeks of hydroponic culture (data not shown). Further
work optimising growth conditions to elicit appropriate Zn deficiency and excess
conditions may prove helpful in investigating long term growth trends in Col-0 and

Atiarl mutant plants.
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5.3 Discussion

5.3.1 Atiarl mutants show mostly developmental phenotypes in Zn

deficiency and control Zn conditions

Growth on EDTA-washed agar achieved Zn deficient conditions as demonstrated
with all genotypes showing reduced shoot fresh weight and induction of Zn
deficiency genes when compared to control replete conditions. It is interesting to
note that these conditions did not lead to a measured reduction in Zn content in the
plant, potentially due to the compensatory mechanisms employed to maintain

sufficient Zn.

The Atiarl-3 mutant does not show sensitivity to Zn deficiency relative to Col-0.
Atiarl-3 showed decreased primary root length and reduced chlorophyll content
when compared to Col-0 in deficient and control Zn conditions, perhaps suggesting
developmental control of root and shoot growth may be a contributing factor rather
than Zn deficiency sensitivity. The Atiarl-3 mutant showed no statistically
significant changes in expression of genes during Zn deficiency compared to Col-0
which correlated with ICP-OES analysis showing no change in metal content or

distribution in Zn deficient conditions.

In Zn deficient media Atiarl-t showed increased primary root length and reduced
chlorophyll content alongside increased shoot fresh weight when compared to Col-
0, but this phenotype was also seen in control Zn conditions suggesting
developmental control of hypocotyl and petiole length may be a contributing factor
for both Atiarl mutants rather than Zn deficiency sensitivity. The Atiarl-t mutant
showed no induction of AtZIP5 in Zn deficient conditions, unlike Col-0 and Atiar1-
3 suggesting some portion of Zn homeostasis is disrupted in Atiarl-t. Further work
characterising the expression profile of these differently regulated genes may
provide insight into the potential mechanism behind this reduced expression in
Atiarl-t.
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Taken together, it appears that AtIARL is unlikely to play a role in Zn homeostasis
in Zn deficiency.

5.3.2 Slight Zn excess sensitivity is seen in Atiar1-3

Despite showing no strong growth phenotype, the Atiarl-3 mutant showed a
statistically significant increase in expression of AtIMA1 suggesting an increase in
the Fe deficiency response through reduced Zn detoxification. Expression of
AtIMAL1 is associated with increased expression of Fe uptake genes however the
effect of this is not seen in the ICP-OES data where the Atiarl-3 mutant shows
similar Fe content to Col-0. This may suggest the disturbance of the Zn excess
response is limited to subcellular compartments and doesn’t interfere with whole
plant Zn and Fe homeostasis, or that regulation of AtIMAL may be separated from

that of Fe import genes.

Atiarl-t mutants showed similar root phenotypes, shoot phenotypes and expression
profiles to Col-0 in Zn excess conditions. In addition to completing ICP-OES
analysis on Atiarl-t plants, further work on AtlIAR1 and Fe deficiency response
could include the inclusion of more Fe deficiency regulated genes in the analysis
and testing growth and metal content of both Atiar1-3 and Atiarl-t mutants in Fe
deficient conditions containing 1 uM Zn. Together this may reveal details on the

mechanism behind the AtIMA1 upregulation in Atiarl-3 plants.

Overall, it appears that Atiar1-3 may be slightly sensitive to Zn excess although

further work is needed to explore this possibility, and the mechanisms behind it.

5.3.3 Atiarl-3 and Atiarl-t mutants differ in their Zn related
phenotypes

Atiarl-t is predicted to be a knockout mutant, whilst Atiar1-3 is predicted to

express Atiarl-3 which lacks some AtlAR1 functionality. In shoot growth

178



phenotypes, Atiarl-3 plants showed a phenotype intermediate between Col-0 and
Atiarl-t of higher shoot fresh weight and reduced chlorophyll in Zn deficient and
control conditions. However, in the root growth phenotype of Atiarl-3 did not
match that of Atiarl-t. For example, in Zn deficiency Atiarl-3 had smaller primary
roots whilst Atiarl-t had longer primary roots than Col-0. This difference in
phenotype may reflect the partial functionality of Atiar1-3 proteins, which may
interfere with root-specific processes in a way not seen in the Atiarl-t knockout

mutants.

As AtlAR1 activity has been shown in this study to influence shoot and root
development and is thought to control auxin conjugate hydrolysis'-?8 the Zn
dependence of developmental changes related to auxin are examined further in
Chapter 6.
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Chapter 6: AtIAR1 and auxin homeostasis
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6.1 Introduction

6.1.1 Auxin signalling, metabolism, and transport

Auxin is a major plant hormone involved in many developmental processes in
plants. Auxin has been shown to signal through indole-3-acetic acid (IAA, auxin)
binding to intracellular receptors including TRANSPORT INHIBITOR
RESPONSE1 / AUXIN SIGNALLING F-BOX PROTEIN (TIR1/AFB) and
AUXIN / IAA (Aux/IAA) coreceptors which then leads to release of AUXIN
RESPONSE FACTORS (ARFs) from repression to bring about a transcriptional
response?!6:217219.225 | AA binding has also been demonstrated for AUXIN
BINDING PROTEIN1 (ABP1)%% which localises to the endoplasmic reticulum
(ER) and plasma membrane?®® and is thought to be responsible for signalling from
extracellular IAA potentially through TRANSMEMBRANE KINASE 1

(TMK1)238-240_ For further information on auxin signalling see Chapter 1.3.2.

One of the ways to control auxin signalling is through altering the concentration of
cellular IAA through regulation of the synthesis, conjugation and degradation of

IAA, as shown below in Figure 6.1.
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Figure 6.1 Auxin synthesis, conjugation, and degradation pathways.
Metabolites in red represent metabolites investigated in this study. For details of

metabolic conversions see text and Chapter 1.3.3 and Chapter 1.3.4.

In young seedlings, the majority of IAA synthesis occurs in above-ground tissue
particularly cotyledons, but all tissues do show localised de novo synthesis?41242,
IAA can be synthesised mostly from tryptophan (Trp) but also Trp-independent
sources®*®, The pathway of IAA synthesis from Trp can take two routes; via indole-
3-acetaldoxime (IAOXx) or via indole-3-pyruvic acid (IPA). The route via IAOx
involves reactions catalysed by AtCYP79B2/B3%72°%8 and AtCYP71A13%%2 to
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produce indole-3-acetonitrile (IAN) which can then be converted to 1AA through
the activity of AINITRILASE12%3264, The route via IPA involves TAA/TAR and
YUCCA enzymes?*’-24® and is thought to be the major pathway to synthesis
|AA252’253.

The concentration of active IAA is then also controlled through its conjugation into
inactive storage forms and degradation via oxidation. These inactive conjugates
include methylated IAA, amide-linked 1AA and ester-linked IAA. Methylated IAA
is formed through IAA CARBOXYMETHYLTRANSFERASE 1 (AtIAMT1)3%!
and this process is reversed via esterases including AtMES17°%?. Amide-linked
IAAs include amino acid linked 1AAs (IAA-aas), peptide linked IAA and protein
linked IAA. IAA-aas are formed from IAA through the action of enzymes in the
Gretchen Hagen 3 (GH3) family?"°2™, In some cases (IAA-Asp and IAA-Glu), this
conjugation is irreversible?’® whereas in other cases (IAA-Ala, IAA-Leu, IAA-Phe
among others) the conjugation is reversible through the activity of ER-localised
IAA-aa hydrolases?’®282, The major ester-linked 1AA conjugate observed in
Arabidopsis is IAA-glucose (IAA-GIc). This conjugation to glucose occurs through
the activity of UDP-glucosyltransferases (UGTS), predominantly AtUGT84B1%8¢-
293 The glycosylation of IAA is reversible in rice?®* and maize?®®, and although a
hydrolysis step has not yet been demonstrated in Arabidopsis, it is suspected?®,
Oxidation is the main pathway by which IAA is catabolised. DIOXYGENASE
FOR AUXIN OXIDATION enzymes (AtDAQO1/2)3043% catalyse the oxidation of
IAA to oxIAA, which can then become glucosylated to oxlAA-Glc through the
action of AtUGT74D1%,

The concentration of active IAA is also controlled by polar transport between and
within cells and tissues to create gradients. In order to create auxin concentration
gradients across tissues to generate a developmental response, various auxin
transporters are required. These transporters include the polarly localised long
PINFORMED (PIN) auxin exporters'®18’ AUXIN-RESISTANT1/ LIKE AUX1
(AUX1/LAX) auxin importers??202429  ATP-BINDING CASSETTE (ABC)
transporters?®’43 and AtNRT1.12%°. In addition, subcellular compartmentalisation
of IAA is also controlled by transporters. Transporters such as short PINs and PIN-
LIKES (PILS) family members localise to the ER and co-ordinate IAA transport
between the ER and cytosol***1%°, In addition, WALLS ARE THIN1 (AtWAT1)
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was shown to be important for release of vacuolar stores of IAA, For further

details on auxin transporters see Chapter 1.3.1.

Transport of IAA also occurs at the whole plant level from IAA sources to sinks
and appears to progress through narrow routes including the vasculature system.
These auxin transport pathways are reinforced in a positive feedback loop in a
process referred to as canalization that requires IAA-dependant changes in PIN

localisation?83:311-315,

6.1.2 Auxin in development

6.1.2.1 Auxin homeostasis and primary root growth

Primary root length is an essential feature of root architecture to aid nutrient and
water acquisition. Root growth is maintained by the root apical meristem (RAM).
There are three domains within the RAM; the stem cell niche (SCN), the
proliferation zone and the transition zone, with the elongation zone lying above the
transition zone, outside of the RAM. In the SCN a population of stem cells is
maintained; these then divide asymmetrically into transit amplifying cells which
move into the proliferation zone where they divide further. These cells then begin
differentiating in the transition zone which includes elongation that continues into
the elongation zone above the RAM*3433, This balance of division and
differentiation in the RAM is a tightly controlled process which leads to root
growth!’®. Root growth is therefore determined by division rate in the meristem and
the extent of elongation in the elongation zone***. A major part of this control
comes from the cross talk and antagonism between auxin and cytokinin with auxin

promoting division and cytokinin promoting differentiation and elongation’1:27°,

Auxin, sourced redundantly from the shoots and synthesised locally, is important
for maintaining the SCN in the meristem and therefore root elongation?42°14% Tq
generate an auxin gradient, auxin is transported via the stele (made of pericycle and

vasculature tissue) towards the quiescent centre (QC) through the activity of
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AtPIN18 and AtPIN772. Auxin is then further concentrated to the root tip by
activity of AtPIN2 localised to the basal membrane of cells in the cortical
layer!’2185436 and AtPIN4 localised to the basal layer of cells surrounding the QC
and provascular cellst’2. AtPIN3 and AtPIN7 are localised on the membrane
symmetrically in the columella cells, but react to changing gravitational stimuli
such as during root skewing by polarising their localisation to induce
gravitropism?®437  Auxin is then transported to the epidermal layers and up in a
shootward direction through the action of AtPIN2 localised to the apical layer of
epidermal cells'’243%, AtAUX1, which facilitates auxin uptake into cells, has been
shown in modelling to be vital for maintaining auxin gradients within the root tip
and elongation zone by preventing flow of auxin from the root-to-shoot stream in
the epidermis into the shoot-to-root stream in the stele**®. This IAA transport in the

root tip is summarised in Figure 6.2.

Cytokinin acts antagonistically to auxin in the root to promote cellular
differentiation instead of division thereby reducing the root meristem size'®,
Cytokinin activity through SHORT HYPOCOTYL2 (SHY?2) represses auxin
signalling and downregulates AtPIN1, 3, 7 expression reducing auxin concentration
at the QC whilst auxin activity causes degradation of AtSHY2!"t, Cytokinin also
acts through upregulation of the short PIN gene AtPIN5, and AtGH3.17 which
promote the uptake of auxin into the ER and conjugation, including to IAA-Glu

respectively!?,
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Figure 6.2 Auxin transport in the root tip. Quiescent centre in red where a stem
cell niche (SCN) is maintained. Auxin transport shown by blue arrows maintains
the SCN and determines the ratio of division to differentiation in the root tip. Auxin
(blue) and cytokinin (yellow) concentration gradients can be seen to decrease and
increase respectively as cells transition from division to elongation as they move

away from the SCN. LRC denotes the lateral root cap.

The elongation of root cells is also influenced by auxin levels through apoplastic
pH changes**. According to the acid growth hypothesis, a drop in apoplastic pH
loosens cell walls and so enables elongation®4#42 and indeed the apoplastic pH
decreases in the transition zone relative to the elongation and division zone,
coincident with the beginning of elongation**3. However, when IAA is applied

exogenously at high concentration, root length decreases*** through apoplastic
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alkalinisation requiring TIR1 auxin signalling, which at high auxin concentration
dominates over the TMK1-mediated phosphorylation and activation of proton
pumps on the plasma membrane®4%443, At lower concentrations, the TMK1 pathway
domain dominates and so promotes root cell elongation. These results display the
concentration-dependence of the activity of auxin that has been illustrated in a

variety of contexts?283445:446,

Other factors that change during cell expansion include cytoskeletal reorganisation
and vacuolar expansion which control the ratio of cell elongation to radial

expansion*">2 and turgidity of the cells respectively*>34>,

6.1.2.2 Auxin homeostasis and lateral root formation

Lateral root (LR) formation is an important part of root architecture that
dynamically exploits new areas of soil. LR formation involves four stages; pre-
branch site formation, initiation, primordium formation and emergence*®. LR pre
branch site formation starts from the priming of xylem pole pericycle (XPP) cells.
This priming is responsive to changes in cell shape and gravitropism that are
accompanied with root skewing, in a process dependant on AtAUX1 and AtPIN1
activity®®®4%’ The auxin that is required in this context is derived from programmed

cell death releasing IAA from indole butyric acid in the LRC#%8460,

An auxin threshold is required to be reached within these XPP cells for initiation,
wherein the XPP cells re-enter the cell cycle and undergo asymmetric division*®? in
a process that utilises shoot-derived auxin®®24%4 locally synthesised auxin?'4¢> and
auxin transporters*%. AtPIN3 acts in endodermal layers to transport auxin back into
XPP cells*®” while AtAUX1 is important in mobilisation of auxin from source
tissue in the shoot and auxin uptake in XPP cells*®8, This high level of auxin
activates auxin signalling components that mediate the cell specification required

for undergoing the asymmetric division®®°.

After initiation, cells undergo primordium formation and emergence in which the
primordium undergoes rapid division to push through the outer layers of root

cells?*, Following outgrowth, the LR emerges from the primary root and becomes
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organised similarly to the primary root tip with epidermal, cortex and endodermal
layers*®. This process of emergence requires a very localised expression of an
auxin uptake transporter (AtLAX3) to the endodermal and cortical cell layers
enabling auxin concentration in these cells?®*. This concentration of auxin can then
stimulate the expression of genes for cell wall modification enzymes enabling LR

emergence*’®. This process is illustrated below in Figure 6.3.

Pre branch site e ese s LR outgrowth and
. LR initiation 8
formation emergence
Transition zone
Epidermis
/ Cortex
Endodermis | -

_ — Cstele -
i —

=

Gravity

Figure 6.3 Lateral root formation. Within the primary root, pre branch site
formation starts from priming xylem pole pericycle (XPP) cells (orange cells). To
initiate LR formation, auxin transporters (blue arrows) create an auxin local
maximum in primed XPP cells (blue cells). Once initiated, LR outgrowth and
emergence breaches the outer root layers to form a stem cell niche (red cells) with

similar structure to that of the primary root.

6.1.2.3 Auxin homeostasis and hypocotyl length

The Arabidopsis hypocotyl epidermis is formed of around 20 cells from top to
bottom which co-ordinate hypocotyl length exclusively through cell expansion*’?.

Many hormones are involved in regulating this expansion including auxint2473,
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ethylene*’*47 and gibberellins*’®47" which all interact*’8, In addition, the cell
elongation depends on cell wall integrity*’°4%, cytoskeletal components*®! and
vacuole-mediated cell turgidity*®2-484, All these factors are influenced differently by

light, which inhibits hypocotyl elongation®*>476:478.485-487

In both light and dark conditions, auxin promotes cell expansion in shoot
hypocotyls through acid-induced growth, where auxin induces apoplastic
acidification and so promotes wall-loosening and cell extension*8848° Auxin-
dependant cell elongation requires TMK1%%°, the TIR1/AFB signalling
pathway*914%2 and expression of SMALL AUXIN UP RNA (SAUR) genes, together

leading to activation of a plasma membrane H*-ATPasg?89491:493494

Emergence of seedlings from soil involves rapid hypocotyl elongation through cell
elongation alone, along with the development of an apical hook which acts to
protect the shoot apical meristem as the plant pushes upwards®®4t, This
developmental programme in the dark is referred to as skotomorphogenesis.
Interestingly, there is heterogeneity in the rate of elongation within
skotomorphogenesis, with the initial 24 hours of hypocotyl elongation occurring
slowly where high levels of auxin are seen to inhibit AtSAUR expression*®®. This is
then followed by a phase of faster elongation which spreads upwards in the
hypocotyl when auxin concentration is reduced to levels where AtSAUR expression
is induced*’14954%_This further exemplifies the concentration dependence of the

auxin response.

Formation of the apical hook requires co-ordination of ethylene and auxin
signalling®®”4%, which interact**® and are responsive to light?°. Within the apical
hook, the hook structure is created through the inhibition of cell expansion on the
concave side of the hook®®. This inhibition of cell expansion is correlated with an
auxin maximum created through auxin transporters including AtPIN1, AtPIN2,
AtPIN4, AtAUX1 and AtLAX1°01°02 Ayxin accumulation on the concave side of
the hook leads to signalling through the TMK1 pathway?*°, leading to TIR1/ARB
activity which causes inhibition of apoplastic acidification through AtSAUR

repression*®®,

The detection of light of various wavelengths through photoreceptors®®3°%’ leads to

large transcriptional responses®® including expression which evokes inhibition of
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hypocotyl elongation®*®5%°, The main components in this response are
PHYTOCHROME INTERACTING FACTORS (PIFs)®5Y" ETHYLENE-
INSENSITIVE 3/EIN3-LIKE 1 (EIN3/EIL1)%18%20 and ELONGATED
HYPOCOTYL 5 (HY5)%%°22, These light dependant factors then go on to cause
changes to hormone activity such as increasing auxin activity in dark conditions
and decreasing auxin activity in light conditions?%3°16:52.524 | jght is also associated
with changes of PIN transporter expression and localisation such that auxin
transport in the root and shoot favours root growth over shoot growth unlike in
skotomorphogenesis®?®°28, Further increases of auxin activity are responsible for
the hypocotyl elongation that occurs in conditions of elevated temperature®2°5% and
shade avoidance?’#®3L, This auxin comes from both local sources?’* and from

synthesis in the cotyledons?*87:532:533,
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Figure 6.4 Role of auxin in hypocotyl elongation. Auxin stimulates apoplastic
acidification in a concentration-dependant manner. Light among many other
activities, inhibits auxin activity leading to short hypocotyls during
photomorphogenesis. During skotomorphogenesis, auxin acts in a concentration
dependant manner to induce hypocotyl cell elongation. However high levels of
auxin within the concave side of the apical hook (blue region) created through
auxin transport (blue arrows) restrict cell elongation and lead to apical hook

formation. See text for further details.
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6.1.2.4 Mutants in auxin related genes show characteristic phenotypes

Mutations within genes responsible for auxin sensing, synthesis, and metabolism,
provide a framework for establishing key auxin-related phenotypes to test within
this study. Attmk loss of function mutants show reduced response to exogenous
IAA along with reduced cell elongation in shoot and root tissue>3*, reduced apical

hook angle?®, reduced LR number®®® and reduced gravitropism>®3,

Overexpression of AtYUCCAL increases IAA levels and results in increased
hypocotyl length in light conditions and decreased hypocotyl length in dark
conditions with no apical hook®¥’. These plants also show elongated petioles,
shorter roots with increased frequency and density of root hairs®’. The phenotypes
are similar to those observed in Atsuperroot mutants®*#538, These Atsuperroot
mutants were characterised to be loss of function mutations in genes responsible for
IAOx utilisation in the glucosinolate pathway, leading to increased IAOx

conversion to 1AA%°,

Mutations in genes responsible for IAA conjugate synthesis and degradation
illustrate the importance of IAA conjugates on wider development. Loss of function
mutations in the gene encoding AtGH3.17, an enzyme thought to be responsible for
IAA conjugation to specifically IAA-Glu, showed longer hypocotyls in light
conditions?’*, whereas overexpression of AtGH3.6 caused reduced lateral root
growth and short hypocotyls in most light conditions but not in darkness®*°.
Similarly, Atilrl Atiar3 Atill2 IAA-aa hydrolase triple mutants show reduced root
length, LR number and hypocotyl length compared with wildtype. Quadruple
knockout mutants for AtUGT76E genes thought to be involved in IAA conjugation
with glucose have elongated hypocotyls in skotomorphogenesis only, and show
higher IAA and decreased IAA-GIc levels?®. Knockout mutations within the
AtDAOL1 gene that is responsible for IAA oxidation causes a dramatic increase in
IAA-Asp and IAA-Glu levels which correspond to increased lateral root density,
reduced apical hook angle and an increase in hypocotyl length in etiolated plants3°®.
Therefore, for this study, root length, lateral root density, hypocotyl length and

skotomorphogenesis features were used as indicators of auxin activity.
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6.1.3 Auxin and Zn interactions can be probed using Atiarl

mutants

The details of the interactions between Zn and auxin remain mostly unexplored
besides the known reduction in root length and meristem size in plants grown in Zn
excess®2>327, For further details on known auxin and Zn interactions see Chapter
1.4. Therefore, in this study the Zn and auxin dependency on established auxin
phenotypes are measured. The testing of Atiarl mutants is used to probe the poorly
understood link between subcellular Zn homeostasis, auxin conjugate balance and
wider auxin homeostasis. The study includes the already-characterised Atiarl-3
mutant and the Atiarl-t mutant, hypothesised to be a knockout mutant (see

Chapter 5), whose auxin phenotypes have not yet been examined.
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6.2 Results

6.2.1 Auxin related root phenotypes

6.2.1.1 Primary root length and meristem size after 5 days depends on Zn and
AtlAR1

The balance of division and differentiation rates in the RAM in combination with
extent of cell elongation in the elongation zone determine primary root
growth'’%434 This balance between division and differentiation within the RAM
can be analysed with microscopy by measuring the number of meristematic cells in
the cortex layer of root tips®*°. To determine what role AtIAR1 and Zn have in early
primary root growth and whether any differences are caused by meristem size, both
features were measured in Col-0, the Atiarl-3 mutant and the suspected complete

knockout Atiarl-t mutant at 5 days as shown in Figure 6.5.
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Figure 6.5 Primary root length and meristem size. Primary root length (A) and
meristem cell numbers (B) were measured from Col-0 (grey), Atiar1-3 (blue) and
Atiarl-t (green) plants grown for 5 days in Zn deficient (0 Zn added), Zn control (1
uM) and Zn excess (150 uM) conditions on modified Hoagland’s media containing
EDTA-washed agar. At least 30 plants were measured in each of three biological
replicates. Data displayed using R version 4.1.1. Lower case lettering indicates
statistically significant differences between groups (labelled sequentially from ‘a’ in
order of estimated mean) as calculated using analysis of variance (ANOVA) using
Tukey’s method for p-value adjustment®®® for 9 groups using a p-value cut-off of
0.05.

As shown in Figure 6.5, excess Zn conditions, as expected lead to reduction in
primary root length. This reduction in root length is mirrored by reduction in
meristem size, suggesting similar to previous studies that reduction of meristem
size is at least partially responsible for the primary root growth reduction in Zn
excess conditions®2°3%, After 5 days of growth, both Atiarl-3 and Atiarl-t mutants
show reduced primary root length compared with Col-0 in all Zn conditions with
this reduced primary root growth more severe in Atiarl-t than Atiarl-3 mutants,
aligning with the suspected decrease in AtIAR1 functionality between these two

mutants. However, the differences between genotypes observed in primary root

194



length is not seen in root meristem cell numbers, except in excess Zn conditions.
The lack of coherence between primary root length and root meristem size could be
due to reduction in the extent of elongation of cells in both the Atiarl mutants.
Under excess Zn conditions, Atiarl-t additionally shows reduced meristem size
indicating that AtIAR1 activity might influence several different aspects of primary

root growth in a Zn dependant manner.

AtDR5 promotor-driven GFP expression has proved a useful tool for investigating
sites of auxin transcriptional activity®*!. In the DR5::NLS-2GFP expressing reporter
plants, nuclear localised tandem GFP is the auxin-signalling driven output. These
reporter plants were crossed with the Atiar1-3 mutant, and in line with the meristem
size data (Figure 6.5B) did not display any inter-genotype differences between
itself and the wildtype reporter plants in the RAM (data not shown). Future work
could involve crossing the DR5::NLS-2GFP expression reporter plants with Atiarl-
t mutants to investigate whether the changed meristem size under excess Zn

correlates with changed auxin signalling.

6.2.1.2 Atiarl mutants show different levels of IAA-Ala insensitivity depending

on Zn status

The AtIAR1 gene was discovered and characterised through a screen for mutants
showing insensitivity to the root growth inhibition effect in media with exogenous
IAA-Ala*?8, The mutant phenotype was complemented by excess Mn conditions,
however the IAA-Ala sensitivity was not tested across in different Zn conditions.
Therefore, this study aimed to address how IAA-Ala sensitivity is influenced by Zn
level. To test the sensitivity to the response, primary root lengths after 10 days were
first measured in media without any additional IAA or IAA-Ala, as shown below,

which has been presented previously (Figure 5.5, repeated below in Figure 6.6).
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Figure 6.6 Primary root length of Atiarl mutants grown at different Zn
concentrations. Primary root length was measured from Col-0 (grey), Atiarl-3
(blue) and Atiarl-t (green) plants grown for 10 days in Zn deficient (0 Zn added),
Zn control (1 uM) and Zn excess (150 uM) conditions on modified Hoagland’s
media containing EDTA-washed agar. At least 50 plants were measured in each of
three biological replicates with statistically significant differences between groups

calculated and displayed as in Figure 6.5.

Interestingly, the relationship between genotypes in primary root length differs
between day 5 and day 10. At day 10, Atiarl-t has a longer primary root length than
Col-0 and Atiar1-3 in Zn deficient conditions, and similar to Col-0 in control Zn
conditions. This suggests that the phenotype of Atiarl-t is developmental stage-
dependant, unlike that of Atiarl-3. Meristem size is predicted to be constant after 5
days®P, although this assumption was not tested in this study so the origin of this

root length change has not been further examined.

To determine plant sensitivity to IAA-Ala and its Zn dependence, the percentage
change in primary root growth after 10 days growth in media containing IAA-Ala
was compared to 10 days of growth in media without added auxin or auxin
conjugate (presented in Figure 6.6). This sensitivity of primary root growth to

IAA-Ala is shown below in Figure 6.7.
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Figure 6.7 Primary root length percentage change in IAA-Ala media.
Percentage primary root length in media containing 20 uM IAA-Ala compared to
media with no auxin conjugate added with all other media conditions as Figure 6.6.
100% (no response) is indicated by the red line. At least 50 plants were measured in
each of three biological replicates with statistically significant differences between

groups calculated and displayed as in Figure 6.5.

As shown above, the insensitivity to IAA-Ala is seen in both Atiarl mutants across
all Zn conditions. The phenotype of IAA-Ala insensitivity is greater in Atiarl-t
relative to Atiarl-3 mutants, which again aligns with the suspected increased
severity of the Atiarl-t mutant. Interestingly, the sensitivity of IAA-Ala increases in
Zn excess conditions only for Col-0 and not in either of the Atiarl mutants
suggesting an AtlIAR1-dependant sensitisation that occurs in high Zn. Additionally,
the high insensitivity to IAA-Ala response in the Atiarl-t mutants shows that most
of the IAA-Ala hydrolysis is occurring in an AtlIAR1-regulated environment rather
than extracellularly before uptake by the plant. However, this high degree of
insensitivity may have masked any Zn excess dependant auxin hypersensitisation in

the mutant under these conditions.
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The effect of IAA-Ala is a function of IAA-Ala uptake, hydrolysis and then
transport, metabolism and signalling of IAA. To determine where within this
sequence the Zn and genotype-related phenotypes are acting, the percentage change
in primary root length under exogenous IAA was assayed (Figure 6.8).
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Figure 6.8 Primary root length percentage change in IAA media. Percentage
primary root length in media containing 100 nM 1AA compared to media with no
auxin added with all other media conditions as Figure 6.6. 100% (no response) is
indicated by the red line. At least 50 plants were measured in each of three
biological replicates with statistically significant differences between groups
calculated and displayed as in Figure 6.5.

Firstly, IAA at 100 nM has greater potency in primary root length reduction than 20
UM IAA-Ala in Col-0 under Zn deficiency and control Zn conditions. Given that
IAA-Ala is inactive, and activated by hydrolysis to IAA, this suggests that IAA
levels in the plant after IAA-Ala hydrolysis are different from those induced by
direct application of IAA and thus lead to a different level of response. Also, as
seen above in Figure 6.8, insensitivity is no longer seen in Atiarl mutants across

Zn deficiency and control conditions implying this insensitivity effect is restricted
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to the influence of AtIAR1 on auxin conjugate hydrolysis, as suspected.
Additionally, Col-0 shows a reduction in primary root length change under Zn
excess conditions. This implies that the Zn excess influence on auxin sensitivity
occurs post IAA-Ala hydrolysis. However, in contrast to exogenous IAA-Ala
conditions, Atiarl-t mutants also show a slight reduction in primary root length
change under Zn excess conditions. Interestingly, the Atiarl-3 mutant, as seen in
exogenous IAA-Ala conditions, shows no change in percentage root length across
Zn conditions. Atiarl-3 also shows increased sensitivity in Zn deficient and control
conditions compared to Col-0 and Atiarl-t, which together indicates a difference

between the two Atiarl mutants in Zn dependence of IAA sensitivity.

Overall, it seems that two factors are involved in the AtlIAR1-mediated intersection
of Zn and auxin; conjugate hydrolysis, and also a novel Zn excess-mediated effect
which warrants further investigation. To determine whether further auxin-related
phenotypes in the root show similar Zn, auxin and AtlAR1 dependence, lateral root

(LR) density and its sensitivity to IAA-Ala and IAA were measured.

6.2.1.3 Atiarl-t mutant shows increased lateral root density

As a classic symptom of auxin homeostasis disruption, LR density was examined in
Atiarl mutants across Zn conditions. LR density was measured alongside primary
root length after 10 days seen above and so firstly, LR density in media with no

exogenous auxin added was measured (Figure 6.9).
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Figure 6.9 Lateral root density across Zn conditions. LR density measured for
each individual seedling grown in media conditions as Figure 6.6. At least 50
plants were measured in each of three biological replicates with statistically

significant differences between groups calculated and displayed as in Figure 6.5.

As seen above in Figure 6.9, LR density is increased in Atiarl-t mutants in all Zn
conditions but not in Atiarl-3 mutants. Additionally, LR density is not Zn-
responsive in wildtype and Atiarl-3 genotypes but in high Zn conditions the LR
density of Atiarl-t decreases. To test whether this LR density is responsive to IAA-
Ala and Zn in the same way as primary root length, LR density was measured in

exogenous IAA-Ala conditions (Figure 6.10).
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Figure 6.10 Lateral root density percentage change in IAA-Ala media.
Percentage change of LR density in media containing 20 uM IAA-Ala compared to
media with no auxin conjugate added with all other media conditions as Figure 6.6.
100% (no response) is indicated by the red line. At least 50 plants were measured in
each of three biological replicates with statistically significant differences between

groups calculated and displayed as in Figure 6.5.

LR density changes in Col-0 in IAA-Ala containing media is enhanced in Zn excess
conditions. Atiarl-3 and Atiarl-t plants show increased insensitivity to IAA-Ala
and a lack of a Zn excess response, although due to low responsiveness to IAA-Ala
any Zn excess interaction could be masked in Atiarl-t plants. As these data
mirrored the Zn excess effect seen in primary root length, this response of LR

density to IAA was investigated further (Figure 6.11).
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Figure 6.11 Lateral root density percentage change in IAA media. Percentage
LR density in media containing 100 nM IAA compared to media with no auxin
added, with all other media conditions as Figure 6.6. 100% (no response) is
indicated by the red line. At least 50 plants were measured in each of three
biological replicates with statistically significant differences between groups

calculated and displayed as in Figure 6.6.

In contrast to the LR density changes in lAA-Ala containing media, in exogenous
IAA conditions no large increase in LR density was seen across any Zn conditions,
indicating as for primary root length, the auxin response of the IAA-Ala and IAA
treatments are different. Although IAA application is classically associated with
increasing LR density, this effect is reduced and reversed at higher
concentrations®#?, in line with the results shown in this study. The exogenous IAA
led to a reduction in LR density percentage change in the Atiarl-t mutant in Zn
deficient and control conditions relative to Atiarl-3 plants. Additionally, as in the
IAA-Ala treatment, the largest lateral root density increases were seen in excess Zn
conditions in Col-0 and for Atiarl-t, whereas no Zn excess dependant

hypersensitisation was seen in Atiarl-3.

In summary, Atiarl-t plants show an elevated LR density in media with no

exogenous IAA-Ala or IAA. Exogenous auxin treatment responses broadly mirror
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those seen for primary root growth. IAA-Ala treatment had less effect in both
Atiarl mutants than Col-0, which additionally showed a Zn excess mediated
hypersensitivity to the IAA-Ala treatment not seen in the Atiarl mutants.
Additionally, Col-0 and Atiarl-t genotypes showed evidence of Zn excess-

dependant hypersensitisation to the IAA treatment.

6.2.2 Auxin related shoot phenotypes

6.2.2.1 Hypocotyl length after 10 days is reduced in Atiarl-t plants in Zn

deficient and control conditions

Many of the disruptions in auxin homeostasis cause changes in the hypocotyl

length. Building from previous results in the root, the novel excess Zn — exogenous

auxin interaction was investigated in the shoot hypocotyl. Shoot hypocotyls were

therefore firstly measured after 10 days of growth in conditions with no exogenous

auxin or auxin conjugate (Figure 6.12).
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Figure 6.12 Shoot hypocotyl length across Zn conditions. Hypocotyl length was
measured for each seedling grown in media conditions as Figure 6.6. At least 50
plants were measured in each of three biological replicates with statistically

significant differences between groups calculated and displayed as in Figure 6.5.

For Col-0 and Atiar1-3 plants at 10 days, Zn excess conditions caused a reduction
in shoot hypocotyl length. In Zn deficiency and control Zn conditions, Atiarl-t
plants showed a reduction in hypocotyl length compared to both Col-0 and Atiarl-3
plants. The lack of difference across genotypes in excess Zn conditions could
indicate complementation of the Atiarl-t phenotype or that hypocotyl length had

reached a lower threshold in this condition.

Previous work has shown that hypocotyl length is responsive to IAA-Ala and that
the Atiar1-3 mutant is partially insensitive to its effects®?8. To determine whether

shoot hypocotyl length responds similarly to IAA-Ala across a Zn gradient, these
features were measured in both genotypes as well as in the Atiarl-t knockout

mutant (Figure 6.13).
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Figure 6.13 Shoot hypocotyl length percentage change in IAA-Ala media.
Percentage shoot hypocotyl length in media containing 20 uM IAA-Ala compared
to media with no auxin conjugate added with all other media conditions as Figure
6.6. 100% (no response) is indicated by the red line. At least 50 plants were
measured in each of three biological replicates with statistically significant

differences between groups calculated and displayed as in Figure 6.5.

Shoot hypocotyl length increases in Col-0 were more sensitive to IAA-Ala than in
both Atiarl mutants across control Zn and excess Zn conditions. Additionally, there
were no statistically significant differences between Atiarl mutants and no shift in
IAA-Ala activity in excess Zn conditions, unlike previous root phenotypes. To
determine whether this response is conserved in exogenous IAA conditions, shoot

hypocotyl length in exogenous IAA conditions was measured (Figure 6.14)
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Figure 6.14 Shoot hypocotyl length percentage change in IAA media.
Percentage hypocotyl length in media containing 100 nM IAA compared to media
with no auxin added with all other media conditions as Figure 6.6. 100% (no
response) is indicated by the red line. At least 50 plants were measured in each of
three biological replicates with statistically significant differences between groups

calculated and displayed as in Figure 6.5.

As shown above, shoot hypocotyl length in exogenous IAA in Col-0 plants
increases in excess Zn conditions. This Zn-dependant change does not occur in

either Atiarl mutant lines.

In summary, the Atiarl-t mutant after 10 days has a shorter hypocotyl than Col-0
and Atiarl-3 plants in Zn deficiency and control conditions. In accord with previous
results Atiarl mutants remain partially insensitive to the hypocotyl elongation
effect of IAA-Ala. Shoot hypocotyl length is influenced differently by IAA-Ala and
IAA treatments. In excess Zn conditions, IAA treatment led to an increase in

hypocotyl length only in Col-0 plants, but this effect was not seen in IAA-Ala.
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6.2.2.2 Hypocotyl length is increased in Atiarl-t plants after 5 days in light and
dark conditions.

During skotomorphogenesis, auxin plays a key role in hypocotyl elongation and
apical hook formation. To determine the potential role of Zn and AtlAR1 on this
process, Col-0 and Atiarl mutants were grown in light for 8 hours then either kept
in the light or transferred to darkness for four days and then had their hypocotyl
length (Figure 6.15) and apical hook angle measured (Figure 6.16)
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Figure 6.15 Shoot hypocotyl length in light and dark conditions. Hypocotyl
length after growth in light (A) or darkness (B) was measured for each seedling
grown in media conditions as Figure 6.6. At least 30 plants were measured in each
of three biological replicates with statistically significant differences between

groups calculated and displayed as in Figure 6.5.

Firstly, after growth for 5 days in light (Figure 6.15A) under Zn deficiency and
control Zn conditions, Atiarl-t plants showed a larger shoot hypocotyl length. This

contrasts with data after 10 days where Atiarl-t plants showed smaller hypocotyls
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(Figure 6.12). This suggests a time dependence of Atiarl-t phenotypes as shown
with primary root length. Growth in darkness, produced a large increase in
hypocotyl length as expected in all genotypes (Figure 6.15B). However, the
hypocotyl length in skotomorphogenesis was significantly greater in both Atiarl
mutants in all Zn conditions. There was also no difference detected between the
Atiarl mutants in any Zn condition. After 5 days in darkness, cell length is
asymmetrically distributed in the hypocotyl®*® and so further work examining cell
length distributions within these hypocotyls might be used to investigate this

increased skotomorphogenesis response.
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Figure 6.16 Apical hook angle across Zn conditions. Apical hook length was
measured after growth in darkness for each seedling grown in media conditions as
Figure 6.6. At least 20 plants were measured in each of three biological replicates
with statistically significant differences between groups calculated and displayed as

in Figure 6.5.

Interestingly, the apical hook angle was reduced only for the Atiarl-3 mutant. This
suggests Atiar1-3 but not Atiarl-t may lack the ability to form a strong 1AA

gradient for bending of tissue. Further work could be extended to investigate other
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responses that require auxin gradients mediating tissue bending such as in root

gravitropism.

Overall, skotomorphogenesis is disturbed in both Atiarl mutants, with the two
Atiarl mutants being differently able to form an apical hook. However, both
mutants share the phenotype of an extended hypocotyl in skotomorphogenesis

relative to Col-0.

To help explain some of these phenotypes and the wider impact on I1AA
metabolism, it was important to investigate the levels of IAA precursors,
conjugates, and degradation pathway intermediates. Therefore, metabolite analysis

was conducted on whole seedlings.

6.2.3 Auxin-related metabolite analysis

6.2.3.1 Generation of a method to simultaneously measure IAA and 1AA-

related metabolites

Precise quantification of metabolite levels is essential to understanding changes in
IAA metabolism. A combination of IAA precursors (Trp, IAN), IAA, IAA
conjugates (IAA-Ala, IAA-Asp, IAA-GIc) and degradation pathway intermediates
(oxIAA) was measured with the aim to measure changes in all aspects of IAA
metabolism. Liquid chromatography mass spectrometry (LC-MS) was used for this
simultaneous quantification of IAA and IAA-related metabolites using D.-1AA as
an internal standard based on previous literature?’®, As shown below in Table 6.1
this adapted methodology produced an appropriate linear response range for
metabolite analysis in Arabidopsis seedlings. Therefore, the methodology
developed could be used for simultaneous quantification of IAA metabolites in

whole seedlings.
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Metabolite Retention Product Linear R?

time (min) detection (m/z) range
(nM)
Trp 1.0400 204.968 > 5-1000 0.9973
117.914
IAN 2.2800 157.032 > 5-10000 0.9974
129.981
IAA 1.8900 175.968 > 5-1000 0.9929
129.948
oxIAA 1.4900 192.096 > 1-1000 0.9962
145.954
IAA-Ala 1.7800 247.032 > 0.5-500 0.9998
89.998
IAA-Asp 1.5700 291.16 >129.94 0.5-500 0.9999
IAA-Glc 1.5300 338.096 > 5-1000 0.9991
130.004

Table 6.1 LC-MS detection parameters for IAA-related metabolites. Serial
dilutions of metabolite standards were separated and identified by LC-MS as
described in Chapter 2.3.7. Retention time window used for detection was the

stated retention time £ 0.2 min.

6.2.3.2 IAA-GIc levels are decreased in Atiarl mutants under Zn deficiency

and excess conditions

Previous work has shown Trp synthesis is increased in vitro when low
concentrations of Zn are added but is inhibited in Zn excess®?3. The utilisation of
Trp in the TAA/TAR-YUCCA pathway has also been suggested to be regulated by
Zn although reports on how Zn affects this pathway are conflicting®?432°, Using the

LC-MS methodology described above, IAA precursors Trp and AN were measured
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to determine whether Zn levels or IAR1 activity may alter IAA synthesis (Figure
6.17).
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Figure 6.17 1AA precursor content. Metabolite content was measured as in
Chapter 2.3.7.4 from whole seedlings grown for 16 days in media conditions as in
Figure 6.6. 100 mg of fresh tissue was used in each of three biological replicates
with statistically significant differences between groups calculated and displayed as

in Figure 6.5.

Here analysis shows that Trp levels are elevated in Zn deficient conditions in Col-0
and Atiarl-3, but not in Atiarl-t. This aligns with findings that Zn deficiency
reduces protein synthesis and is associated with increases in the concentration of
amino acids including Trp>*5%, There was also a trend seen of decreasing IAN
levels under high Zn which would accord with increased glucosinolate biosynthesis
seen in cabbage species under high Zn, which removes IAOx from the IAA

synthesis pathway®*7>48,

IAA-Ala and IAA-Glc are thought to be reversibly synthesised from IAA, perhaps
representing a pool of mobilizable inactive storage compounds, so along with IAA
quantification of these compounds was attempted (Figure 6.18). Unfortunately,
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during this analysis, IAA-Ala levels were too low to detect, a result that aligns with
previous work suggesting the content of IAA-Ala is below that of other conjugates

including IAA-Glc and 1AA-Asp?8,
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Figure 6.18 1AA and IAA-Glc content. Metabolite content was measured as in
Chapter 2.3.7.4 from whole seedlings grown for 16 days in media conditions as in
Figure 6.6. 100 mg of fresh tissue was used in each of three biological replicates

with statistically significant differences between groups calculated and displayed as

in Figure 6.6.

IAA levels did not significantly change in any Zn condition or genotype suggesting
that a change in IAA precursors is a poor indicator of IAA content, probably due to
the many layers of regulation involved in IAA metabolism. The IAA levels
measured in this study were greater than previous estimates of IAA content in
shoots using a similar method (0.02 pmol/mg tissue)?’®, but are closer to that
recorded from combined root and shoot samples from 7 day old plants
(approximately 0.35 pmol/mg tissue)?*. Interestingly, IAA-Glc shows an increase
in Zn deficient and Zn excess conditions in Col-0 and Atiar1-3 plants. However, no
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rise in IAA-GlIc was seen in Atiarl-t mutants and the levels in Zn deficient

conditions was less in Atiarl-3 and Atiarl-t than in Col-0 plants.

IAA-Asp is thought to be incapable of being hydrolysed and so along with oxIAA
are thought of as intermediates in the IAA degradation pathway. This degradation

may be influenced by Zn or AtIAR1 and so were also measured (Figure 6.19).
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Figure 6.19 IAA-Asp and oxIAA content. Metabolite content was measured as in
Chapter 2.3.7.4 from whole seedlings grown for 16 days in media conditions as in
Figure 6.6. 100 mg of fresh tissue was used in each of three biological replicates

with statistically significant differences between groups calculated and displayed as

in Figure 6.5.

IAA-Asp levels increase in all genotypes under Zn excess conditions. The lack of
changes between Col-0 and Atiarl mutants provides further evidence that IAA-Asp
is not hydrolysed in vivo by Zn-regulated hydrolases, which if so would have been
hypothesised to have increased levels in Atiarl mutants. oxIAA was shown not to
change significantly for Col-0 but was reduced between Zn deficiency and Zn
excess conditions in Atiarl-t. This decrease suggests oxidation rates of IAA are

dependent on Zn levels and AtIAR1 activity.
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In summary, this metabolite analysis has shown that IAA metabolites change in a
Zn and AtlAR1-dependant manner. As IAA metabolism is controlled through
several feedback loops?41:304:307:309310 " disryption of one part of IAA metabolism
might lead to concomitant changes in other areas of the metabolic network and as
such, changes seen in different Zn conditions and AtlIAR1 genotypes may reflect
indirect effects rather than direct effects. The largest differences seen in Zn
deficient conditions in Col-0 were the increases in Trp and IAA-GIc levels. By
contrast, under Zn excess the largest changes were a reduction in IAN levels and an
increase in IAA-Glc and IAA-Asp levels. These changes hint to differing Zn-
dependant accumulation of the separate IAA conjugates. The fact that the largest
Zn-dependant changes were seen in inactive IAA conjugates instead of the active
form of IAA displays the importance of IAA conjugates in maintaining 1AA levels
at the context-specific appropriate levels. Finally, greater metabolite changes, such
as in oxIAA under Zn excess which is decreased in Atiarl-t, were seen in Atiarl-t
than in Atiarl-3 suggesting that most of the metabolite changes observed in this
study are related to the differing ability to hydrolyse IAA-Ala, and similarly
hydrolysed IAA-aa conjugates. Overall, these changes are summarised below in
Figure 6.20.
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Figure 6.20 Summary of 1AA-related metabolite changes. All metabolite content
was compared relative to the content observed in Col-0 under control Zn

conditions, with the comparative fold change shown on a log2 scale.

It should be noted that although insightful, metabolite levels do not reflect flux
between different pools of metabolites, and lack of sub-cellular and tissue
resolution may be obscuring potential insights into the different shoot and root
metabolite profile of these mutants. Future work may increase the tissue resolution
of this data and further enzymatic and expression analysis may prove helpful to
understand potential mechanisms of how Zn and AtlIAR1 levels and activity regulate

IAA metabolism as a whole.
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6.3 Discussion

6.3.1 IAA glucose and amino acid conjugates appear to show

crosstalk

Within the metabolite analysis the largest differences between Col-0 and the Atiarl
mutants were the reduction in IAA-Glc levels. However, this large difference in
metabolite profiles was apparent in Zn deficiency and Zn excess conditions, which
does not match the pattern of phenotype severity shown elsewhere. Localised IAA
metabolism is important for auxin responses, and therefore causative IAA conjugate
level changes in a localised area such as the RAM may not be reflected in plant
wide metabolite levels, demonstrating the potential limitations of this whole

seedling metabolite approach.

IAA-GIc synthesis through various UGTs is predicted through DeepLoc v2.0%*° to
be synthesised in the cytosol (data not shown), and hydrolysis has not been
characterised in Arabidopsis. Given that AtlARL1 is thought to influence hydrolysis
of IAA-aas and not influence IAA-GIlc metabolism directly, it is interesting that the
largest mutational differences occur in IAA-Glc and not IAA-Asp levels,
suggesting a high degree of crosstalk in the reversible IAA conjugation pathways.
A similar example of crosstalk was shown through overexpression of the UGT84B1
gene which led to increased IAA-Glc and 1AA along with decreased IAA-Asp and
IAA-Glu levels?®!. This suggests that to maintain optimal I1AA levels, both IAA-aa
and IAA-Glc pools can be independently regulated. This crosstalk should be taken
into account when analysing mutants with genes responsible for controlling these
different conjugation steps. As high levels of auxin promote conjugation to IAA-aa
and IAA-GIc?32% Atiarl mutants therefore represent the opposite, a ‘low auxin’
metabolic state due to a hypothesised inappropriate build-up of hydrolysable 1AA-
aas. ‘Low auxin’ metabolic state mutants with inability to metabolise indole butyric
acid, methylated IAA and IAA-aas leads to compensatory increases in IAA
synthesis through TAA/YUCCA induction®'® and so could also account for the

lower Trp levels in Zn deficiency in the Atiarl-t mutant. However, IAA-Asp
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synthesis would be predicted to be decreased in a ‘low auxin’ metabolic state but

IAA-Asp levels do not decrease in either Atiarl mutant.

Hydrolysable IAA-aa conjugates such as IAA-Leu or IAA-Ala were not measured
or detectable and would be worth further study to test whether these |AA-aas show
increases in concentration. In addition, testing the expression of IAA-involved
AtUGT genes in different Zn conditions in Col-0 and both Atiarl mutants used in
this study may help test whether this IAA-aa IAA-Glc crosstalk is mediated

transcriptionally. This crosstalk is discussed further in Chapter 7.2.2.

6.3.2 Atiarl-t mutants show time dependence in their phenotypes

At 5 days of growth in the light, Atiar1-t relative to Col-0 had shorter roots and
longer hypocotyls, a phenotype similar to that seen in AtYUCCAL overexpression
high auxin mutants®®’. Unlike AtYUCCA1 overexpressing plants, however, Atiarl-t
also showed increased hypocotyl length in skotomorphogenesis suggesting this is
not a classical ‘high auxin’ phenotype, or that the auxin concentration differences

between these different mutants could influence skotomorphogenesis differently.

However, after 10 days of growth, Atiarl-t plants had similar root lengths and
shorter hypocotyls than Col-0 in Zn deficient and control conditions. These findings
align with the ‘low auxin’ metabolic state predicted for Atiarl plants through
metabolite analysis. Increased LR density is considered a ‘high auxin’ phenotype
and is present after 10 days of growth in Atiarl-t and so is hypothesised to be
caused by the ‘high auxin’ state in early growth rather than the ‘low auxin’ state
present at 10 days. Measurement of LR density after longer term growth may help
further elucidate the time dependence of the LR phenotype in Atiarl-t. This time
dependence of the Atiarl-t phenotype is further discussed in Chapter 7.2.
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6.3.3 Both Atiarl mutants are less sensitive to exogenous IAA-Ala
than 1AA

The phenotype under which Atiar1-3 was discovered was relative insensitivity to
IAA-Ala over IAA in primary root length and hypocotyl length in replete Zn
conditions®?., The present study has confirmed this finding and extended the
insensitivity phenotypes to include LR density. In addition, Atiarl-t was found to
be even less sensitive to IAA-Ala than Atiarl-3 in the case of primary root length,
which further adds to the hypothesis that Atiarl-t represents a knockout mutant

whereas Atiarl-3 represents a mutant with some residual AtlIAR1-like activity.

The near total insensitivity of Atiarl-t to IAA-Ala across phenotypes suggests that
IAA-Ala is not hydrolysed in the media and its effect is the result of AtlIAR1-
mediated hydrolysis. Interestingly, IAA-Ala and IAA treatments did not yield the
same extent of phenotypic changes in primary root length, LR density and
hypocotyl length. This difference in activity probably originates from non-

equivalent concentrations of active IAA in the plants in the two treatments.

6.3.4 Zn excess and exogenous IAA-Ala and IAA interact in Col-0

Through measuring the percentage change in different growth parameters in
different exogenous IAA and IAA-Ala treatments, this study was able to compare
the relative sensitivity of plants to IAA and IAA-Ala in different Zn conditions. For
Col-0, primary root length percentage reduction in IAA and IAA-Ala was increased
in Zn excess conditions relative to both Zn deficiency and control Zn conditions.
This increased sensitivity was also seen in LR density increases for both IAA and
IAA-Ala treatments and in an increase in shoot hypocotyl length in IAA treatments.
Together these observations imply that in Col-0, the interaction between Zn excess

and exogenous auxins is acting downstream of hydrolysis.

This synergy was not observed in Atiarl-3 mutants but was present albeit reduced

in the IAA response in Atiarl-t plants for phenotypes including primary root length
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and LR density but not hypocotyl length. Although the synergy was not observed in
Atiarl-t plants in exogenous IAA-Ala conditions, this feature may have been
obscured by the near total insensitivity of Atiarl-t to IAA-Ala. Together, the
present work suggests that AtIAR1 activity may interact with the IAA-Zn synergy
as depicted in Figure 6.21.
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Figure 6.21 Interaction of AtIAR1, Zn and exogenous auxins. AtIAR1 activity
increases IAA-Ala hydrolysis but also changes IAA activity post hydrolysis in Zn
excess. Processes involved in growth responses from exogenous IAA-Ala treatment
are shown in italics. Green arrow indicates a positive effect in Col-0 in primary root

length reduction.

Potential mechanisms for the Zn excess — exogenous auxin interaction including its

total absence in Atiarl-3 plants is further discussed in Chapter 7.3.
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6.3.5 Potential confounding factors include cell wall integrity

Many factors influence the phenotypes tested in this study, not just auxin. Zn and
auxin themselves interact with several other nutrients and hormones that could
potentially be involved in these phenotypes. Of particular importance to discuss
here is cell wall integrity. Cell wall expansion is vital for acid growth*4%#42 which is
a vital part linking auxin to some of the cell expansion-based phenotypes discussed

in this study, such as hypocotyl elongation.

O and N-linked glycosylation occurs in the ER, and is important for synthesis of
cell wall components®*5°2 ysing highly conserved machinery®® including Mn-
utilising enzymes®**°, Yeast strains with the AtIAR1 homologue knocked out
show cell wall defects33. Analysis using ATTED-11 v11%°7 has shown in addition to
AtMTP5, AtIAR1 is co-expressed with AtALG9 and AtTBL32 genes, characterised to
be involved in glycosylation mediated quality control in the ER and secondary cell
wall biosynthesis respectively®®5%°, Therefore, there is a potential role in
maintaining optimal glycosylation and cell wall integrity for AtIAR1. An illustration
of how cell wall integrity may change auxin related phenotypes is seen in
Arabidopsis mutants in Golgi-localised K*/Na* - proton antiporter AtKEA3,4,5
genes. Atkea mutants show disrupted cell wall synthesis, and reduced
skotomorphogenesis®®. In addition, acetylated pectin components from the cell
wall, which are reduced in Zn excess conditions**2°®* have been shown to be
required for inducing skotomorphogenesis. de-etiolated by Zn (dez) mutants show
reduced skotomorphogenesis that is enhanced in Zn excess conditions, and
complemented by addition of exogenous cell wall components®*2. Cell wall pectin
synthesis components are localised in the Golgi®®2°%° and mutants in a pectin
synthesis related methylesterase encoding gene AtPME3 show hypersensitivity to
Zn excess suggesting a link in Arabidopsis between cell wall related phenotypes

and Zn homeostasis in the secretory system*,

Further work on characterising any cell wall specific phenotypes could be helpful in

resolving any cell wall and auxin effects within the Atiarl mutants. This may
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involve measuring cell wall component levels and the influence of media pH on

Atiarl mutant plants.
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Chapter 7: Conclusion
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7.1 This study has advanced understanding in how ER Zn

control plays a role in Zn and auxin homeostasis

During this study, proAtMTP2::LUC reporter lines were generated with the purpose
of screening for novel regulators of Zn endoplasmic reticulum (ER) import. Initial
characterisation suggested that exogenous indole-3-acetic acid (IAA, auxin) and
IAA-Ala caused a reduction in Zn deficiency-induced AtMTP2 expression,
implying a reduction in Zn import into the ER. This work was followed by testing
of the adapted model of AtIAR1 function shown below in Figure 7.1. Work in this
study has found that Zn is transported by AtlAR1 which is likely localised to the
secretory pathway, which is also predicted for all plant AtIAR1 homologues other

than those from the Solanaceae family.
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Figure 7.1 Adapted Rampey et al, 2013! model of metal transport in the ER
and IAA-Ala hydrolysis in wildtype and Atiarl mutant plants. (A) AtMTP5 and
AtlAR1 antagonistically control levels of metals including Zn in the ER which then
control the activity of IAA-Ala hydrolases. (B) Atiarl mutants lose Zn transport
activity, causing ER Zn levels to increase which inhibits IAA-Ala hydrolases.

Figure adapted with permission focussing on the role of Zn as the inhibitory ion.

However, in yeast complementation experiments, Atiarl-3 was shown to transport

Zn, unlike the hypothesised lack of transport activity shown in Figure 7.1B for
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Atiarl mutants, and may in fact have its localisation restricted to the ER.
Furthermore, this study and work on the localisation of Zn® and auxin
transporters'®:192 within the secretory system necessitates an expansion of the
model to include new features as shown in Figure 7.2. In summary these new
features are antagonistic Zn transport by AtMTP5-AtMTP12 and AtlAR1 in the
Golgi, Zn movement between the Golgi and ER through retrograde trafficking and
ER auxin transport.

224



IARI L‘/"DAZ.. / l

/ X AN
Zn P ( PINS
——— —~—___ ER .,,/

l.'\RI” Zl’l

()_MTPS-MTPI12 /
__ Goigi

Zn
.-

,n}\

|
IAR1 7 Zn

4

é\

IAA-Ala

Figure 7.2 Updated model of auxin conjugation and Zn homeostasis within the
secretory pathway. A) Col-0. In the wildtype Zn homeostasis in the ER is
regulated antagonistically by AtMTP2 and AtIAR1 in addition to AtZTP29 in high
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salt conditions® (not shown for clarity). Within the ER, IAA-amino acid (I1AA-aa)
conjugates are hydrolysed to IAA which can be transported between the ER and
cytosol through short PINs including PIN5, 8 and PILS11921%  Ayxin conjugation
so far has been shown to occur in the cytosol?’*%"2 and transporters of IAA-aa from
the cytosol into the ER have not yet been demonstrated. Zn homeostasis in the
Golgi requires the antagonistic activity of the AtMTP5-AtMTP12 complex and
AtlAR1, with this Golgi Zn homeostasis influencing ER Zn levels through
retrograde trafficking of vesicles. B) In the Atiarl-3 mutant, although Zn transport
may be present (grey cross) in the ER, localisation is likely to be restricted to the
ER causing loss of Golgi Zn export. Thus, Golgi and therefore ER Zn levels would
rise to inhibit the IAA-aa hydrolases. C) In the Atiarl-t mutant, Golgi and ER Zn
export is lost (red crosses) leading to a much greater rise in ER Zn levels causing

dramatic reduction of IAA-aa hydrolase activity.

Additionally, AtIAR1 expression was found to be restricted to the above ground
vasculature and upregulated in a Zn- and exogenous auxin-dependant manner,

which adds an extra layer of complexity to this new model.

To investigate the interactions of Zn and auxin, particularly in the ER,
characterisation of the Zn- and auxin-dependant phenotypes of Atiarl mutants
including Atiar1-3 and the knockout mutant Atiarl-t, revealed that AtIAR1 activity
is not necessary for the Zn deficiency response but may be involved in reducing the
severity of the Zn excess response. The majority of the phenotypes observed were
seen as auxin-related and were present in the shoot and root, which correlated with
changes in whole plant IAA-related metabolite levels. Additionally, a partial
AtlAR1-dependant excess Zn - exogenous IAA interaction was observed - a novel
interaction warranting further characterisation as explored below. Throughout this
study, Atiarl-3 and Atiarl-t mutants have behaved differently, indicating that
Atial-3 is partially functional in plants, and in addition showing a potential further

Zn excess sensitivity indicative of a small role for AtlIAR1 in Zn detoxification.

Overall, the major advances in this work have been in the gathering of evidence to
update the model in Figure 7.1 and in expanding it to include how ER Zn transport

influences wider auxin and Zn homeostasis, and how these interact in
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developmental phenotypes. Application of this work for future breeding
programmes or genetic engineering of crops could help improve Zn uptake and
root-to-shoot translocation in Zn poor soils through understanding AtMTP2
regulation. Additionally, the role of AtlIAR1 homologues in determining early
seedling development could be particularly useful to understand in an agricultural
setting. For example, the altered lateral root density of Atiarl-t mutants could be
used in breeding programmes in the future to optimise a crops nutrient acquisition

in a particular fertiliser regime.

Understanding this work holistically requires the formation of a plant wide model
in different Zn conditions. However due to the complexities of the Zn-auxin
interaction several different models are required for the temporally distinct roles of
AtIAR1 in plant Zn-auxin interactions as explored below. These will mostly focus
on Atiarl-t mutant because the Atiarl-3 mutant shows additional phenotypes which

will be examined separately.
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7.2 Atiarl-t phenotypes show time-dependence

7.2.1 AtlIAR1 may influence light-related auxin signalling in early

development up to 5 days

One of the interesting aspects of the growth phenotypes of the Atiarl-t mutant was
its time-dependence, with early development (5 days of growth after germination)
showing a phenotype of longer hypocotyls in light and reduced root length.
However, this differential hypocotyl and growth phenotype in the Atiarl-t mutant is
reversed or complemented after 10 days of growth. One of the key signalling
pathways involved in early development involves light, and in the context of light
signalling, the Atiarl-t mutant shows an enhanced dark response, further evidenced
by enhanced hypocotyl growth in darkness and reduced chlorophyll content,
synthesis of which is increased in light>®65¢%, This potential link between light and
AtIAR1 may also exist on a transcriptional level as AtIAR1 promotor analysis found
several light response elements including the AE-box®"°, GATA motif*™*, | box®7?,
MRE®"® and TCT motifs®’4, although further work is required to gather AtIAR1

expression data in different light regimes to confirm this.

How AtIARL1 activity might be linked to this light response is still unclear. Linkage
may potentially involve the alteration of a cell wall signalling molecule that
positively regulates skotomorphogenesis*? or AtIAR1 may be involved in light
mediated changes in auxin levels or auxin transport?93472:516:523,524.527 | one
scenario lack of IAA formation from pools of IAA-aa conjugates may be of
particular importance in early photomorphogenesis and cause an overcorrection of
IAA synthesis to generate the high auxin phenotype. Disruption of activation of
multiple different IAA stores has been shown to increase IAA synthesis®!® and
specific disruption of IAA-Glc metabolism through AtUGT84B1 overexpression did
lead to increased IAA levels?®, suggesting such an overcompensation may occur.
However, mutants unable to mobilise IAA from IAA-aa, methylated IAA and
indole butyric acid (IBA) pools combined showed phenotypes typical of low auxin

responsiveness after 7 days of growth®', although the time dependence of this
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phenotype was not measured. A possible alternative is that AtlAR1 promotes the
changes in auxin transport during photomorphogenesis. Studies on
photomorphogenesis has found that Atkai2 mutants show reduced light-dependant
changes in PIN localisation and show enhanced lateral root (LR) density
hypothesised to be due to IAA build up in the upper root>?®. This could suggest a
potential similarity in early development to the Atiarl-t mutant which shares this
LR phenotype®®. It should be noted however that Atkai2 mutants do not show any
hypocotyl changes when grown in darkness, nor primary root length changes®%,
unlike the Atiarl-t mutant. In addition, unlike hypocotyl elongation in the light,
elongation in the dark does not require auxin transport*®’, suggesting that although
auxin transport may be part of the mechanism in early photomorphogenesis, it does
not account for the skotomorphogenesis phenotypes. A different hypothesis could
be that activity of AtlIAR1 increases the abundance of a cell wall derived
skotomorphogenesis signal'®2, however, this study has not examined the cell wall of
Col-0 nor Atiarl mutants across Zn conditions, and so the early enhanced dark
phenotype of Atiarl-t remains unresolved (Figure 7. 3). Further work on cell wall
composition, auxin transporter localisation and auxin content in different tissues of

Col-0 and Atiarl mutants at 5 days of growth in both light and darkness could help

resolve this.
AtIARI
|z
Cell wall changes| ==  Photomorphogenesis
Light ____, TAA transport

TAA conjugation | =  Skotomorphogenesis

Figure 7.3 Potential involvement of AtlIARL1 in light-induced changes during

early development.
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7.2.2 After 5 days a developmental switch leads to a change in

Atiar1-t phenotypes

The differential hypocotyl and growth phenotype of Atiarl-t mutants after 5 days is
reversed or complemented after 10 days of growth, indicating a loss of this early
enhanced dark phenotype as Atiarl-t shows reduced hypocotyl length and primary
root length similar to Col-0. The reason for this switch may be related to the
eventual degradation of a cell wall-derived dark signal or differing auxin
requirements during the 5 day to 10 day transition, although this is currently
unclear. IAA-related metabolites were measured after 16 days and so cannot be
directly attributed to phenotypes measured at 10 days. This emphasises the need for
future studies to focus on the same time point for collecting data from, particularly

when considering developmental phenotypes.

However, assuming no further changes in auxin phenotype between day 10 and day
16, these auxin-related phenotypes after 10 days are associated with no change in
total IAA content measured in the plants which were similar across all genotypes.
This could suggest compensatory changes in other aspects of IAA metabolism to
create a negative feedback loop to stabilise IAA levels for a specific cellular context
within these conditions. It has been previously demonstrated that high IAA levels
reduce 1AA synthesis®®’ and promote IAA conjugation to both amino acids and
glucose transcriptionally?®32%° In the ‘low auxin’ model of the Atiarl-t mutant,
IAA levels are reduced by the lower level of IAA-aa hydrolysis, which promotes
the reverse of the characterised feedback loop where a ‘low auxin’ signal leads to
decrease in IAA-Glc levels as part of a negative feedback loop to maintain IAA

levels.

Combining metabolite analysis, AtMTP2 expression data and IAA-Ala sensitivity
from this study, a model for the AtIAR1 and Zn dependency on this IAA-IAA

conjugate feedback loop can be constructed as shown below in Figure 7.4.
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Col-0 Zn deficiency

fari-t Zn deficiency

Precursors Precursors
IAA-aa 1AA IAA-Glc IAA-aa 1IAA TAA-Glc
Catabolites Catabolites

Col-0 Control Zn

iarl-t Control Zn

Precursors Precursors
1AA-aa IAA IAA-Glc IAA-aa IAA IAA-Glc
Catabolites Catabolites

Col-0 Excess Zn

iarl-t Excess Zn

Precursors Precursors
I4A4-aa IAA IAA-Gle 14A4-aa IAA IAA-Gle
Catabolites Catabolites

Figure 7.4 Auxin metabolism pools predicted and measured across Zn and
AtIAR1 genotypes. All metabolite levels were either measured or predicted
(italics). Arrows represent conversion rates between metabolite pools and are

predicted.

In Zn deficiency, Zn import into the ER in the root through enhanced AtMTP2
activity is hypothesised to restrict IAA-aa hydrolysis, although further work on the

|AA-aa sensitivity of Atmtp2 mutants is needed to confirm this takes place. In

231



addition to high tryptophan (Trp) and IAA-GIc levels, the current findings indicate
that Zn deficiency comprises a ‘high auxin’ metabolic state, and so leads to
increasing auxin conjugation. This does not appear to lead to a ‘high auxin’ growth
phenotype relative to control Zn conditions, implying the metabolite phenotype is
not associated with a growth phenotype in this instance. Currently, the auxin-related
developmental changes in Zn deficiency are poorly characterised with only minor
phenotypes shown in this study which were found independent of AtlAR1 and so
warrant further investigation. Experiments with plants under Zn deficiency
conditions for longer periods of time, using mutants of ER/Golgi Zn importer genes

such as AtMTP5 or AtMTP2 may prove informative in future work.

In Zn excess, high IAA-Glc and catabolite concentrations indicate another but
different ‘high auxin’ metabolic state. This ‘high auxin’ metabolic state is not
reflected in the hypocotyl, which undergoes growth restriction, but is reflected in
the roots which show growth suppression. The shoot and root auxin link in Zn

excess will be expanded further below.

Across all these conditions, the Atiarl-t mutant showed reduced 1AA storage in
IAA-Glc and reduced catabolism to oxIAA but only in high Zn conditions.
Therefore, the Atiarl-t mutant is hypothesised to be in a ‘low auxin’ metabolic state
due to reduced IAA-aa hydrolysis. This ‘low auxin’ metabolic state might then be
responsible for the growth phenotype seen in Atiarl-t plants after 10 days of
reduced hypocotyl length and regaining wildtype-like root lengths.

In this study, there were no changes in total IAA content of the plant, but dramatic
changes in auxin precursors, conjugates and catabolites. This indicates a potential
role of IAA conjugates as buffers to smoothen any IAA concentration changes in an

Zn-sensitive manner to establish a required developmental response.

This model has assumed that different IAA conjugates are functionally redundant
IAA buffers and are regulated similarly, which may not be the case. Indeed, it
appears in this study and others that disruption of mobilisation of one IAA
conjugate cannot be fully complemented by extra mobilisation of another?74.2%0:310,
However, due to limited research in the preferential synthesis and hydrolysis of
these separate |AA conjugates, it is currently hard to define what these differences

are. This model has also assumed that the whole plant metabolite data gathered are
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representative of key auxin pools dictating the phenotypes measured, which is
unlikely to be the case, particularly if Atiarl mutants show disrupted auxin
distribution as predicted. Further spatial and temporal resolution on this metabolite
analysis would therefore be beneficial to understanding further the Zn and AtlIAR1

dependant changes to auxin metabolism and testing the model above.
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7.3 The Zn excess response involves auxin transport from

shoots

7.3.1 Zn excess response in conditions with no exogenous auxin

involves AtlAR1-mediated auxin transport from shoots

In Zn excess conditions, regardless of developmental stage or genotype, shoot
hypocotyl and root length are reduced. Although the precise mechanisms of Zn
excess-induced growth changes are mostly unknown, there is some evidence of
altered PIN distribution causing reduced auxin accumulation in the root
meristem®24325575_ The absence of change in plant IAA levels measured in this
study in Zn excess conditions suggest auxin distribution rather than whole plant

auxin level is important here.

Removal of auxin from the shoot could be hypothesised to be partially responsible
for the reduced hypocotyl growth in Zn excess. Given AtlIAR1 is induced in the leaf
and hypocotyl vasculature in Zn excess conditions, it is hypothesised that AtIAR1
may aid this increased shoot mobilisation of auxin in Zn excess. It is therefore
possible that AtlIAR1 plays a role in auxin canalisation, where auxin signalling
induces development of vasculature tissue carrying auxin in narrow channels from
source to sink3'3, This process occurs through auxin-induced PIN localisation
changes and the endocytic trafficking of PIN transporters®'2°75578 some of which
are expressed in similar tissues to AtIAR1°%15%7  Indeed, mutants in genes
responsible for activation of storage forms of auxin, including IAA-aas, show leaf
venation phenotypes®'®. However, these experiments have not been carried out with
Atiarl mutants and so warrant further investigation to test this potential role of
AtlIAR1.

In roots under Zn excess, root apical meristem (RAM) size is reduced, an effect that
is accentuated in Atiarl-t mutants, whilst reducing the LR density. Auxin is
involved at several different points during LR development, and auxin transport at

the shoot-root junction is required for LR formation*®2. Zn excess applied after 5
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days of growth on control Zn media resulted in increased LR density®?*, however in
this study continual exposure to Zn excess did not lead to a similar increase. This
implies that Zn excess may be acting to increase auxin in the upper roots to promote
the later stages of LR development rather than the early stages which occur closer
to the root tip. Given that excess Zn reduces expression of genes in the YUCCA-
TAA pathway®%, this upper root auxin may be derived from the shoot via AtIAR1-
mediated transport rather than synthesis. In Atiarl-t, early dark-associated changes
in auxin distribution may contribute to increased LR density, in a similar way to
Atkai2 mutants and Zn excess conditions, with increased auxin in the upper root.
However, unlike in Zn excess, control and Zn-deficient conditions allow sufficient
local auxin synthesis to potentially maintain pre-branch LR sites in Atiarl-t
mutants. In Zn excess conditions, local root auxin synthesis is reduced and so
would lead to a reduced LR density in Atiarl-t plants. Experiments involving the
Zn dependency of the LR density phenotype of Atkai2 plants would help test this
hypothesis.

Previous work has shown long term Zn excess leads to a reduction in auxin
accumulation and size of the RAM, correlated with reduced PIN expression and
increased reactive oxygen species®?®>%'>, Potential reasons for Atiar1-t plants being
more sensitive to this RAM restriction may be due to the already altered auxin
distribution predicted during early growth of Atiarl-t. Atiarl-t therefore becomes
over-reliant on local root auxin synthesis for meristem maintenance and so Atiarl-t
is sensitive to when local synthesis of auxin in roots is reduced in Zn excess

conditions®%,

This together leads to the generation of a model shown below in Figure 7.5,
involving the intersection of local auxin synthesis and transport in Zn-dependant
manner. Further work on PIN localisations, auxin activity and synthesis would be
required to test this hypothesis including crossing PIN::GFP and DR5 reporter lines
with Atiarl-t lines and investigating expression of auxin synthesis genes in Atiarl

mutants.
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Col-0 - Control Zn AtiarI-t - Control Zn Col-0 - Excess Zn AtiarI-t - Excess Zn

1

Figure 7.5 Model for Zn dependant auxin mobilisation in 5-day-old Col-0 and
Atiarl-t plants. Under control Zn conditions, the Atiarl-t mutant shows reduced
light signalling, which includes enhanced auxin activity in the shoot and upper roots
(filled blue circle) enhancing shoot growth and LR growth, with increased local
auxin biosynthesis in root tips maintaining meristem size similar to Col-0 (empty
blue circle). Under Zn excess, local auxin biosynthesis in roots is reduced, and
auxin is mobilised from the shoots (blue arrow), but restricted to the upper root,
restricting RAM size. Due to the reduced auxin transport from the shoots in Atiarl-t
plants this root meristem reduction is enhanced in the Atiarl-t mutant and LR

formation reduced.

Within this model, it is interesting to note that excess Zn conditions are represented
as ‘high auxin’ metabolic states, with IAA-GIc being a major storage form of 1AA,
which has been found mostly in the roots in control Zn conditions®®. Potentially,
this shoot-to-root transport of auxin in Col-0 in Zn excess conditions is aided by

high levels of auxin conjugation and oxidation in the roots.
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7.3.2 The excess Zn—exogenous auxin interaction requires AtlIAR1-

mediated auxin transport

This model of auxin transport in Zn excess is important to understanding the excess
Zn-exogenous auxin interaction. Given that GUS expression was not observed in
plants grown in excess Zn with exogenous IAA but that these conditions showed
the greatest difference in phenotype between Atiarl-t and Col-0 plants, this implies
that the role of AtlAR1 may have occurred prior to staining and that AtlIAR1
expression was then repressed. As previously established, during early
development, the Atiarl-t mutant shows an enhanced dark phenotype, due to
reduced light signalling through an undetermined mechanism. This can be checked
in future work investigating growth and AtIAR1 expression at earlier time points in

control and exogenous I1AA conditions.

In high exogenous IAA and IAA-Ala conditions there is a large increase in IAA
which generates a high auxin response in roots and shoots, including a reduced
RAM size®™®, It is interesting that the excess Zn-exogenous IAA interaction shows
differently in roots and shoots. In roots, this interaction further restricts root length
and increases LR density, whilst in shoots this interaction extends hypocotyls,
indicative of a reduction to the high and inhibitory levels of IAA for shoot
hypocotyl extension. Therefore, it is hypothesised that the excess Zn-exogenous
IAA interaction is due to increased auxin removal from shoots as a result of the
altered auxin distribution in Zn excess seen in Figure 7.5. The increase in LR
density in Zn excess with exogenous IAA can be explained through added IAA
compensating for the low root auxin synthesis that is proposed in Zn excess
conditions. Additionally, the reduced root length could be explained by the
exogenous IAA-induced changes in PIN distributions3'?318 operating alongside
those induced in Zn excess to mediate additional shortening of root length,

presumably through reducing meristem size.

In both Atiarl mutants, the excess Zn-exogenous IAA interaction in the shoots is
lost, but is partially maintained in the lateral root and primary root growth
phenotypes only in Atiarl-t plants. This fits with a role of AtIARL in Zn excess-

mediated shoot IAA removal as shown in the model in Figure 7.4 and is suggestive
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of an additional smaller role of AtlIAR1 in co-ordinating the auxin transport within
the root. Further work to confirm this hypothesis will also involve testing where the
AtlAR1-dependant root growth restriction is taking place, either through meristem
size reduction or in extent of elongation in the exogenous auxin treatments. In
addition, testing of auxin response and PIN localisation in these conditions will be

vital in establishing auxin activity distribution in Zn excess conditions.

Finally, the mechanism behind this dependency on AtlAR1 for auxin transport is
unclear, as is whether this auxin transport link is also responsible for the enhanced
dark phenotype observed for Atiarl-t plants during early development. Potential
clues of this mechanism may be in further understanding of the roles of auxin
conjugation in auxin canalisation. With increased AtlAR1 expression, ER Zn levels
are thought to decrease, aiding auxin conjugate hydrolysis, which would further
enhance auxin levels in the vasculature, and which may be important in establishing
or maintaining narrow auxin transport routes, potentially through auxin-mediated
secondary cell wall formation, similarly to AtWAT1 activity*°51%7. Additionally,
further characterisation of the Atiarl-3 mutant which shows no Zn dependency on
any aspect of IAA sensitivity in the roots may elucidate this mechanism as outlined

below.

238



7.4 The Atiarl-t and Atiarl-3 mutants show different
phenotypes

Across this study, it has become evident that Atiarl-3 and Atiarl-t mutations result
in different phenotypic severity. The ability of the AtlAR1-3 protein to transport Zn
across the yeast plasma membrane suggests that AtlAR1-3 does not act as a
completely non-functional protein as predicted in the Rampey et al, 2013 model in
Figure 7.1B. As Atiarl-3 shows intermediate sensitivity between Atiarl-t and Col-
0 to exogenous IAA-Ala, it is hypothesised that ER Zn levels in Atiarl-3 are
intermediate between Col-0 and Atiarl-t, as shown in Figure 7.2 and that this leads
to many phenotypes of Atiarl-3 plants being a milder version of those of Atiarl-t
plants, including metabolite levels and developmental changes across different Zn
and auxin conditions. Further work to establish these ER Zn levels should be
pursued using ER-targeted Zn-responsive Forster resonance energy transfer (FRET)

sensors or dyes, which has not yet been performed in plants.

Some phenotypes of Atiarl-3 mutants have however been distinct from both
Atiarl-t and Col-0 plants. This includes an increase in Fe deficiency response in Zn
excess, as well as a lack of the excess Zn -exogenous IAA interactions in root
phenotypes. Whether these phenotypes are related is unknown, but it could be
hypothesised that the increased Zn toxicity seen in Atiarl-3 plants may alter the
PIN distribution which is relevant to the Zn excess-exogenous IAA interactions in

the root.

In addition to Zn excess-specific changes, the Atiarl-3 mutant also shows
phenotypes distinct from Col-0 and Atiarl-t across Zn deficiency and control Zn
conditions. This includes persistent decreases in primary root length, not showing
the time dependence of the Atiarl-t phenotype, decreased apical hook angle, and
increased IAA sensitivity compared to Col-0 and Atiarl-t in Zn deficiency and
control Zn conditions. Further understanding of localisation and activity of AtIAR1
and Atiarl-3 is necessary to unpick the mechanisms here, but particular attention
should paid to functionality of the C-terminal region which is disrupted in Atiarl-3,

and could be related to dimerization®®, either homodimerization or
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heterodimerisation with other secretory pathway ZIPs. The restricted localisation of
Atiarl1-3 predicted in the updated model in Figure 7.2 would mean any Atiarl-3
interacting protein which could be trafficked to the Golgi in Atiarl-t plants is
retained in Atiarl-3 plants. Retention of this protein may then lead to increased
sensitivity to Zn toxicity, changed auxin gradients and show a time-dependant
function. Therefore, future work should involve investigating the interactome of
AtlARL1 to further unpick this.
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7.5 The ER and Golgi are differently regulated Zn stores

One of the questions surrounding ER and Golgi Zn homeostasis involves whether
Zn levels are higher or lower in the secretory pathway than the cytosol. The
concentration of free Zn in the cytosol of plant cells has been calculated using
FRET sensors to be around 400 pM“® similar to estimates in mammalian cells*>416,
Plant ER Zn concentration has not been measured, but calculations of ER Zn in
mammalian cells has shown diverging estimates of close to 1 pM*°>42L or 1-5
nM*7422_Given a compartment with a volume of 1 pL with a Zn concentration of 1
pM would be calculated to contain 0.6 Zn ions and that HeLa cells have a total
volume of 1-2 pI*®8L it is therefore unlikely that the ER has a Zn concentration of
1 pM in mammalian cells®®2. Additionally, to date in plants, AtMTP2 proteins are
the only proteins known to be responsible for Zn import into the ER, requiring
proton antiport®®®” which is favourable given the more acidic pH of the ER relative
to the cytosol®®. AtZTP29% and AtIAR1 which release Zn from the ER are ZIP
transporters which are suspected to symport HCO3" in a similar way to HsZIP2, 8
and 14, and so would also be transporting against the pH gradient®3458, |t therefore

seems most likely that Zn levels in the ER are higher that of the cytosol.

The situation is more complicated in the Golgi which retains a lower pH than the
ER®8 but in addition to AtMTP5-AtMTP12 transporting Zn into the cis-Golgi*®,
AtZIP13 also can transport Zn into the Golgi’®. However, AtZIP13 is an atypical
ZIP, transporting a metal out of the cytosol with predicted 14 transmembrane
helices and so its transport mechanism may be atypical of previously characterised
eukaryotic ZIP transporters. Therefore, it is possible that Golgi Zn levels are also
higher than that in the cytosol, but further work is needed using ER and Golgi
targeted FRET sensors to test these hypotheses.

The regulation of these two Zn compartments are different. Only Golgi Zn is
thought used as a storage compartment during excess Zn conditions’®, unlike ER Zn
which is increased in Zn deficient conditions®? and reduced by salt stress®. The
strongest Atiarl mutant phenotypes seen in this study are related to auxin rather

than Zn deficiency and excess responses suggesting AtlAR1 may not be involved in
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the dynamic regulation of ER/Golgi Zn stores in these changing Zn conditions, but
instead to developmental cues. Further work on the regulation of AtlIAR1 expression
and activity will help further characterise how AtlAR1-mediated ER/Golgi Zn
mobilisation is controlled and interacts with other mobilisation cues such as salt

stress.
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7.6 Studies on hormone-nutrient interaction require high

spatial and temporal resolution

As shown in this study, the complexity of the hormonal and developmental
responses in changing Zn conditions are vast and contain a multitude of
overlapping factors. It is therefore difficult to determine one specific change
between the different conditions as key. Future work on the nutrient-hormone
interaction landscape would do well to focus in on a single aspect of a
developmental change in the altered nutrient/hormone conditions and acquire dat

a

with high spatial and temporal resolution on this point to advance the field further.

This is particularly the case when considering further work on AtlIAR1, whose
mutants show varied phenotypes indicative of pleiotropic effects of mutations at

this locus.
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