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striving hands”

(170 book 8 the Odyssey)

Abstract

The use of copper nanoparticles (CuNPs) shows promise in enhancing plant growth, but
their effects depend on concentration, size, and surface chemistry. High copper levels can
be toxic, causing oxidative stress and cell damage, though plants have developed
mechanisms to tolerate metal stress. Proposed pathways activated by CuNPs include
hormonal response, phenylpropanoid biosynthesis, and interaction with the cytoskeleton.
Nanoparticle size and morphology affect interactions with plants and microbes, and their
bioavailability depends on various factors. The aim of the work described in this thesis was
to characterise the biological responses of plants to CuNPs at the phenotypic and molecular
levels. Proteomic and transcriptomic analysis in Arabidopsis reveals differential expression
of stress response genes and cellular signalling pathways, providing new information on
plant responses. Willow trees show potential for copper uptake, suggesting
phytoremediation possibilities. Understanding CuNP environmental impacts is crucial for
safe use, and investigating protein interactions, post-translational modifications, and
different nanoparticle types can offer insights. This research can aid in developing

sustainable remediation methods and safe industrial applications of CuNPs.



Chapter 1 Introduction

1.1 Tree roots in the built environment

A key application of the work described in this thesis is that of developing new solutions to
prevent root ingress into built structures such as pipes, based on our understanding of root
development. There has been a long history of civil infrastructure and the natural world
struggling to co-exist, An illustration of this problem dates to post-war England. A surveyor
assigned to assess bombing damage and associated compensation was baffled by increasing
claims from rural areas that were not bombed, however assessing the foundations of
buildings found damage and structural issues that were not dissimilar from the bombing. This
turned out to be a result of root networks from trees shifting the soil and causing damage in

dry weather (Ward, 1948).

There is limited space underneath the soil for everything a built civil society is interested in

placing there as well as substantial plant and microbial life.
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Figure 1.1 : Bar chart indicating the large density of plant life and biomass that shares the
exact same region of soil most civil infrastructure including pipe networks are placed, data

from (Roberts et al. 2006)

Sewerage systems drain and transport sewage or sanitary water (Bartlett, 1979), ground
drainage and stormwater or runoff are usually in separate systems, seldom combined, the

general approach is to separate surface water from foul water.

10
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Figure 1.2 : Contributing factors to root ingress and overall infrastructure damage

incorporating both biotic and abiotic factors.

The problem of tree roots proliferating within sewer systems has been reported by several
publications and authors across many years in different regions. Root invasion is likely to
occur in old systems and in cracked pipes. Factors that contribute to damage include old pipes
with joints, shallow pipes, small-dimension pipes, and fast-growing tree species. Because
roots are reported to cause >50% of all sewer blockages, costs associated with root removal
from sewers are substantial. In smaller-dimension pipes, root removal every year or every
other year is common. Major resources are put into the replacement and renewal of existing
pipes, which is sometimes accelerated because of root intrusion. Collapse repair costs are
greater than new construction, but costs associated with root removal may be one-sixth the
cost of pipe replacement/renewal due to roots ( (Randrup, McPherson and Costello et al.,

2001).
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Regions reporting problems include the USA (Baxter, 1958); (Geyer & Lentz, 1966), and
Scandinavian countries (Rolf & Stal, 1994) which states water authorities had blockages
caused on average 54% to 93% of the time by tree roots. Within the United Kingdom root
intrusion is potentially causative of up to 5% of sewer blockages and can be held responsible
for a significant number of recurring drainage problems (Davidson, 1999). However, it is
overall rare for a pipe to break as a result of root intrusion (Brennan et al., 1997). There are
a number of different construction styles for underground water pipes utilised over several
centuries. Cast iron piping from the 19™ century, asbestos cement from the 1960s, ductile
iron and PVC utilised since the 1970s. MDPE (medium density polythene) from the 1980s. If
all of these pipe networks are in good condition there is no major reason for roots to intrude
into them as strong positive water pressure in the pipes would present a barrier (Brennan et

al., 1997).

Unfortunately, the general state of repair of a lot of the water pipe infrastructure within the
UK is poor. Statisticujs from 1998 categorise up to 7% of mains water pipes as grade 4
(considerable corrosion affecting service performance; nearing end of useful life; frequent
bursts) and up to 5% is condition 5 (substantially derelict and source of service problems. N6
residual life) which means up to 12% of pipe infrastructure is in a poor state of repair (Leakage

and Water Efficiency Office of Water Services, 2001).

Even with internal pressure reducing root intrusion, any leakage at all will encourage some
form of root growth in the locality and may result in future damage to infrastructure, it is both
unrealistic and uneconomical to expect to totally reduce leakage of pipes to negligible levels
so a different strategy must be undertaken to reduce this impact. (Leakage and Water

Efficiency Office of Water Services, 2001).

In 1993 the UK had over 300,000 km of both surface and foul water sewers (Wrc, 2013). This
has expanded significantly since then and is known to be in poor condition. The water
distribution system in the Uk UK has substantial leaks with total leakage estimated to be 21%
of water put into supply between 1999 and 2000 On a European wide basis there is significant

loss due to leakage (Leakage and Water Efficiency Office of Water Services, 2001).
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Unlike water mains, the flow within sewers and drains relies upon gravity which Is often

insufficient to prevent root intrusion.

Gasson & Cutler (1998) report that as pipes are well protected in normal circumstances, it's
nearly impossible for roots to detect their presence in any other situation other than a leak.

In the absence of any obvious leak, roots must enter at joints between pipe sections.

Once a root has accessed a sewer the conditions inside are optimal to induce growth and
proliferation until it blocks the sewer completely (Harris et al., 2004). There is little
information about the rate of root growth within pipes compared to how it grows in soil
nearby. Which would be a useful comparison to understand the attraction of sewer pipes to

roots better.

The most common species that invaded sewer pipes were recorded in a survey carried out in
1989 (Cutler & Richardson, 1989). The biggest offender was the Populus spp family of trees,
followed by willow and horse chestnut Acer spp, Castanea, Aesculus and specifically Salix as

being particularly invasive.
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Figure 1.3 — (A) Chart depicting most common species to cause pipe blockage. Adapted from
Roberts et al. (2006) (B) Graph of average distances found between tree root ingress and

damage and the tree species responsible, adapted from Cutler & Richardson (1989).

Poplar and willow as riparian species are more likely to cause problems given their adaptions
to waterlogged conditions found within sewers and pipes. It might be expected for other

riparian species such as Fraxinus (ash) and Alnus (alder) however alder is not extensively
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planted within the urban environment, except for reclamation sites (Cutler & Richardson,

1989).

1.1.1 Methods for controlling root intrusion
1.1.1.1 Mechanical removal:

Rodding: This process uses either a mechanical or manually operated ratchet drive connected
to hardened steel rods fitted with a specific head. This type of work is typically undertaken on
a reactive basis and is at least a two-stage process, i.e. Stage 1 is with a point type head to

“break” the block then Stage 2 is with a cutter type head to clear the pipe.

Jetting: This uses high-pressure water (103 bar to 690 bar) to drive specific heads fitted to the
end of a hose. The water used is usually from the reticulation water system, i.e. fireplug.
Recent developments have seen the use of recycled water and/or equipment being modified
to suit to use “water” from the sewer main itself. The heads fitted are typically for a specific
purpose, e.g. removal of rubble, root cutting etc. This process usually removes material from

pipe, e.g. rubble. Some authorities refer to this method as “flooding”.

Root Cutting: Similar to jetting using high-pressure water but specific heads are used that
enables the equipment to cut the tree roots. Basically, two types of heads are used. One
where nozzles in the head does the cutting and the other where a hydraulic motor “drives” a

cutting head similar to a “hole saw” fitted to an electric drill.
1.1.1.2 Chemical methods:

Chemical: In this process a root inhibitor chemical is applied to the reticulation sewer pipes
considered to have tree roots present. The chemical historically has been applied via a
“foaming” process but other processes have been trialled, e.g. spot spraying in conjunction
with close circuit television (CCTV) equipment. Chemicals often used include copper sulphate
which has been shown to control root growth in sewers in the USA (Sprague and Edwards,
2004) the use of copper based chemicals is particularly promising given it is not absorbed too
deeply into the plant, likely as a result of killing the root before it can be transported further
into the plant. Resulting in localised root death with no overall loss to tree or shrubs (Mitchell,

P.J,and Schnele, 1999). However there are environmental concerns for utilising copper
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sulphate in the sewer system and increasingly regulations are attempting to cut down on
heavy metal pollution of water systems, additionally there have been reports of toxicity
interfering with sewerage treatment (DD. Drury and JM. Montgomery, 2006) which makes

this strategy questionable as a long term solution.

A significant number of herbicides have been trialled with dichlobenil and metam-sodium
having good results (John W. Groninger, 1997) metam sodium is known to have toxic effects

on nitrifiers that are used in sewage treatment.

Within Europe there are some stringent laws regarding what which chemicals can be used
through wastewater systems. So chemical control of root growth may not be the best

solution. An environmentally friendly and sustainable solution would be best.

Dig/Repair: This method is generally restricted to isolated cases and site-specific conditions
that require a unique approach to clear a blockage and/or defect. Repairs normally
undertaken as part of planned program there are situations where a reactive excavation and
repair is required e.g. collapsed pipe, equipment trapped within the sewer pipe. (Thomson,

2006)

The report concluded there is no easy or all-inclusive fix for the issue of tree root intrusion on

water pipe systems.

1.2 Root System Architecture:

Roots are an essential biological system through which water and nutrients are uptaken into
the plant. Additionally, they have important anchoring and different mechanical support
functions. It is an important signalling centre for different biotic and abiotic influences within
the soil that affect plant growth. The root system architecture is not as well understood as
cotyledon and leaf development given the logistical problems in attempting to dynamically
analyse root growth in soil (de Dorlodot et al., 2007). However, a good understanding opens
up the possibility of manipulating and exploiting its growth to gain advantages in the

production of crops and better optimise land usage (Smith & de Smet, 2012).

Plants display significant variability in their underground networks, specifically in their root
systems. Root system architecture differs not only between species but also within the same

species due to various genetic and environmental factors.
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In biology, the term 'architecture’ refers to the spatial arrangement of a complex assembly of
subunits, with the understanding that the overall macro configuration has a functional
purpose. Root architecture applies this concept to the organization of plant roots. This

architecture can be classified into the following categories for plant roots:

The spatial configuration of the root system, Normally studies of root architecture do not
consider more specific features such as root hairs, they are more concerned with the overall
macro scale of the root network. Architecture is a useful indicator of topology and
distribution, neither of these two factors on their own can be used to derive information

about the others in comparison to architecture.

It is easier to measure and quantify topology and distribution which can elucidate the overall

architecture of the root than it is to directly measure root architecture.

Root architecture, on the whole, can be quite complex, Root systems display significant
variations between different species, even within different genotypes of the same species
there is significant variation, and within different regions of roots of the same plant there is

considerable variation.

So with this complexity, quantifying root architecture is, therefore, both a difficult methodical
undertaking as well as potentially providing great insight into the functional morphology of

plants (Lynch, 1995).

1.2.1 How does root Architecture affect plant productivity?

Root architecture will have serious implications on how a plant obtains nutrients, given the
availability of resources a plant needs in the soil, such as potassium (Leigh RA, 1984) (Shin, 2014)
and nitrogen (Kiba & Krapp, 2016), are variable and not always present in sufficient quantities.
How the plant responds to scarcity of resources is likely to be reflected in the architectural
layout of the root system, which is under both genetic and environmental control (Kochian,

2016).

There can be significant variation in the availability of different resources within very short
distances in the soil, and this presents conflicting nutrient gradients competing for plants’

attention responses (Lynch, 2022).
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Plants can respond to deficiencies by stimulating lateral root growth, as is the case with
nitrogen (Kiba & Krapp, 2016) (Postma et al.,, 2014) when in mild nitrogen-deficient

conditions.

Changes in root architecture represent a response to environmental factors, and barriers
present within the soil. Plants can modulate root growth patterns in response to different
nutrient signals (Giehl et al.,, 2014). For example, plants can respond to deficiencies by
stimulating lateral root growth, as is the case with nitrogen (Kiba & Krapp, 2016; Postma et
al., 2014) when in mild nitrogen-deficient conditions. Some of these other environmental
factors include temperature, moisture, the presence of beneficial or detrimental microbiota,
and mechanical barriers (Waadt et al., 2022a). Plants can modulate root growth patterns in

response to different nutrient signals (Giehl et al., 2014).

1.3 Arabidopsis as a model organism

1.3.1 Arabidopsis as a model for root development

Arabidopsis thaliana is a plant that has no inherent agricultural value but has been utilised as
a model plant within the research community for over a century, however, and it has come
into mainstream popularity amongst plant biologists since the early 1980s. Its useful benefits
include its relatively short life cycle of approximately 6 weeks, the small surface size of the
plant which allowed it to be grown in limited space, its ability to self-fertilise, and its ability
for one plant to produce upwards of 5000 seeds. and its simple diploid genome with
approximately 27’000 29,000 protein-coding genes across 5 pairs of chromosomes (making it
one of the simplest known plant genomes) were - all useful characteristics that led to its
adaptation as a model species throughout the research community (Meinke et al., 1998). The
plant was also the first higher plant genome that was sequenced and published (Kaul et al.,
2000)which solidified its status for developmental and molecular biology work. Arabidopsis
also presents a useful model for root analysis and quantification as it expresses a typically

dicotyledonous hierarchical tree root system architecture (Kellermeier et al., 2014).
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1.3.2 Structure and growth

The root system of Arabidopsis is quite highly regulated and organised in its development.
(Dolan et al., 1993). A figure of the transverse section of a root demonstrates an organised
radial symmetry with concentric ring cell files this tissue, consists consisting of (from outer to
inner) the outer epidermis, cortex and endodermis which surrounds essential the vascular
tissue which consists of the pericycle, phloem, xylem and procambium (Scheres, 2013). This
is illustrated in (Fig 1.4). All the differentiated cells indicated originate from a pool of stem
cells located at the root tip. The stem cells are undifferentiated due to their proximity and
contact with cells of the quiescent centre (QC), the main function of which is to maintain an
undifferentiated state (Dolan & Roberts, 1995; Petricka et al., 2012). The stem cells alongside

together with the QC form the stem cell niche (SCN).
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Figure 1.5: Structure of the Arabidopsis root. Longitudinal section through the root (left), and
transverse section of the root taken from the zone of differentiation (right). Different cell types
marked in different colours and developmental zones are indicated. Image adapted from De
Smet et al. (2015).

The longitudinal organisational structure of an Arabidopsis root (Left) demonstrating apical-
basal polarity. There are different cell types (separate colours) arranged into cell files which

form concentric single-cell layers that surround vascular tissue. There is a distinct
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differentiation between different developmental zones in the root tip and this differentiation
is highly regulated. Transverse section of the root (Right), radial polarity on the differentiation
root zone demonstrating root hair formation and the Casparian strips. Adapted from De Smet

et al. (2015); Péret et al. (2009); Petricka et al. (2012).

1.3.3 Primary Root Length:

Primary root length is mainly influenced and determined by an interaction of three different
cell biological processes, namely the rate of cellular division, the rate of differentiation of
those cells and the extent of expansion and elongation of cells (Scheres et al. 2002). In dicot
plants, root development systems initiates with the embryonic root meristem, in which the
positioning and pattern of the stem cell niche (SCN), formed by the quiescent centre (QC and
the surrounding stem cells, are established (Scheres et al., 1994). This is followed by post-
embryonic events that produce a transition amplifying cell population in the proximal
meristem. Root The root apical meristem is therefore the main store of all cells that the
primary root will consist of during its life. Any disruptions or rearrangements in the spatial
arrangement and functional maintenance of the root apical meristem will have implications

for the growth of the primary root.

Mitotic activity in the root apical meristem and elongation in the zone proximal to the
meristem will be the main determinants of the extent and direction of PR root growth. Cell
division will decrease as cells move further away from the SCN (Petricka et al., 2012). The cells
will eventually stop dividing and enter into a process of elongation and, subsequently,
differentiation and elongation. The location of where cells stop dividing in relation to the SCN
will be a determinant of the size of the meristem, which subsequently is directly related to

the rate of root growth (Rong et al., 2022).

1.3.4 Lateral Root development

Lateral Roots (LR) in Arabidopsis develop from xylem pole pericycle cells, the development of
which occurs initiates in the primary root meristem. These primed cells then gain founder cell
identity and go on to develop into lateral roots (Benkova et al., 2003; De Smet et al., 2008;

Dubrovsky et al., 2000; Laskowski et al., 1995).
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These originating founder cells will undergo a succession of periclinal and anticlinal divisions
which will form the primordium of the lateral root. This development is further divided into
eight more distinct steps of development before a recognisable lateral root bud tip begins to

grow from the primary root (Malamy & Benfey, 1997; Fig. 1.6).
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Figure 1.6 adapted from (Malamy & Benfey, 1997) depicting a putative eight-stage lateral root
development pattern based on histological staining studies. Different colours correspond to

different cell types. Adapted from Malamy & Benfey (1997).
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1.3.5 Root Hair Development

Root hairs are small, single-celled extensions of the root epidermal tissue (Fig. 1.7). They
facilitate the functions of the root (anchorage, nutrient uptake, interaction with soil living
micro-organisms) by substantially increasing the surface area of the root (Schiefelbein et al.,
1990). The development of the root hair is in a state of constant modulation due to the roots
surroundings, which allows for their growth to be optimised to best suit the nutritional needs
of the plant. The overall mechanism of regulation relies on position position-dependent
signalling and feedback loops. This is mediated by phytohormone and other (e.g. reactive
oxygen species, ROS) signalling in response to biotic or abiotic changes in the soil environment
which enables flexible, phytohormone-driven alterations in the rate of growth, density, length

or morphology of the root and root hairs (Vissenberg et al., 2020).
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Figure 1.7 Root hair initiation depicted in the proximal region of the root tip. Adapted from

Vissenberg et al. (2020). Scale bar = 200um.

1.4 Plant hormones - roles and functions:

A hormone has been described as a signalling molecule with the main function of causing a

specific functional effect on another cell or tissue (Huxley, 1935). They are highly prevalent in
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the animal and plant kingdoms, coordinating physiology and development. Plant hormones
have developed and evolved as a mechanism for plants to respond to external stimuli, be it
light availability, nutrition, presence of pathogens or temperature cues. Early botanical
research investigated how plants sensed and responded to their environments (Darwin, 1966)
and described the hormone, later identified as auxin, as one of the essential hormones in
mediating the movement of plants. In more recent times, other hormones have been
discovered that regulate and coordinate growth, such as ethylene, gibberellin, cytokinin and
abscisic acid (ABA), together these hormones are known as the five classic plant hormones.
Others include jasmonic acid, salicylic acid, brassinosteroids and strigolactones (Raza et al.,
2022). Their transport around the plant and interactions with each other (synergistically or
antagonistically) is crucial to coordinating key developmental processes such as primary root
growth, lateral root development and root hair development (Vissenberg et al., 2020; Malamy

& Benfey, 1997; Petricka et al., 2012).
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Figure 1.8: A non-exhaustive list of some of the key phytohormones involved in plant growth

and development(Vissenberg et al., 2020), (Waadt et al., 2022)

1.4.1 Auxin

Auxin is the most studied phytohormone and is also one of the most prevalent in plants. Its
exact function is however dependent upon its concentration and the different precise cell
types that perceive it (Leyser, 2018; Vissenberg et al., 2020). Due to the complex demands of
regulating root and shoot growth with available nutrients, there is a strong necessity to
coordinate growth alongside regulation which requires a dedicated signalling system that
functions at both a local and systemic level throughout the plant. Auxin qualifies as one of
these growth coordinators having involvement in where, when, the quantity and the type of
growth that will occur in the plant. The argument has been made that auxin does not have

intrinsic value but is rather utilised, metaphorically, as a currency to facilitate biological
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transactions in the plant, - like money, auxin is exchanged and circulated to obtain multiple
different results depending on the spender and recipient within the plant (Stewart &
Nemhauser, 2010). The manner by which this phytohormone regulates is principally via
effecting transcriptional changes through a short signal transduction pathway (Paponov et al.,
2008). but may also influence cell wall loosening and cell elongation by non-transcriptional

changes (Leyser, 2018).

In plant roots, auxin forms a concentration gradient with the maximum concentration close
to the quiescent centre of the root tip (Sabatini et al., 1999). How the auxin is distributed in
the root tip is via a polar transport system accommodated by membrane proteins, many of
which are localised asymmetrically in order to provide directionality of auxin transport in
tissues. There are 3 main families. PIN-formed (PIN), ATP binding cassette subfamily B/P
glycoproteins (ABCP/PGP) and Aux/Lax. ABCP and PGP proteins are not currently associated
with polar transport within the plant (Barbez et al., 2012). PIN proteins however are essential
for the directional movement of auxin in the root tip (Petrasek et al., 2006). pin mutants will
exhibit disrupted transport and altered auxin localisation, which results in phenotypic

changes in growth and development (Kfecek et al., 2009).
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Figure 1.9: (A) Simplified model of auxin flux within the Arabidopsis root meristem. Basal auxin
transport (green arrows) from the shoot enters the root meristem and is concentrated in the
QCarea (purple arrows). In the columella, auxin is transported laterally (gold arrows) and then
transported apically in the epidermis and lateral root cap (red arrows). Finally, apically
transported auxin is recycled into the basal auxin stream by inward lateral transport (blue
arrows). (B) diagram showing expression domain and protein localization of PIN1 in the root
meristem. (C) diagram showing expression domain and protein localization of PIN2 in the root

meristem; apical localization in epidermal and lateral root cap cells, and basal localization in
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cortical cells. (D) expression domains and protein localizations of PIN3, PIN4, and PIN7 in the

root meristem. (E) the flow of auxin at the root tip. Adapted from (Ruiz Rosquete et al. 2012).

Fig. 1.9 depicts PIN protein localisation and auxin flux movement in the Arabidopsis root tip.
Auxin is transported in the stele directionally to the root tip via AUX1 influx and PIN1 efflux
carrier proteins. Auxin Directional auxin polarity polar movement corresponds with the apical
position of AUX1 and the basal position of PIN1 within the cell. PIN4 funnels the auxin into
the quiescent centre (QC) where the total auxin concentration maximum will occur.
Meanwhile, PIN3 and 7 are localised in the columella, and transport auxin to both sides of the
lateral root. Auxin is then transported back up the shoot (basipetally) via the epidermis and

cortex via PIN2. This is referred to as the reverse fountain model (Mironova et al., 2010).

It is important this auxin distribution is a highly regulated process to induce appropriate
growth responses for, for example, gravitropism which results in. Here a change in PIN3
distribution acts to asymmetrically change the concentration of auxin to one side of the root

to induce directional growth change (Adamowski & Friml, 2015; Rakusova et al., 2011).

1.4.2 Ethylene

Ethylene is the smallest phytohormone with the simplest structure (see Fig. 1.8). The
phytohormone is produced primarily in response to various stress factors. It has a well-
understood role in plant defence response to pathogens, it is a gaseous hormone and allows
plants to communicate with each other (Thao et al., 2015). More recent research has
determined roles in regulation of organ development and growth and total yield under abiotic
stresses. The main actors transcriptional regulators of ethylene signalling are the ethylene

response factors (ERFs).
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Figure 1.10: Summary of the biosynthesis and subsequent signalling pathways of ethylene

(Dubois et al., 2018).

Ethylene is involved in the inhibition of root elongation, in the development of lateral roots
as and in stimulating root hair formation (Dubois et al., 2018b). Ethylene stimulates the
expression of auxin biosynthesis genes and members components of the auxin transport
machinery (Péret et al., 2009; Swarup et al., 2007). This results in ethylene induced auxin
accumulation and inhibition of cell expansion of cells exiting the root meristem (Swarup et

al., 2007).

1.4.3 Reactive Oxygen Species

Reactive oxygen species (ROS) play a key role in the functional homeostasis of a plant. ROS
describes a selection of molecules that are derived from oxygen (O). Whilst stable O, ROS
are considered to be by-products of plant metabolic systems and can be generated in a
number of different plant tissues organelles such as the peroxisomes (Sandalio & Romero-
Puertas, 2015), chloroplasts (Dietz et al., 2016) and mitochondria (Huang et al., 2016). ROS
can cause irreparable damage to DNA and trigger cell death in high concentrations, but it also
has a function as a signalling molecule that can regulate standard plant responses to stress. It
is likely ROS play different roles in the plant depending on concentration and area site of

production (Miller et al., 2010).
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Figure 1.11: some of the causes of ROS production within cells through homeostatic processes.

Oxygen, the progenitor of ROS, is a highly stable molecule, and ROS are generated by

excitation or reduction of atmospheric oxygen but can be caused by numerous internal

homeostatic factors or by external influences (Figs. 1.11-1.13).
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Figure 1.12 figure of formation of reactive oxygen species via oxidation or reduction of stable

oxygen — adapted from (Waszczak et al., 2018)
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Figure 1.13: There are three processes to regulate ROS levels: production, its scavenging and
transportation. ROS levels and gradients are dictated by the interplay of these processes. ROS

operates as a signaller and responder to external and internal influences (Mittler et al., 2022).

The generation of reactive oxygen species (ROS) can result in the oxidation of cellular
components such as lipids, proteins, RNA, DNA, and several other small molecules. This high
reactivity is attributed to the altered chemistry of ROS, compared to O, which facilitates the
donation of electrons or transfer of excited energy states to acceptor molecules. The
predominant forms of ROS in cells include hydrogen peroxide (H.0;), superoxide (0,7), singlet
oxygen (02), hydroxyl radical (HO.), and a variety of organic and inorganic peroxides, each of
which exhibits distinct properties and levels of chemical reactivity (Fig. 1.11; Waszczak et al.,
2018). High levels of regulation are required in order to prevent overproduction which may
cause unintended cell damage, this is done by regulating the 3 processes illustrated in Figure

1.12, to keep ROS low and regulate ROS signal reactions.

As depicted in Fig. 1.11 ROS is produced during normal homeostatic processes as by-products
of housekeeping or metabolic pathways by-products (respiration, photosynthetic processes).
ROS can also be transported via aquaporins or AQPs, to other regions and tissues, to signal,
for removal/dispersal or to accumulate and sequester. ROS therefore can be produced in a

different region to its downstream function (Rodrigues et al., 2017; Mittler, 2017).
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ROS accumulates via a different pathway as a result of exposure to pathogen stresses.
Hydrogen peroxide is produced in the apoplast due to the activation of specific oxidases such
as the RBOHs, it is also produced in chloroplasts due to the disruption of metabolic systems

(Torres et al., 2002).

Most importantly there is evidence to suggest that ROS as a result of different stresses there
are different kinds of ROS accumulation patterns that occur in different parts of the cell
(Exposito-Rodriguez et al., 2017; Haber et al., 2021; Mizrachi et al., 2019); Marty et al., 2019;
Nietzel et al., 2019).

Different ROS produced in different cellular components can trigger a stress specific response
and signal transduction pathway that activates a specific acclimatization and defence

mechanism (Fig. 1.14).
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Figure 1.14: The generation and scavenging of reactive oxygen species (ROS) within distinct
cell compartments, including the cell wall and apoplast, during stress conditions results in the
formation of compartment-specific ROS signatures (as indicated on the right). These
signatures are integrated with other retrograde signals that do not involve ROS and reach the
nucleus, leading to alterations in the nuclear ROS signature and triggering of defence and
acclimatization responses. Abbreviations: ER refers to the endoplasmic reticulum, ROOH refers
to organic hydroperoxide, and RNS refers to reactive nitrogen species. Adapted from (Mittler

etal., 2022).
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1.4.3.1 ROS sensing
In plants, several proteins and enzymes can sense ROS levels such as transcription factors:

Some transcription factors can directly or indirectly sense ROS levels. For example, NPR1
(NON-EXPRESSOR OF PR-GENES1) senses changes in the cellular redox state and regulates
gene expression in response to ROS production (Wolf & Hofte, 2014). ROS can also modulate
the activity of protein kinases, such as mitogen-activated protein kinases (MAPKs) and
calcium-dependent protein kinases (CDPKs), which in turn initiate downstream signalling
events (Meng & Zhang, 2013). Enzymes like catalase, superoxide dismutase (SOD), and
peroxidases can sense ROS levels and help in ROS detoxification they are known as ROS

scavengers.

In contrast to traditional signal transduction molecules like hormones or peptides, which
typically have a specific set of receptors, variations in cellular ROS levels can affect the
structure and function of numerous proteins, thereby influencing a wide range of signal
transduction pathways. This capacity for ROS to act on multiple pathways is primarily
facilitated by oxidative post-translational modifications (oxi-PTMs). As a result, ROS can serve

as versatile and dynamic regulators of diverse stress responses (Mittler et al., 2022).

1.5 Nanoparticles

A focus of the work described in this thesis is the plant response to copper nanoparticles. A
nanoparticle is a microscopic particle with at least one dimension that is less than 100
nanometers. Nanoparticles can be made of various materials, including metals, ceramics,
polymers, and biological molecules. Small dimension sizes give them unique physical and
chemical properties compared to larger but equivalent material counterparts, making them
useful for a wide range of applications, including drug delivery, imaging, and sensing(Khan et
al., 2019). Over the last several decades there’s there has been significant interest in inorganic
metal nanoparticles, the structures of which can display substantially novel and enhanced
physical, chemical and biological properties, different phenomena and diverse functionality
all down a consequence of to their nanoscale measurements. The ability and potential exists
for these particles to achieve mediate significant processes and selectivity specifically in

biological and pharmaceutical processes. (Pal et al., 2007a; Piao et al., 2011).
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1.5.1 Aggregates and Agglomerates

Past innovations have showed that different properties of nanoparticles (optical, catalytic and
electromagnetic) can be influenced by their shape and size (Burda et al., 2005). There have
been increased motivations to synthesis methods that will allow for optimisation and control
of the shape and size of the nanomaterial (Jana et al., 2001,Zhou et al., 1999;Sun et al., 2003).
Different past innovations have shown that the shape and size can influence different
properties of nanoparticles (optical, catalytic and electromagnetic) (Burda et al., 2005). There
have been increased motivations to synthesise methods that will allow for optimisation and
control of the shape and size of the nanomaterial. (Jana et al., 2001; Zhou et al., 1999; Sun et

al., 2003).
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Figure 1.15: Relationships between primary particles, agglomerates and aggregates.(Walter,

2013)

Individual particles occur in different geometrical forms, example they can be spherical,
cuboidal or have a ‘rod-like’ geometric shape or as a bulk material. These primary particles
typically agglomerate to larger units (called agglomerates by adhesion, with low energy

physical interactions).
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An agglomerate is a large assembly of primary particle units (adhered at the corners of the
edges), or aggregates with a total surface area not significantly different from the sum of the

specific surface areas of primary nanoparticles.

Agglomerates are not fixed or constant units and are capable of alternating shape and size. If
certain conditions in the surrounding medium are altered (such as pH, viscosity temperature
or pressure) of the surrounding medium, this can result in more varied agglomerates, larger
agglomerates can break down into smaller ones or vice versa. Density depends on the original
particle unit size distribution (with an assumption of equal geometry and chemical

composition) (Vollath, 2020).

Aggregates will form when primary particles begin to form a common crystalline structure.
This resembles the formation of aggregates to the sintering process like the formation of

compact ceramic solids from smaller primary particles (Ma et al., 2010).

Primary particles agglomerate by adhesion. When crystal growth begins, the agglomerate will
be converted into a new larger formed particle (aggregate). Although the original geometry
will still be apparent in the aggregate, the particles are fused together. The new surface area

of this particle is reduced compared to the sum of its parts.

Figure 1.16 : Agglomerate consisting of two different aggregates. Number of original

individual primary particles is still apparent in the aggregates.
Figure 1.16 illustrates how smaller aggregates may form agglomerates (Walter, 2013).

Click or tap here to enter text.
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1.5.2 Methods for Characterising Nanoparticles
The best methods for characterising nanoparticles is X ray diffraction (XRD), a technique

which is generally used to characterise solids.

For solids < 100 nm XRD measurements will not be particularly conclusive as a result of effects
of scattering; in this case electron microscopy, and in particular transmission electron
microscopy (TEM) with subsequent elemental analysis (EDX), is a suitable method (Kato et al.,

2009).

On account of fairly sophisticated sample preparation required, TEM analysis is only of limited

suitability for routine measurements.

1.5.3 Nanotechnology and Toxicology:
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Figure 1.17: lllustration of some of the key scientific considerations to account for when
developing a nanomaterial. The boxes on the left hand side detail the tools that are necessary
towards a) ensuring that intrinsic properties and nanomaterial life cycle are considered in the
prioritisation of nanomaterials taken forward into hazard testing, and b) the successful
utilisation of non-animal, mechanistic approaches to predict apical toxic effects (Burden et al.,

2017).
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Nanomaterials offer numerous advantages across various applications, but concerns
regarding human and environmental exposure remain. The UK's NC3Rs convened an expert
working group of regulators, academics, and industry scientists to discuss advancing nano
safety, aligning these advances with the 3Rs (Replacement, Reduction, and Refinement) in
nanomaterial safety testing, and shifting risk assessment focus from hazard-based to

exposure-driven approaches (Burden et al., 2017)

1.5.4 Effects of Copper Nanoparticles:
While many different metal nanoparticles have been demonstrated to possess toxic or
carcinogenic properties, what is known about the effects of copper nanoparticles on the

environment?

1.5.4.1 Copper effects on plant growth

Copper is an essential element that is necessary for vital biochemical processes in plants and
animals (Services & Crawford, 2003). Concentrations of bioactive copper (non-bioactive
copper is referred to as ‘fixed’ copper) exceeding a variable threshold can have inhibitory
effects on plant growth. Growth inhibition is associated almost entirely with the roots, and
negligible amounts of copper are translocated to other parts of the plant (Services &

Crawford, 2003; Prantner & Scholler, 2014).

Copper's inhibitory effects have been known about for a long time and were utilised in the
first fungicide sprays in the late 19t century. In 1882 Millardet realised grape vines that were
sprayed with a mixture of copper sulphate and lime did not lose their leaves throughout a
growing season, compared to untreated vines which lost their leaves. The conclusions were
that this formulation could control and treat downy mildew in grapevines (Morton & and

Staub, 2008).

Copper is usually present in the soil at low concentrations (< 100 ppm), as bioactive copper
ions (Cu?*) rapidly complex in the soil unless the pH is below 3, which is itself not very
favourable for plant growth. Excess copper can result in copper-induced iron chlorosis. This is
caused by competition between iron and copperions and can be corrected by adding chelated
iron fertiliser (Dimkpa, 2014). Copper uptake and concentrations that induce toxicity vary

significantly between species (Cataldo & and Wildung, 1978; Heale & and Ormrod, 1982).
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CuNPs impact growth and metabolism in different crop species. Germination and growth of
rice are impeded by CuNPs, with concomitant oxidative damage (Shaw & Hossain, 2013; Shaw
& Hossain, 2013), accompanying increases in the amount of enzymes involved in metal
stresses, the reactive oxygen scavenging enzyme system (ascorbate peroxidase, catalase,
superoxide dismutase), proline content and lipid peroxidation, in leaves as well as root
tissues. Bioaccumulation of NPs has also been evaluated and the interrelated cascade of the
enzymatic system with H,O» production was identified. The uptake of NPs in plant leaves was
confirmed by scanning electron microscopy, X-ray diffraction, and Fourier Transform Infrared
Spectroscopy. Plant growth was found to be diminished with elevated levels of CuO NPs (Rao
& Shekhawat, 2016; Kimet al., 2012; Fig. 1.18). Other studies of CuNPs on radish, ryegrass and
buckwheat also demonstrate negative impacts on growth and DNA integrity (Atha et al., 2012;

Lee et al., 2013).

Effects of NPs on plants can be both apparent and obvious such as in growth suppression or
induction enhancement, or much subtler and more difficult to detect — such as effects at the
metabolic or physiological levels. Ag and CuO NPs induce both effects, while other NPs such
as CeO appear to not show obvious toxicity but generate subtle outcomes that can impact

crop quality and safety for consumption (Xie et al., 2022).

Reductions in microbial biomass have been reported when exposed to CuO or ZnO NPs (Rousk
et al., 2012). NPs are have also been shown to lower the rate of nitrogen fixation in root

nodules of soybean (Priester et al., 2012)

Plant + PcO6 +CuO NPs +CuO NPs +ZnO NPs +ZnO NPs
+PcO6 +PcO6
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Figure 1.18. : Effect of CuO and ZnO NPs (500mg Cu or Zn/kg) on root growth in wheat (2
weeks after germination). Both NPs reduced root elongation, however, ZnO but not CuO NPs
induced the proliferation of lateral roots. Inoculation of the roots with a soil bacterium
Pseudomonas chlororaphis 06 (PcO6) has no effect on primary and lateral root growth of the
control plants. Root colonization of the NP-exposed plants by PcO6 does not completely

negate NP effects on the roots. Adapted from (Dimkpa et al. (2013).

Microarray studies with E. coli exposed to Ag NPs indicate that NPs could have transcriptome-
wide ramifications in bacteria. Stimulation of expression of stress-related genes and genes for
Fe, S and Cu balance was reported (McQuillan, 2012). Other processes affected included those
involved in oxidative stress tolerance, metal detoxification, transcription and elongation

processes, protein degradation, cytoskeleton remodeling, and cell division.

It was revealed that exposure of Oryza sativa sativa L. root to different concentrations of
AgNPs resulted in an accumulation of protein precursors, indicative of the dissipation of a
proton motive force. The identified proteins are involved in oxidative stress tolerance, Ca?*
regulation and signalling, transcription and protein degradation, cell wall and

DNA/RNA/protein direct damage, cell division and apoptosis (Mirzajani et al., 2014).

In Pseudomonas chlororaphis 06 (Pc06) the expression of genes involved in periplasmic
maturation and secretion of fluorescent pyoverdine siderophores was repressed by CuONPs,
correlating with reduced production of siderophores in their presence (Dimkpa al. 20123;

2012b).

NP properties may be altered by different bioenvironmental factors. Presence of organic
matter (compost) in soil stimulated bacterial enzyme activities that were otherwise inhibited

by Ag NPs (Peyrot et al., 2014).

There are potential adverse effects of NPs on mycorrhizal fungi that have a symbiotic
association with plants, and potential larger scale impacts of introducing something like metal
NPs to the environment will have on such microbial life, e.g. damage to the hyphal component
of mycorrhizae - most trees possess some form of sheathing ectotrophic mycorrhizae

(Functional ecology of woodlands and forests, 1992). Many tree species have been shown to
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grow more quickly when infected with mycorrhizal fungi (Alexander & Lee, 2005), especially

in nutrient deficient soil conditions such as low pH, toxic chemicals, and water stress.

Information of accumulation of NPs and/or component metal in plant tissues is poorly known,
and effects on different crops have been studied mainly in vitro within aqueous suspensions
(Lin & Xing, 2007; (Kumari et al., 2009; Stampoulis et al. 2009). Experiments have also been
performed with agar culture media (Lee et al., 2008), while very few experiments have been

carried out utilising soil (EI-Temsah & Joner, 2012; Priester et al., 2012).

Toxicological experiments carried out using hydroponic systems and agar media can be
enormously useful for understanding NP properties and outcomes in a conceptual
experimental format, h. However, there may be unrealistic results since chemical and physical
properties alongside biological microbiota ones in the soil can affect how much NPs are bio-

actively available to soil biota and crops (Antisari et al., 2011; Antisari et al., 2015).

1.5.5 ROS activation in plants by nanoparticles

A large increase in reactive oxygen species (ROS) expression is a typical trope of exposure to
both Ag and TIO2NPs. Increased ROS activity doesn’t always appear to be a negative trait for
all species, in some plants it can result in seemingly positive phenotypic effects, particularly
for AgNPs, for seed germination and root elongation studies all showing similar results (Cox

et al., 2016).

Kaveh et al. (2013) exposed seedlings to silver nanoparticles (AgNPs) up to 20 mg/I (20 nm in
size) or silver nitrate (AgNO3) for 10 days (Fig. 1.19). After this period, the leaves and roots
were harvested, and the gene expression in the plants was analysed using microarray
technology. The results revealed that the genes with increased expression were primarily
related to responses to metals and oxidative stress, while down-regulated genes were mainly

associated with responses to pathogens and hormonal stimuli.

Interestingly, plants treated only with AgNPs showed a unique up-regulation of specific genes.
These genes were involved in various processes, such as salt stress response, defense against
insects and pathogens, response to wounding, and the thalianol biosynthetic pathway. This

indicates that the exposure to AgNPs had a distinct effect on the plants' gene expression
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profile compared to those treated with AgNO3, highlighting the potential impact of

nanoparticles on plant biology and stress responses (Geisler-Lee et al., 2013).

Silver nanoparticles

s N \\"
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Figure 1.19: Experimental process undertaken by Kaveh et al. (2013) demonstrating treatment

of Arabidopsis by silver nanoparticles and silver ions for transcriptome analysis.

In particular, the operon-like cluster of genes related to the thalianol pathway is of interest,
because it is thought to be related to plant defense (Field et al., 2011). Interestingly, down-
regulated gene expression caused by both Ag+ and AgNPs included genes related to ethylene
signalling and response to pathogens and hormonal stimuli, such as systemic acquired
resistance (SAR) against fungi and bacteria. Ag release from AgNPs was not explored
specifically in this study, and thus it is unclear if results from AgNP treatment were due to the

NPs in particular or the release of Ag from the AgNPs. Click or tap here to enter text.

Studies on gene and protein expression following AgNP exposure may reveal pathways
involved in the cytotoxicity (Mirzajani et al., 2014). Proteomic studies on Oryza sativa (Asian
rice) have revealed increased protein precursors for oxidative stress tolerance, calcium
regulation and signaling, cell wall/DNA/RNA/protein direct damage, cell division, and
apoptosis after AgNP exposure (up to 60 pg ml-1; 18 nm) for 21 days. While toxicity to the
plant was not directly studied, these results would be useful for future investigations in
determining toxic limits to this species. Based on the proteomic study the authors
hypothesized that AgNPs can inhibit cell division by condensing the DNA/protein due to the

effect of nanoparticles on the metabolic processes such as protein synthesis/degradation and
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apoptosis, but this was not addressed directly in the study. It was not determined if these
effects would be based solely on the AgNPs or the ion release, a topic that is widely debated,
Mirzajani et al. (2014 and Qian et al., (2013) also showed that antioxidant gene transcripts
increased in response to ROS at low levels of stress in A. thaliana, but continued levels of high
concentration AgNPs (3 mg I1) was toxic to the seed. A. thaliana has shown up-regulation in
the expression of sulfur assimilation, glutathione biosynthesis, glutathione S-transferase, and
glutathione reductase genes upon exposure to AgNPs when compared to Ag ions. These
studies indicate that AgNPs possess the ability to affect gene expression and cause
cytotoxicity including genotoxicity, which may be a concern for the ecosystem. Interestingly,
it was also demonstrated that AgNPs were more toxic than Ag+ in this experiment, adding
new insight to the topic of NP versus ion effects.

1.5.6 Copper lons Vs Copper Nanoparticles

The primary reason CuNPs were chosen for study was due to the novel nature, applications
and commercial opportunities increased understanding of nanoparticles impact on plant
growth. It is also easy to produce our own nanoparticles in house. There were 3 main reasons

the project opted to proceed with CuNPs over copper ions artificially added to gel matrices.

Enhanced Bioavailability: CuNPs will have a higher surface area compared to larger particles
or ions of copper. This increased surface area can enhance the bioavailability of copper,
making it easier for plants to absorb and utilize. This improved bioavailability might result in

more effective uptake by plants.

Controlled Release: CuNPs can potentially provide a controlled release of copper ions over
time. This controlled release can help maintain a stable concentration of copper in the soil,
preventing excessive accumulation that may be overly harmful to plants. This feature is
particularly beneficial in avoiding toxicity issues associated with sudden releases of copper

ions.

Reduced Environmental Impact: The use of nanoparticles can lead to a reduction in the
overall amount of material required. This reduction may lead to lower environmental impact,
as less copper may be needed to achieve the same desired effect. Additionally, the controlled
release feature may reduce the risk of environmental contamination in potential field

applications (Ma, 2010).
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1.6 Gels / Crosslinkers

Crosslinking gels have garnered significant attention in recent years due to their unique ability
to package and stabilize nanoparticles. As multifunctional, stimuli-responsive materials, gels
offer numerous advantages in the fields of drug delivery, tissue engineering, and
environmental remediation. By utilizing crosslinked polymer networks, customizable systems

can encapsulate and release nanoparticles in a controlled manner (Piepenbrock et al., 2010).

Environmental remediation is yet another area where crosslinking gels have proven useful.
These gels can be designed to encapsulate nanoparticles with photocatalytic, magnetic, or
adsorptive properties, enabling the effective removal of pollutants from water or soil. Once
the nanoparticles have captured the contaminants, the gel can be easily recovered and

regenerated, allowing for repeated use in cleanup efforts. (Pivetz & Kovalick, 2001).

Despite their many advantages, the use of crosslinking gels to package nanoparticles also
presents challenges. The design and synthesis of the gels and their crosslinked networks must
be carefully optimized to ensure stability, biocompatibility, and the desired release kinetics

(Zuo et al., 2015).

1.7 Aims and Objectives

This project was subdivided into primary aims with associated sub goals:

1) Increase understanding of uptake and impact of copper nanoparticles into plants and

growth impacts

a) Perform Growth analysis on wildtype Arabidopsis plants and associated hormone
mutants to understand the genetic basis of the response to CuNPs.

b) Carry out transcriptomic analysis to understand the transcriptonal basis of the
response to CuNPs.

c) Carry out proteomic analysis to understand the proteomic basis of the response to
CuNPs.

d) Carry out mass spec analysis to measure uptake of particles.

2) Produce a minimal viable product (MVP) for the inhibition of root growth by copper
nanoparticles for use in the water industry.
a) Experiment with different crosslinking agents to package copper nanoparticles.

40



b) Scale the experiments to replicate results in larger models (such as willow trees and
rapeseed oil).

c) Gain environmental metrics (leakage rate into surrounding soil, other impacts on
biome).

d) Investigate patenting product if sufficiently unique.

e) Carry out a larger pilot study outside the lab.

A project design figure template was drawn up (see figure 1.20).

Nanoparticle Proof of Concept

Figure 1.20: The project pathway starting with the recognition of phenotypic implications of
nanoparticle treatment, analysis from both a transcriptomic and proteomic perspective in
order to understand the biological basis for the inhibition, feeding into our approach to

develop a packaging concept for the gel

Product design is intended to be circular so that results gathered in phenotypic and

transcriptomic study can be fed into gel design and product development concurrently.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Chemical Suppliers:
Chemicals/Nanoparticles were acquired from Sigma or Fisher Scientific unless otherwise

stated. Gelling agents and supplies were provided by Intelligent Gels Ltd.

2.1.2 Plant Materials:
Seeds of Arabidopsis thaliana wild type (WT, Columbia (Col-0)) were supplied from existing
lab stocks Arabidopsis thaliana seeds were obtained from laboratory stocks originally

obtained from Lehle Seeds (Texas, USA).

Mutants were obtained from the Nottingham Arabidopsis Seed Centre (Eurasian Arabidopsis

Stock Centre (NASC)) or existing lab stocks unless otherwise stated.

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

otherwise stated (Table 2.1).

2.1.2.1 Trees:
Salix viminalis (Common Osier Willow) 1-Year-Old Bare Root - 60-80cm was supplied by Hedge
Nursery (Herefordshire). Clones from cuttings of these trees were produced for subsequent

work.

2.1.2.2 Reporter Lines:
CYCB1,2::GUS lines were acquired from the Nottingham Arabidopsis Stock Centre (NASC)
(http://arabidopsis.info/); proPIN1: PIN1: GFP (Benkova et al., 2003) and proPIN2::PIN2::GFP

courtesy of Ben Scheres (Wageningen University, the Netherlands).

Hyper: Hyper consists of a circularly permuted YFP (cpYFP) inserted into the regulatory
domain of the Escherichia coli hydrogen peroxide-binding protein (OxyR), and is a H,0;-
specific ratiometric, and therefore quantitative, sensor (Hernandez-Barrera et al., 2015;
Belousov et al., 2006). The line was acquired courtesy of Marc & Heather Knight (Durham

University, UK)
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2.1.2.3 Mutant Lines:

SALK Lines (O’Malley et al., 2015) were acquired from NASC. The following list includes all the

SALK mutants that were used in experimental work.

Uniprot | Gene Name NASC Code
ID
QI9SRP6 | At3G03420 Mitochondrial inner membrane protease ATP23 SALK_093517
QI9LD47 | AT1G12520 Copper chaperone for superoxide dismutase, SALK_105330
chloroplastic/cytosolic CCS
Q39101 | AT5G01600 | Ferritin-1, chloroplastic FER1 SALK_055487
078310 | AT2G28190 Superoxide dismutase [Cu-Zn] 2, chloroplastic: SALK_ 041901
CSD2
P24704 | AT1G08830 | Superoxide dismutase [Cu-Zn] 1 SALK_109389
Q8LG89 | AT2G02850 | Basic blue protein SALK_031458
Q39161 | AT1G01580.1 | Ferredoxin-nitrite reductase, chloroplastic NIR1 SALK_119575
Q96511 | AT5G64100.1 | Peroxidase 69, PER69 SALK_137991
Q42403 | AT5G42980 | Thioredoxin H3 SALK_112552
082089 | AT3G56240 Copper transport protein CCH: SALK_042628
Q9ASR1 | AT1G63440.1 | HMAS Heavy metal ATPase SALK_030895

Table 2.1: Table of SALK lines utilised in this project

2.1.3 Genotyping Insertion Lines:

T-DNA insertion lines can be genotyped by carrying out two simultaneous PCR reaction

mixtures utilising 3 different primers, a forward and reverse primer and a primer specific to

the insertion region of the T-DNA (Fig. 2.1). The two different reactions were staged as

follows: one with the forward and reverse primers, the second PCR with only the reverse

primer and the insertion primer. In these reactions and primer setups, each band should be a

different size, allowing a qualitative assessment to be made when visualised. Plants that are

homozygous for the insertion would display one band whereas heterozygous reveals two

different bands. There are details of the primers used included in Table 2.2. Primer sequences

listed in Appendix I.
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A

Insertion

B

Genome

Figure 2.1: Pipeline for genotyping T-DNA insertion SALK lines. (A) The ID of the insertion site

in the genome. (B) Primer design centres on using LP (left primer) and RP (right primer) and

BP (T-DNA border primer) to amplify the specified region of the sequence. pZone is the region

primers are picked up (approx. 100bp), Ext5 and Ext3 are regions that do not pick up primers

between the pZone and MaxN, MaxN is the maximum number of base pairs in the primer

which is 300bp. (C) This refers to the banding present in each situation, WT = wildtype, HZ =

Heterozygous and HM = Homozygous, N = 0-300bp.
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NASC Code Gene Associated Insertion Specific | WT Band | Mutant
Gene Name Primer Size Band Size
SALK_093517 AT3G03420 ATP23 LBb1.3 1104 491-791
SALK_105330 AT1G12520 CCS LBb1.3 1070 509-809
SALK_055487 AT5G01600 FER1 LBb1.3 1186 556-856
SALK_041901 AT2G28190 CSD2 LBb1.3 1163 491-791
SALK_109389 AT1G08830 SOD1 LBb1.3 1176 503-803
SALK_031458 AT2G02850 ARPN LBb1.3 1115 556-856
SALK_119575 AT1G01580. NIR1 LBb1.3 1121 487-787
1
SALK_ 137991 AT5G64100. PER69 LBb1.3 1184 597-897
1
SALK_ 112552 AT5G42980 Thioredoxin H3 | LBb1.3 1032 458-758
SALK_042628 AT3G56240 | CCH LBb1.3 1035 493-793
SALK_030895 AT1G63440. HMAS LBb1.3 1115 552-852
1

Table 2.2: Insertion lines with locus details, gene name, primers used for genotyping and

expected bands if the insertion is present or absent.

2.2 Plant Tissue Culture

2.2.1 Seed Sterilisation:

To prevent contamination, seeds were sterilised in the following way. Seeds were decanted
into Eppendorf tubes, labelled and dated. These were washed with a 70% v/v ethanol solution
for 1 minute to de-wax the seeds. Ethanol was then removed (it’s important to use separate
pipette tips to avoid cross-contamination and transferring seeds to the wrong Eppendorf).
The tubes were then filled with a bleach 20% v/v solution, inverted several times to dislodge

seeds stuck at the bottom of the tube. The tube was left for 15 minutes. The bleach was then
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removed, the seeds washed 4 times with sterile deionised water (sdH.0) and left in 1ml
sdH,0. The seeds were then placed in the dark at 4°C to stratify, to encourage synchronous

germination.

2.2.2 Culture Media
Plates of ¥ Murashige & Skoog (MS) medium (Murashige & Skoog, 1962) contained 2.2g/L of
MS, 8g/L of agar, pH adjusted to pH 5.7 with 0.1M or 1 M KOH. There was no sucrose in the

mixture.

2.2.2.1 Copper Nanoparticle enriched MS media

To make up media containing 25 nm diameter CuNPs (obtained from Sigma) the weight of
the media to which the CuNPs was being added was first determined. To make up a
concentration of, for example, 20 ug/ml CuNPs in 235g of agar, the following calculation was

made:

235gx0.02=4.7

4.7g
150ml

* 200ml = 6.26ml needed to be added to make up the required concentration. This was

then mixed using the ARE250 conditioning mixer on settings 2:30 spin at 1600 RPM and a 30
sec defoam at 400 RPM. Solutions containing 20, 40, 60 and 100 pg/ml of CuNPs were made.

2.2.2.2 Gels and Nanoparticles:

Copper nanoparticles of 25 nm diameter were utilised. Gels utilised in this project include:

Guar Gum

A17 (Platinum Base)

HD seal base (aluminium base)

Xanthan Gum

Table 2.3: Gels and crosslinkers used
CuNP concentrations in these gels were calculated as described in section 2.2.2.1.

The sample was then sonicated (in an RS pro ultrasonicator) for 3 minutes to ensure a

homogenous suspension of CuNPs.
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When analysing the particle size with zetasizer nano series for DLS (dynamic light scattering)
a sample of particles dissolved in ethanol was prepared in a glass cuvette. The results of this
were contrasted with TEMs results to ensure accuracy as DLS can be less accurate than TEMs

is for quantifying size and morphology of nanoparticles.

2.2.3 Plant Growth Conditions:
All the CuNP assay and root architecture experiments were conducted utilising solid growth

media in growth rooms or growth cabinets which were set under long-day conditions:
16 hrs light: 8 hours dark at 222C (c. 3000 lux).

Seeds were grown for 6-10 d.p.g. on vertical sterile 10x10 cm square Petri dishes containing

50 ml half-strength MS media and sealed with micropore tape.

CuNP-enriched media for assays used a vertical sterile 10x10cm square Petri dish with a strip
removed and replaced with the copper NP media solution (Figs. 2.2, 2.3). A sterile scalpel was
used to remove a section of the agar so it could be replaced with agar that was mixed with a

different concentration of CuNPs.

Magenta pots were also used for some root architecture studies.
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Germinated Seedlings
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10x10cm
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Figure 2.2: Diagram depicting CuNP-enriched strip ‘barrier’ for Arabidopsis seedlings

Arabidopsis seeds were germinated on these plates, using 3 replicate plates per experiment

and one on control plate lacking CuNPs to observe the effects of the CUNPs on roots.
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Germinated Seedlings

Figure 2.3: Diagram depicting growth setup for HD seal gel barrier on a 10x10 cm Petri dish.

2.2.3.1. Soil-grown seedlings

For soil growth, seedlings were grown in 24-well trays in a 5: 1 mixture of Gem multipurpose
compost and horticultural silver sand (LBS Horticulture Ltd, UK). Plants were grown at 21°C,

with a 16-h photoperiod. The systemic insecticide Intercept (Levington Horticulture Ltd, UK)

was applied to all compost (60 mg per 24-well tray) before seeds were sown.

2.2.3.2 Hydroponics

For RNA seq analysis, plants were grown in a hydroponic setup as per Conn et al. (2013) using
media and aeration techniques from Chivasa et al. (2005). Growth is comparable with
standard media but allows easier separation of roots from shoot material and allows greater

control of the time points for inoculation with copper nanoparticles.

Cultures were prepared in quadruplicate for each treatment, and every replicate contained
at least six plantlets. Seeds were sown on 7 cm-diameter, 1 cm-thick polyurethane foam discs

soaked in MS medium (0.22% w/v MS salts, adjusted to pH 5.7 with KOH/HCI). The discs were
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placed in sterile phytatrays (Sigma-Aldrich) and incubated under a 16-h-light/8-h-dark cycle
at 22°C. One week later, when the seeds had germinated, and the roots had penetrated the
foam, 30 mL of sterile MS medium was added to the phytatray, which caused the foam discs
to float. The trays were transferred to a shaking platform (25 rpm) under the same
environmental conditions. During the second week, the plant roots had emerged through the
other side of the foam and submerged in the nutrient-rich medium. Media changed each
week. After 14 d of culture, uniform plants selected to be treated with CuNPs treated and

harvested at 3 h and 24 h.

2.3 Root Architecture Analysis

2.3.1 Primary and Lateral root length

Vertical plates were placed onto an Epson Expression 1680Pro flatbed scanner (Epson, UK)
set at a resolution of 800 dpi. Measurements were taken of the primary root length (PR),
lateral root (LR) number, quantified using Imagel software (Schneider et al., 2012) alongside
a plugin for ImageJ Ul called ‘smartroot’ (Shahzad et al., 2018). The software tool is designed
around the quantitative analysis of the root system architecture (RSA). Image) data were

utilised in both R and Excel to generate figures.

2.4 Statistical Analysis
All statistical analysis was carried out using R. 0.05, and 0.01 significance levels were used for

data significance. Graphics were produced in R, biorender and graphpad prism.

2.5 Proteomics
A quantitative proteomic analysis was carried out to quantify the change in protein content

of plant tissues following treatment with 20 pug/ml CuNPs (Sigma), outlined in Fig. 2.4.
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Figure 2.4: Pipeline of SWATH Proteomics process

Three biological replicates for each treatment (20 pug CuNPs and controls lacking CuNPs at 6
and 8 days) were carried out. Plants were treated as follows: two series of seedlings were
collected, one before reaching the CuNP layer at 6-days and the second collection when the
seedling roots touched the CuNP-containing bottom layer (at 8-days). Roots were cut from
the seedlings and then transferred into new microcentrifuge tubes. These tubes were stored

at -20°C until protein extraction.

2.5.1 Protein Extraction and Purification

During the protocol, care was taken to avoid sample contamination. Gloves were worn and
open tube time minimised. Roots were kept frozen while the urea/SDS extraction buffer was
added, to minimise the time for proteases to be active before denaturation in detergent/urea.
Mortars and pestles were cleaned in detergent and rinsed, or soaked in 1M NaOH for 30 min

and rinsed thoroughly in deionised water; and dried before use.

Root samples were stored in liquid nitrogen until just before grinding. Tubes were kept on ice

until the addition of buffer. Grinding was carried out while the material was thawing out and
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still frozen. To 0.1g root tissues was added 200 pL of extraction buffer (EB, 4 M urea, 1% SDS)
and the tissues were ground. No sand was added. When the tissue was dispersed/ground, the
pestle was rinsed with 120 uL of EB and added into the same tube. Tubes could be stored at
room temperature in this solution since proteins are denatured. The solution was centrifuged
at 20,000 x g for 5 min at RT and the supernatant removed to a new tube. The protein
concentration was quantified using a Bradford assay (Bradford, 1976). Samples were then
snap-frozen, and the pellets were stored at -20°C until further analysis. Prior to proteomic

analysis samples were warmed to room temperature.

2.5.2 Sequencing

Three replicate SWATH-MS runs were performed for each extracted sample, giving 36 LC-MS
acquisitions in total. 4757 proteins were detected and quantified using PeakView software
(Sciex) across all samples. The SWATH library used for identification and relative
quantification was generated using PeakView from a ProteinPilot.group result file. This
combined data from 20 data-dependent acquisitions of fractionated peptides resolved by
high pH reverse phase chromatography from Arabidopsis root extracts +/- copper
nanoparticles. More than 7000 proteins were identified from an Arabidopsis database

(SwissProt 0217) at 1% global FDR by ProteinPilot 5.0 during library construction.

For each experimental treatment, nine extracted fragment-ion chromatogram peak area
values were obtained for identified proteins. MarkerView 1.2.1 software (Sciex) was used to
perform multiple pairwise comparisons of replicate peak areas for two states using t-tests.
False discovery rates (FDR) in resulting SWATH-experiment outputs was controlled by
applying the Benjamini- Hochberg procedure for multiple comparisons (Multiple comparisons
- Handbook of Biological Statistics). This was done automatically using R code to order P
values, calculate Benjamini-Hochberg critical values and select proteins with resulting
significant P values. The FDR (false positive discovery rate) values were set at 5%, 10% and
20% in separate calculations and results tabulated. Comparisons of Cu-8-day to control. Non-
significant proteins were removed from further analysis, and the resulting list of proteins was

ordered on fold-change between the states, highest to lowest.
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It can vary between different experiments what fold-change of protein expression is
considered significant but for this work the fold change threshold of >2.0 or <0.5 for up- and

down-regulated proteins was considered significant

Proteomic global experiments are considered to indicate pathways or avenues of interest for
further research. GO ontology over-representation, compared to whole database entries
using software such as Panther (Thomas et al., 2003) was the method used to highlight

biochemical pathways that respond to treatment.

2.5.3 Validation: Western Blotting

Seedlings were grown as per the hydroponic methodology described in section 2.2.3.2. 50 mg
tissue samples were taken and then homogenised with bugbuster reagent and a 2-minute run
in the Tissuelyser. This method was modified for tree samples of Salix virminalis, as these
samples were significantly harder to break down and lyse due to higher levels of lignin in their
cell walls compared to small leafy plant tissues. These structural components provide rigidity
and support to the plant, making them more resistant to mechanical disruption, also as a
result of differing cell size and density: Tree tissues tend to have larger, thicker-walled cells
with a higher density compared to herbaceous plant tissues. This makes it more difficult to

break open the cells and release their contents, including proteins.

Western blotting (Fig. 2.14) is a widely used technique in molecular biology and enable
specific proteins in a sample to be detected. Western blots can be used to confirm the
presence and abundance of proteins that have been previously identified such as in
proteomic analyses. To perform a western blot, proteins are first separated by size using gel
electrophoresis. The proteins are then transferred onto a membrane (transfer blot) and
probed with a specific antibody that recognizes the protein of interest. The antibody binds to
the protein and following a second incubation with a visualisation antibody, allows it to be

visualized using a mechanism of detection such as chemiluminescence

53



Western Blotting

@ Plant Protein isolation @ Protein suspension @ SDS-page

Protein of interest

L — L
N Lysed Plant tissue
@ Antibody probing @ Chemi-imaging
Substrate Product
- @ ‘
L — S
l)k\ Anti-species Ab
o A ||
PVDF membrane Protein-specific Ab e

Figure 2.14: The western blot process —homogenisation followed by suspension and SDS-Page,

followed by a transfer process and a primary then secondary antibody incubation process.

By comparing the results of western blots with the results the SWATH analysis, validation of
the identity and abundance of proteins is possible. If the western blot confirms the presence
and abundance of a protein that was identified. it provides additional confidence in the
accuracy of the proteomic analysis. If the western blot shows a different result than what was
predicted by the proteomic analysis, it can signal potential issues with the mass spectrometry-

based method and may warrant further investigation.

For validation of proteomic results, several identified proteins were targeted for detection

using western blotting.

Seedlings were grown as previously described in the proteomics experiment (Section 2.5).
Proteins were extracted using the same methodology described in, followed by SDS PAGE

electrophoresis.
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Western blotting was carried out according to the Sigma protocol (Western Blot Protocol |
Immunoblotting Protocol | Sigma-Aldrich). Membrane transfer was carried out using tank
transfer, followed by immunodetection. Primary antibodies used are listed in Table 2.4, all
primary antibodies are anti-rabbit, secondary antibodies are chicken anti-rabbit. Dilutions
ranged between 1 to 10 in 1000 depending on commercial instructions for each antibody; for

the secondary antibody the concentration was always 1 in 1000.

Antibodies:

UNIPROT | Gene/Protein Name
ID

Q9oLD47 CCS Copper Chaperone

P21276 FSD1 Superoxide

Dismutase

078310 CSD2 Superoxide

Dismutase 2

Q8LG89 ARPN Basic Blue Protein

E3TC62 ACT2 Actin

Table 2.4: List of Antibodies used.

After induction with the primary antibody for one hour with agitation, the blot was washed
with PBS twice for 10 min before being placed in a secondary antibody solution, incubated
with agitation for one hour at room temperature. The blot was then washed in PBS for 10
min and repeated twice with fresh buffer. After this step, the blot was visualised with
fluorescence detection chemiluminescence. Images at a range of exposures were taken

between 15 seconds and 120 seconds.

2.6 Histochemical Staining

2.6.1 GUS Staining:

The reporter gene beta-glucuronidase (GUS) was utilised as a histochemical reporting gene
to visualise the location of promoter activity in transgenic plants (Jefferson et al., 1987).
Enzyme activity was localised by incubating plant tissue in the substrate X-Gluc, which
converts to an easily visualised blue precipitate in cells expressing the GUS enzyme.
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Seven day-old seedlings were incubated in a staining solution of 1 mM N-N
dimethylformamide in 100 mM sodium phosphate (buffer solution pH 7.0), 10mM EDTA,
0.5mM potassium ferrocyanide, 0.5mM potassium ferricyanide, 0.1% v/v Triton X buffer in a
1.5ml Eppendorf tube as described in Topping and Lindsey (1997). Seedlings were incubated
for up to 16 h at 37°C. The GUS reaction was halted by adding 100% ethanol solution (which
also washes out the chlorophyll in the plant). Seedlings were rehydrated with deionised
water, then placed on a microscope slide with chloral hydrate solution as a clearing agent
(Hoyer's solution (Berleth & Jurgens, 1993)). A coverslip was placed on top of the tissue and

slides before imaging.

2.6.2 DAB staining

In vivo imaging of H,0, formation in shoots was investigated by histochemical staining with
3,3 —diaminobenzidine (DAB) (Thordal-Christensen et al., 1997). DAB forms a water-insoluble
brown precipitate when it is oxidised. In the presence of hydrogen peroxide, DAB can readily
oxidise, and hydrogen peroxide is produced when a plant produces ROS. The protocol
followed is 'DAB-Peroxidase Substrate Solution (Brown) | Protocols Online'. DAB solution was
added to plants grown on standard 1/2MS medium in the presence of different
concentrations of CuNPs. The entire seedling was soaked in DAB (50 uM concentration) for
approximately 5 min and vacuum infiltrated. Seedlings were washed with PBS and set on a

slide for later visualisation.

2.6.3 NBT staining

In vivo detection of ROS generation in the shoot and the roots was done by staining with
nitroblue tetrazolium (NBT) (Sigma Aldrich) which forms dark blue insoluble formazan when
it reacts with superoxides (Fryer et al., 2002). As described in Section 2.6.2, seedlings were
harvested and placed in a solution of NBT for 3-5 min before being removed and fixed for

visualisation.

2.6.4 Clearsee technique

A useful technique for clearing and visualising plant material under the microscope has been
described by Kurihara et al. (2015). Tissues were vacuum infiltrated with 4%
paraformaldehyde solution for 30 min. Clearsee solution (urea 25%, sodium deoxycholate

15%, xylitol 10%) was then added to the seedling after it was washed in PBS and incubated at
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room temperature for 4 d. The seedling was then fixed in PFA, added to the slide and

visualised.

2.6.5 Cellrox staining
Cellrox deep red was used to visualise ROS. 500-1000 nM (50 to 1 dilution) was added to
roots and vacuum infiltrated for 30-60 min before two washing steps with PBS. Samples

fixed with PFA before setting on slides for visualisation.

2.7 Nucleic Acid Isolation

2.7.1 Genomic DNA Extraction

A crude and rapid extraction is all that is necessary for genotyping DNA, this was done as per
the method described by Edwards et al. (1991). All steps were completed at room
temperature: The lid of a 1.5 ml Eppendorf tube was used to pinch out a disc from a young
leaf into the tube. A small pestle was utilized to grind the leaf material in the tube without
buffer for approximately 15 seconds. Then, 400 pul of extraction buffer (200 mM Tris-HCI pH
7.5,250 mM NaCl, 25 mM EDTA, 0.5% w/v SDS) was added, and the mixture was vortexed for
5 seconds. The tube was spun for 1 minute at full speed in a microfuge to pellet the debris.
Next, 300 ul of the supernatant was transferred into a fresh 1.5 ml Eppendorf tube (avoiding
debris from the pellet). After that, 300 ul isopropanol was added, mixed, and left at room
temperature for approximately 2 minutes. The mixture was spun for 5 minutes at full speed
in a microfuge to pellet the DNA. All the supernatant was removed, and the pellet was dried
gently (for instance, by incubating the open tubes at 37°C for a few minutes). The pellet was
not allowed to get too dry, as it would have been challenging to redissolve the genomic DNA.
Then, 100 pl T10E1 was added, and the pellet was dissolved by gentle shaking (vortexing was
avoided). After resuspending in 30pl sterile water, the DNA pellet could be stored at -20°C

until needed.

2.7.2 RNA Extraction, Library prep and Sequencing Protocol

RNA extraction, use Dynabead Protocol: below

RNA extraction was carried out according to the Dynabead® protocol (ThermoFisher).
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Figure 2.5: Diagram of Dynabead extraction protocol principle.

2.7.2.1 Protocol Wash and Resuspend Dynabeads®

Dynabeads® were suspended in the vial by vortexing for 1 minute. The desired volume of
beads was transferred to a falcon tube. An equal volume of binding buffer (at least 1ml) was
added and mixed. The tube was placed in a magnet for 1 minute and the supernatant was
discarded. The tube was removed from the magnet and the now washed beads were

resuspended in the same volume of binding buffer from the first washing step.
2.7.2.2 Preparation of Lysate from Animal Tissues, Plants, and Cells

This protocol was optimized for approximately 20-50 mg of plant material. The amount of was
aliquoted while frozen. Using more than the recommended amount would reduce the mRNA
yield and purity. The frozen tissue was ground up in liquid nitrogen. The tissue material was
kept frozen at all times to avoid RNA degradation. The still frozen powdered plant material
was transferred to a homogenizer with 1ml of Lysis/Binding buffer and used for 1-2 minutes
until the tissue was completely lysed. Rapid and efficient lysis in the buffer prevented
unnecessary mRNA degradation. The lysate was centrifuged for 1 minute in a microcentrifuge
to remove debris. The lysate could then be used for mRNA purification and isolation; at this

step, the lysate could also be frozen and stored at —80°C for later use.
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2.7.2.3 Isolation of mRNA from Crude Lysate

Using the Dynabeads described in section 2.7.2.1, the solution was removed from the tube
and the lysate (section 2.7.2.1) was added. The beads and the lysate were mixed. Time was
allowed for binding by rotating on a mixer for 5 minutes at room temperature. The annealing
time was increased if the mixture was particularly viscous. mRNA annealed to the oligo dT
sequence during this step. The tube was placed on a magnet for 2 minutes and the
supernatant was removed at this point. The beads were washed twice at room temperature
using the magnet, one time with 1ml washing buffer A, and again with 1ml washing buffer B.
The beads were thoroughly resuspended in washing buffers to avoid any possible
contaminants, and the supernatant was completely removed between washing steps. The
bead-bound isolated mMRNA was used in solid-phase cDNA synthesis, so one extra wash with
Washing Buffer B (500 uL) was performed followed by one wash with the enzymatic buffer

used in cDNA Synthesis.

2.7.2.4 Verification of RNA Purity
mMRNA sample purity was analysed a NanoDrop® ND-1000 spectrophotometer (ThermoFisher
Scientific) and Agilent 2200 TapeStation. RNA samples with RNA integration number

equivalent (RIN®) above 7.0 were utilised downstream for library preparation.

2.7.2.5 Library Prep and Sequence

Library preps were completed utilising NEBNext® Ultra™ Directional RNA Library Prep Kit for
[llumina® protocol for use with NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB
#E7490) following the manufacturer's instructions (NEB, Hitchin, UK). The total mRNA starting
material of between 100 ng and 1 pg was used. The isolated mRNA was fragmented and
primed, cDNA was synthesised, and end prep was performed. Samples were packaged and

sent to Novogene for Agilent QC and sequencing.

2.8 Plant Stress Assays

2.8.1 Plant growth measurements:
After 14 days of treatment, the plants were carefully removed from their plates and washed

with deionised water to remove the remains of the growth media. The primary root length of

59



the control and CuNP-exposed plants were measured using a scale. The fresh weights of the

roots were calculated using a digital balance.

2.8.2 Chlorophyll detection:

As per Lichtenthaler (1987), leaf samples (50 mg) were incubated in 10 ml ethanol (95% v/v)
under dark conditions at 42C for 48hr. The absorbance of the supernatant was measured at
664.2 nm (A664.2) and 648.6 nm (A648.6) with a UV spectrophotometer. The experiment

repeated 3 times and total chlorophyll content expressed as mg g fresh weight (FW).

2.8.3 B Carotenoids
Carotenoid content was determined according to Lichtenthaler (1987). Leaf tissue (50 mg)
was homogenised in 5 ml chilled methanol (100%) and the homogenate was centrifuged for

15 min. The absorbance was recorded at 470 nm and content was expressed as mg gt FW

2.8.4 Peroxidase Enzyme activity:

100 mg tissue was homogenised in 1 ml 10 mM phosphate buffer, centrifuged at 14,000 rpm
for 20 min. 25 pl of supernatant was mixed with 25ul 50 mM H,0;, 5ul of 250 mM guaiacol,
195 ul of 125mM dimethylglutaric acid. This was incubated at room temperature for 15 min.
Sample absorbance at 470 nm was then recorded using a spectrophotometer. Results were
expressed as MDA mglFW. Malondialdehyde (MDA) is a common biomarker used to measure
lipid peroxidation, a process that occurs when reactive oxygen species (ROS) attack
polyunsaturated fatty acids in cell membranes, resulting in cell damage. MDA is a by-product
of lipid peroxidation and is often used as an indicator of oxidative stress and cell damage in

various biological systems (Sevanian & Hochstein, 1985).

2.8.5 Lipid Peroxidation

Lipid peroxidaiton (LP) was measured according to Heath & Packer (1968). 100 mg plant tissue
samples were homogenised in 5 ml of 0.1% (w/v) trichloroacetic acid (TCA) solution and then
centrifuged at 7000 x g for 10 min at room temperature. Approx. 2 ml of supernatant was
then mixed with 2 ml of 0.67% (w/v) thiobarbituric acid (TBA) and subsequently heated to
boiling for 30 min, then immediately cooled by running cold water on the flask. Absorbance
of the supernatant was recorded at 532 nm and 600 nm using a UV-spectrophotometer. The

MDA concentration was calculated using the extinction coefficient 155 mM/cm.
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2.8.6 In vivo detection of hydrogen peroxide

Quantitative measurement of hydrogen peroxide content in shoots and roots of the control
and CuNP-exposed plants were determined using the hyperline mutants (Herndndez-Barrera
etal., 2015) and quantifying hydrogen peroxide content under confocal microscopy. Seedlings
were first cleared using the above mentioned Clearsee technique (Kurihara et al., 2015) and

then fixed with PFA for visualisation by confocal microscopy.

2.8.7 In vivo detection of superoxide

The in vivo detection of superoxide content in roots of the control and CuNP exposed plants
was done by treating with dihydroethidium (DHE Sigma,) as described by (Feigl et al., 2013).
H202 content was detected by treating with a 3' (p-hydroxyphenyl) fluorescein (HPF

Invitrogen)

2.8.8 ICP-MS — Determination of CuNP uptake
Typically 30 mg of root material and 60 mg of shoot material, sampled following CuNP or

control treatment, was digested with H,O mixed with 800 pL of 65% Suprapur HNOs (Merck
Millipore), before dilution (1 in 5) with 2.5% Suprapur HNOs for analysis. Quantitative analysis
of metal content was determined using an X-SERIES-2 ICP mass spectrometer (Thermo Fisher
Scientific) following calibration with elemental standards that were matrix-matched to the
sample. Internal standards (beryllium, silver, and indium) were used to correct for any
variations in analytical performance. Mean and SD values were determined from three

biological replicates for each treatment. Graphs were made in R and graphpad.

2.9 Microscopy

29.1TEM
Transmission electron microscopy (TEM) was utilised to quantify and visualise the size and
morphology of CuNPs, including those that were bought from Sigma Aldrich and those that

were synthesised in-house in the Chemistry Department (Prof. Chris Greenwell).

Samples suspended in ethanol were placed on the TEM grid and visualised. A dilute
suspension of the metal nanoparticles was prepared in ethanol to ensure that particles were
well-dispersed. A few drops of the nanoparticle suspension were placed onto a TEM grid

allowing the liquid to evaporate, and leaving a thin layer of nanoparticles on the grid. Negative
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staining with heavy metal salts (uranyl acetate) can be performed to enhance contrast but

this is optional.

Imagel tools was used to measure the size and morphology of the nanoparticles. Parameters
such as particle diameter, shape, and size distribution were considered (Schneider et al.,

2012).

2.9.2 Light Microscopy:
Histological tissue sections were examined using a Zeiss Axioskop compound microscope

(ZEISS International) alongside a Qlmaging Retiga-2000r camera using a x10 or x20 objective.

2.9.3 Confocal Laser Scanning Microscope
Either a Zeiss 800 or 880 with Airyscan software (Imaging Biological Samples with ZEISS LSM

800 and LSM 880 - Microscopy) was used for visualising fluorescent markers in seedlings.
Hyperline seedlings were subject to the Clearsee infiltration method. Whole seedlings were
removed from plates with forceps and either stained or placed directly onto microscope
slides. The hypocotyl and cotyledons were removed with a razor and root tips suspended in
sdH20 before placement of a cover slip (22x22mm, 0.16-0.19mm thick). Cover slips were
sealed and secured with clear nail polish. To prevent damage of the specimen by compression
of the lens on the cover slip, two additional thinner cover slips (22x22mm, 0.13-0.17mm thick)
were placed either side of the root before placement of the top cover slip to act as a buffer.
Imaging was done using the x20 and x40 objective lenses and appropriate excitation

wavelengths for the fluorophores.

2.9.4 Analysis of Confocal Images
Images were exported as TIFF files and opened using Imagel (Schneider et al., 2012).

Fluorescence differentials were measured using quickdraw and analysis tools with the
protocol referenced. (Measuring cell fluorescence using ImageJ — The Open Lab Book v1.0,).
Images from at least 3 repeats were analysed for each sample.

The following table explains the different laser settings utilised for the different stains and
lines used in confocoal microscopy

Dye / Laser Setting

Flurophore

Calcofluor 405nm HeNe

White

HyPer 405nm and 488nm (blue + green
channels)
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CellRox Deep 633nm HeNe
Red
Table 2.5: Laser settings for different dyes or flurophores

2.9.4.1 Analysis of Hyper reporter lines
Hyper consists of a circularly permuted YFP (cpYFP) molecule inserted into the regulatory

domain of the Escherichia coli hydrogen peroxide (H202) sensor. When exposed to H,0; the
excitation peak of the attached cpYFP is shifted from a max of 420 to 500 nm, while the
emission peak remains unchanged at 516 nm (Belousov et al., 2006). Due to this H.0,-
induced change in excitation wavelength, Hyper can be used as a ratio-metric biosensor. For
Hyper analysis, images were acquired with two channels, one using the 405nm laser
excitation (blue channel) and one at 488 (green channel). Separate TIFF files of each channel
were exported for analysis in Imagel. Image Calculator was used to generate a ratio-metric

image of green channel to Blue channel for analysis

2.9.4.2 Analysis of CellRox DeepRed
Images of CellRox DeepRed stained roots were obtained for both the root tip A brightfield

image was also taken using the Electronically Switchable lllumination and Detection module
(ESID) to reveal cellular organisation of the root and aid with analysis. Fluorescence was
measured as mean grey value in 32-bit images containing only the DeepRed channel. Images
containing both DeepRed fluorescence and ESID image were used as a reference and to select

regions of interest.

2.10 ICP-MS
Intercoupled plasma mass spectrometry (ICP-MS) was used to quantify the level of copper

nanoparticles present in the media in which plants are grown, it was also used to quantify
Cu uptake from the environment and how well those Cu particles were translocated from
root tissue to shoot tissue. It is a powerful analytical technique used for the detection and
quantification of trace elements, ICP-MS offers high sensitivity, accuracy, and a wide

dynamic range.

The resulting mass spectrum contains information about the elements present in the
sample, including their isotopes, and their concentrations. By comparing the sample's mass
spectrum to calibration standards, the concentrations of trace elements in the sample can

be accurately determined (Mittal et al., 2017).
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Figure 2.6: Depicting ICP-MS experimental design — growing Arabidopsis seedlings in Cu-enriched

media before digestion and analysis in the ICP-MS facility.

2.10 Polymerase Chain Reaction (PCR) assays

2.11.1 Primers

Primers were designed using the SALK primer design tool (T-DNA Primer Design). Primers
synthesised by IDT (Custom DNA oligo products).

Salk Line

LP

RP

SALK_093517

CTTCTCGAAGACACGTTTTGC

TGATTCCAAAACCCTAAACCC

SALK_105330

AGTAGCAGAATTCAAAGGCCC

GCAGCACATAACATTTCACATG

SALK_055487

TCCTCACGTTCACACTATCCC

GAGACAGAGCCAACTCCATTG

SALK_041901 | TTCACCATACCAAGCCATCTC CAATTGAGAGAGACGGACCTG
SALK_109389 | TCTTCTGAAGATGCCTTGACC GTCATTACCCTTTCCGAGGTC
SALK_031458 | AGGGAATTGCTTCACAAAATG | ATCAGCCAATCGTGTTCTTTG

SALK_119575

ACCGGGTAAAGCTCTTGAATC

AACAGCCATGCTGGTATTCAG

SALK_137991

AAAAAGAAAAATGGGTCGTGG

TCATTTTGACCATCGACTTCC

SALK_112552

TTCGCTGGTAAATCCATCAAC

TTACATTGGAAGCTTTGGGTG

SALK_042628

ACTGGTCGGCTTGGTCTTTAC

TCAGGAGAACTGAAACCTTGG

SALK_030895

TGGAGGAATCTCCATGTTCTG

AACAAATTTAAGCCAGCATCG

Table 2.6: List of SALK primers used and sequences for both left (LP) and right (RP) primers
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2.11.2 Standard PCR
Conditions of PCR amplification and gel electrophoresis can vary from one gene to another,

but the standard setup was as in Table 2.7, which indicates a MyTaq™ (Bioline) mix.

10' Reaction | 4 pl
Buffer

Bioline Taq 0.1 ul
Forward 0.5 ul
Primer

Reverse 0.5 ul
Primer

Template 0.4 ul
RNase/DNase | 14.5
free water pl

Table 2.7: PCR mix

The following program was run using a Proflex PCR system from applied biosystems.

Temperature (°C) Time Number of cycles
Initial denaturation 95 1 min 1
Denaturation 95 15s
Annealing (variable depending 15s 25-60
on primer sets)
Extension 72 15s
Final extension 72 1 min
Refrigerate 4 Hold

Table 2.8: Program used for the standard PCR reaction

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

electrophoresis to identify PCR products.

A 3% agarose gel (1.5% regular agarose, 1.5% low melting agarose) was prepared in 1 x TAE
(242 g Tris, 37.2 g Na2EDTA.2H20, 57.1 ml glacial acetic acid, in 5 L) and contained ethidium
bromide (0.5ug/ml) for DNA staining. This produced a 1% w/v gel. To allow good resolution
of the bands, thin (0.7mm) combs were used for the wells. From the PCR reaction, 5ul was
taken, and 2l of loading dye was added. The electrophoresis gel was run for approximately
40 minutes at 80 Volts. Finally, the gel was photographed in the transilluminator BioRad Gel-
Doc 1000.
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2.11 Bioinformatics

2.12.1 Analysis of RNA Seq Data

lumina HiSeq2500 data were processed according to a trimming and data annotating

workflow pipeline starting with Trimmomatic (Bolger et al., 2014), which cuts and trims out

lower quality reads from the raw data. TopHat2 (Kim et al., 2013) was utilised to align reads

against the TAIR database.

After this step, SAMtools was used (Li et al., 2009). This tool indexes and sorts binary sequence

alignment files (BAM) and then converts them into accessible (SAM) files. HTseq 0.6.1 (Anders

et al., 2015) was used to quantify and estimate gene counts, followed by Edge R (McCarthy et

al., 2012; Robinson et al., 2009) normalised gene counts and estimated differential expression

patterns between different sample groups. P values of < 0.05 and log> fold change in excess

of 2 0 were taken to be significant.

2.12.2 Software and online tools used in Analysis of Transcriptomic and Proteomic Data

Tool Reference / Website Function
BioVenn (http://www.biovenn.nl/index.php) Comparison and visualisation
(Hulsen et al., 2008) of biological lists using area-
proportional Venn diagrams
AgriGO (http://bioinfo.cau.edu.cn/agriGO/) Gene Ontology analysis tool
(Du et al., 2010; Tian et al., 2017)
REViIGO (http://revigo.irb.hr/) (Supek et al., Summarisation and

2011)

visualisation tool for long

lists of gene ontology terms

Plant Reactome

(http://plantreactome.gramene.org/)

(Naithani et al., 2017)

Database of plant metabolic
and regulatory pathways,

allowing analysis of gene sets

AtTFDB-
Arabidopsis
transcription

factor database

(http://arabidopsis.med.ohio-
state.edu/AtTFDB/) (Yilmaz et al.,
2011)

Identification of transcription
factors & links to interaction

tools (GRG-X)
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GSEA (https://www.gsea- interpreting gene expression
msigdb.org/gsea/index.jsp changes in the context of
known biological pathways,
gene ontologies
STRING (https://string-db.org/) (Szklarczyk et | Database of known and
al., 2017) predicted protein-protein
interactions
PANTHER GO http://www.pantherdb.org/(Thomas | Annotation software for
et al., 2003) Gene ontology aimed
explicitly at the proteomic
data input
TAIR (The (https://www.arabidopsis.org/) Database of genetic and
Arabidopsis molecular biology data for
Information the model higher plant
Resource) Arabidopsis thaliana
UniProt (http://www.uniprot.org/) Comprehensive, high-quality
and freely accessible
resource of protein sequence
and functional information.
Biorender https://app.biorender.com/biorender- Creating visual diagrams

templates/figures

Table 2.9: list of tools used in the analysis.

2.12 Model Pipe Experimental Setup

To set up a suitable growth model to measure the effectiveness of gels on root growth and

ingress in pipe systems, it was decided to coat pots with different gel materials and quantify

root biomass and root architecture after 12 weeks.
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Salix root inhibition Project - Pot Trial
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Primary Root Length .
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Peroxidase Enzyme activity
Hydrogen Peroxide activity
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Figure 2.7: Diagram of experimental procedure for willow tree growth trial.

Experiments carried out on Arabidopsis roots were also performed on the willow root
tissue, to gather comparable results. Modifications such as additional grinding time were

used, given the different properties of woody roots.



Chapter 3 Effects of CuNPs on Root Phenotype

3.1 - Introduction

Root architecture is most simply defined as the spatial configuration of a plant's root system
in the soil (Fitter, 1987). This geometric arrangement is made up of plant variables including
the root type, how each root is spatially positioned and oriented via modulation in root angle,
rate of growth and degree of lateral root branching; and is regulated by a number of gene
networks (Kochian, 2016). When plants are exposed to quantities of copper nanoparticles
there is an impact on root architecture that appears to be a dosage-dependent response.
When present in minute quantities there have been measured benefits to the growth of the
plant, while higher concentrations can have an inhibitory growth effect (Nair & Chung, 2014).
At these inhibitory concentrations primary root (PR) growth in Arabidopsis is decreased and
there is an increase in lateral root (LR) density in the seedling. Biomass is also decreased in
treated plants while several other indicators of plant stress and reactive oxygen species

production are upregulated.(Xie et al., 2022)

Arabidopsis thaliana accession Col-O was chosen primarily for this analysis in this part of the
prject due to consistent root architectural configuration and the wealth of genetic resources
available. This chapter describes the analysis phenotypic effects of root development in
treated plants alongside indicators of plant stress and ROS production to verify existing
literature (Nair & Chung, 2014; Shaw & Hossain, 2013; Jia et al., 2020). The effect of CuNP
exposure was also investigated through the use of ROS system mutant SALK lines and in

willow tree root systems.
Aims:

To understand the impact of different concentrations of CuNPs on the phenotypic growth of

Arabidopsis thaliana.
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3.2 Results

3.2.1 Root growth changes in the PRs in response to treatment by CuNPs

To determine the effects of CUNPs on Arabidopsis root growth, plants were grown for 14 days
post-germination (d.p.g.) in different concentrations (up to 100 pg/ml) of CuNPs. Untreated
seedlings show a reduction in primary root growth rate at day 8 (Fig. 3.1). In response to
CuNPs, Col-0 seedlings show reduced primary root growth at all concentrations tested over a
growth period of 12 days compared to untreated controls (Fig. 3.1). The rate of CuNP-treated
root growth slowed more than controls by the 8th day, which was shortly after coming into

contact with a CuNP-enriched medium on day 7.

As seen in Fig. 3.1 every treatment with CuNPs resulted in significant inhibition of primary
root growth. While 20 pug/ml treatment partially restored growth after 10 d, the higher
concentrations completely inhibited primary root growth. There is a point of the plateau of
inhibition, where an increase of CuNP concentration achieves diminishing returns in
phenotypic effect. Fig. 3.2 shows growth expressed as a percentage of the total previous
day's growth and indicates the rate of growth drops off for most of the treated plants but
with indications of some recovery in the case of 20 ug/ml treatment. Plants treated with high

concentrations of CuNPs show little or no growth by 10 days.
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Legend

Growth Curve CuNPs vs Control
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Figure 3.1: Primary Root growth measurements of Arabidopsis with different treatments of
copper nanoparticles (CuNPs). The minimum sample size is 7. * Represents P value < 0.05.

** represent P value <0.01. (B) Image of seedlings at 21 days on 0, 20 and 40 ug/ml CuNPs.
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Figure 3.2: Primary root growth expressed as a percentage of previous day's growth.
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Figure 3.3 Mean biomass of each seedling at 14 days old, including treatment with CuNPs (0
- 100 ug/ml) for 7 d. 40 ug * P =0.0373, 60 ug * P=0.0117, 100ug * P = 0.0130

Biomass was measured after seedlings had been grown in the presence or absence of CuNPs.
By 14 d.p.g. the roots of treated seedlings had been exposed to CuNPs for 7 days.The results
in Fig. 3.3. show that CuNPs at 40 - 100 ug/ml significantly affected total biomass as root

growth is inhibited at these concentrations.

3.2.2 Root growth changes in the LRs in response to treatment by CuNPs

The number of LR and their length was measured at 14 days of growth in vertical plates in the
presence and absence of CuNPs. This was done in order to determine if primary root inhibition
had an impact on lateral root development and would provide evidence of a hormonal
redistribution. At 14 d.p.g. the roots had been exposed to CuNPs for 7 days. As seen in Fig.
3.4 (A) the number of lateral roots initiated was relatively unchanged compared to untreated
controls when grown at different CUNP concentrations. However, Fig. 3.4 (B) shows a clear
increase in lateral root length in treated plants at all CUNP concentrations compared to
control. In Fig. 3.4 (C) and Figure 3.5 we see an proportional decrease in the length of root

hairs as the concentration of CuNPs increases.
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Figure 3.4 Phenotypic metrics of plants grown in Cu enriched media : (A) Mean number of
lateral roots in seedlings either untreated (control) or treated with different CuNP
concentrations. (B) Mean lateral root lengths in seedlings either untreated (control) or
treated with different CuNP concentrations (C) Mean root hair lengths in seedlings either

untreated (control) or treated with different CuNP concentrations. All measurements were

taken at 14 d.p.g. Sample size minimum 15. * indicates P <0.05. ** = P <0.01. *** = P<0.005.

*#x* = P<0.0001

Root hair CuNP treatment

Control

20ug 40ug

Figure 3.5: Light microscopy image of root hairs Exposure to 0, 20 or 40 ug/mL CuNPs; higher

concentrations alter the root hair length and density of the root significantly at 14 d.p.g.
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3.2.3 Biochemical Assays
Biochemical assays are essential tools for studying plant responses to abiotic stress. By
measuring various biomolecules and enzymatic activities, we can assess the physiological

status of plants and determine their tolerance and adaptation mechanisms.

Hydrogen peroxide is a ROS produced in plants under stress conditions. High levels of H,0,
can damage cellular components, while its accumulation can indicate oxidative stress. H,0>
assays, such as the colourimetric assay using potassium iodide, are used to measure H;0;
content in plant tissues. This information can help assess the level of oxidative stress

experienced by the plant.

Lipid peroxidation is a process by which ROS attacks unsaturated fatty acids in cellular
membranes, resulting in the production of the compound malondialdehyde (MDA). Lipid
peroxidation is an indicator of oxidative stress and cellular damage. The thiobarbituric acid
reactive substances (TBARS) assay is a widely used method for measuring MDA levels, which

reflects the extent of lipid peroxidation in plant tissues(Tsikas, 2017).

Peroxidases are enzymes that help neutralize ROS, playing a key role in the plant's
antioxidant defence system. Peroxidase activity can be measured using colourimetric assays,
such as the guaiacol peroxidase assay. By assessing peroxidase enzyme activity, researchers
can determine the plant's ability to cope with oxidative stress and evaluate its stress

tolerance mechanisms (Kwasniewski et al., 2013; May et al., 1996).

Hydrogen Peroxide Ratio Lipid Peroxidation | Peroxidase Enzyme activity
A
2 34 0.6- B 4- c
]
m * *
B 2 2 3-
X 2 L 044 -
5 = =
o S E 2-
5 g g
o 17 0.2
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> OO 2O > >
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Figure 3.6 (A) Hydrogen peroxide content as measured via HyPer line confocal microscopy. * indicates

P <0.05. (B) Indicates peroxidase enzyme activity in the extracted seedlings — measured in MDA mg-1
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FW. One way Anova = 0.1717. (C) Indicates lipid peroxidation levels measured in MDA mg1 FW. One
way Anova results = 0.0424. Mean values for each seedling at 14 days old, including treatment with

CuNPs (0 - 100 ug/ml) for 7 d. n = 10 seedlings.

In Fig 3.6 hydrogen peroxide production progressively increased as CuNP concentration
increased in the experiment, indicating one of the key metabolites in the stress response was
being produced. Lipid peroxidation results stayed relatively constant within the margin of

error but Peroxidase activity was significantly increased.

Chlorophyll is the main pigment responsible for photosynthesis in plants. Abiotic stress, such
as drought, salinity, or temperature fluctuations, can affect chlorophyll content and lead to
reduced photosynthetic efficiency. Chlorophyll assays are used to measure the amount of
chlorophyll a and b in plant tissues, often via spectrophotometric methods. Reduced
chlorophyll content can be an indicator of stress-induced damage to the photosynthetic

apparatus (Lichtenthaler, 1987).

Carotenoids are accessory pigments found in the chloroplasts of plants. They play a vital role
in photosynthesis, photoprotection, and scavenging reactive oxygen species (ROS) generated
during stress. Carotenoid content can be determined spectrophotometrically or via high-
performance liquid chromatography (HPLC). Changes in carotenoid levels can evaluate the

plant's response to stress and its antioxidant capacity (Lichtenthaler, 1987).
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Figure 3.7 Chlorophyll content and 8 Carotenoid content (n=10 seedlings). 100 ug/ml P value
=0.0043. B carotenoids 60 ug vs control p = 0.0419 100 ug vs control P = 0.0179. Mean values
for each seedling at 14 days old, including treatment with CuNPs (0 - 100 ug/ml) for 7 d.

In Fig 3.7 chlorophyll content decreased progressively with greater concentrations of CuNP,
B Carotenoid activity significantly decreased only at the 60 ug/ml and 100 ug/ml

concentrations.

3.2.4 GUS, DAB and NBT Staining

There are several ways to visualise the effects of different treatments on Arabidopsis roots, a
commonly used technique is with DR5-GUS hybrid seedlings, a reporter system which allows
the visualisation of auxin gradients inside the plant tissue (3,3'-diaminobenzidine), GUS (B-
glucuronidase), and NBT (nitroblue tetrazolium) staining are widely used techniques in plant

research, each with its specific utility in studying different biological processes or markers.

The GUS staining technique is based on the expression of the reporter gene B-glucuronidase
(uidA) from Escherichia coli, which is often used in plant research to monitor gene expression
patterns or promoter activity. GUS staining relies on the enzymatic conversion of a colourless
substrate (X-Gluc) into a blue precipitate by the B-glucuronidase enzyme. The blue staining
can then be visualized and analysed under a light microscope to determine gene expression

patterns (Jefferson et al., 1987).

DAB is commonly used for the detection of reactive oxygen species (ROS), particularly
hydrogen peroxide (H202), in plants. This is useful for studying plant responses to biotic and
abiotic stresses. DAB reacts with H202 in the presence of peroxidase enzymes, forming an
insoluble brown precipitate that can be visualized under a light microscope. Areas of
accumulation of the precipitate in different plant tissues indicate the stress response and

identify areas of oxidative stress (Daudi & O’Brien, 2012).

NBT staining is used to detect superoxide radicals in plant tissues. Superoxide radicals are
another type of ROS, which play a crucial role in plant responses to stress conditions. NBT
staining involves the reduction of the colourless NBT salt to a dark blue, insoluble formazan
precipitate in the presence of superoxide radicals. This technique allows us to localise and
quantify superoxide production in plant tissues, providing insights into the plant's response

to stress factors (Chandler, 2009).
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3.2.4.1 CYCB1;2::GUS and DR5::GUS Microscopy

Figure 3.8 — CYCB1;2::GUS expression in the (A) control image and (B) after treatment with

CuNPs for 7 days exposure. Scale bar = 1Imm

As can be seen in Fig 3.8 there is normal cell division in the root tip of the control root, in the
40ug/ml root there is no discernible CYCB1,2::GUS expression indicating no cell division

activity following CuNP treatment.

Figure 3.9: DR5::GUS seedlings with (A) showing normal development of a lateral root, (B) showing a

treated plant (40ug/ml) and disrupted auxin transport. 7 days post treatment. Scale bar = 1Imm
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In Figs. 3.9 and 3.10 we see no discernible DR5::GUS activity in the lateral root that has been

exposed to CuNPs compared to the control, indicative of a reduced auxin response following

CuNP treatment.

Figure 3.10 : DR5::GUS expression in lateral roots: (A) Lateral roots in untreated plants vs (B)

treated plants 20ug/mg with CuNPs lateral roots. Taken after 7 days. Scale bar = Imm
Fig. 3.10 shows very clear signal in control group lateral roots and practically no activity in

exposed lateral roots.

3.2.4.2 DAB Microscopy
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Figure 3.11: DAB staining of (A) control root tip, (B) 20ug/ml CuNP treated root, (C) 40ug/ml|

treated root. Treatment post 7 days, scale bar = 1Imm

Increasing concentration of brown precipitate following DAB staining was seen until the
density of it made visualising the roots challenging at higher concentrations of treatment with
CuNPs. DAB staining was increased significantly over controls (A), indicating the activation of

the stress response in the CuNP-treated roots (B) and (C).

3.2.4.3 NBT Microscopy
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Figure 3.12 NBT staining of (A) control primary root, (B) 20ug/ml (C) 100ug/ml treated CuNP
roots. Increased staining in the quiescent centre and elongation zone compared to control.

Scale bar = 1mm

Figure 3.13: NBT staining of lateral roots: (A) Control vs (B) 40ug CuNP treated seedlings. 7

days post treatment, scale bar = 1mm.

As seen in fig 3.11-3.13 there is a basal level of oxidation activity occurring within the plant
root as ROS activity is a common part of cell division and metabolism (Mittler, 2017). High
ROS activity is however seen in any root that has been treated with even low concentrations

(from 20 ug/ml) of CuNPs, with accumulation in the tip of primary and lateral roots.
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3.2.5 Confocal Microscopy

3.2.4.2 HyPer
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Figure 3.14: Hyperline Arabidopsis imaging of plant roots exposed to varying quantities of CuNPs. The
ratio of blue to green channel indicates Hydrogen Peroxide Activity (Herndndez-Barrera et al., 2015).
Scale bar: control + 40ul/ml= 75um, 20ul/ml = 100um, 60 and 100ul/m| = 50um. HyPerline confocal
microscopy indicates strong hydrogen peroxide production in the meristematic zone of the root

compared to the control.

Hyper imaging reveals hydrogen peroxide levels in plant tissues, abd can be quantified using
confocal imaging. The hydrogen peroxide ratio indicated in Fig. 3.14 is the quantified
hydrogen peroxide measurements that indicate a consistent increase in hydrogen peroxide

accumulation as the exogenous concentration of CuNPs increases.

3.2.4.3 CellROX Stains
CellROX stains are a class of fluorogenic probes used for detecting ROS in cells. These dyes

are cell-permeable and non-fluorescent in their reduced state. Upon oxidation by ROS, they
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become highly fluorescent, allowing for the visualization of ROS production in living cells.
Confocal microscopy can be used in combination with CellROX stains to study the spatial

distribution of ROS in plant cells under stress conditions (Celeghini et al., 2021).

CellROX dyes are available in different excitation/emission wavelengths, making them
compatible with various confocal microscope setups. Using a confocal microscope, the
stained samples can be imaged with appropriate excitation and emission settings for the
CellROX dye and any other fluorophores used. Image analysis software can be employed to
quantify fluorescence intensity, measure colocalization between different fluorophores, and
calculate various cellular parameters. This information can provide insights into the role of
ROS in plant physiology, stress responses, and developmental processes. CellROX stains are
valuable tools for studying ROS dynamics in plant cells using confocal microscopy. This
approach can reveal essential information about the spatial distribution and function of ROS
in living plant cells, helping understand their roles in stress responses, development, and

other physiological processes.

Control 20| 40pl

60ul 100ul
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Figure 3.15: Cellrox stained to fluoresce in presence of ROS allowing areas of high enzymatic
activity to be visualised in the root. Compared to controls treated plants fluoresced
significantly in the meristematic centre and in the vascular tissue. Scale bars = control,

20ul/ml = 100um, 40, 60 and 100ul/ml = 50um.

In Fig. 3.15 increasing levels of cellrox signal is seen in seedlings treated with up to 60 ug/ml

of CuNPs, consistent with the observed increased in ROS shown above using other methods.

3.2.6 ICP-MS

Intercoupled plasma mass spectrometry (ICP-MS) was used to quantify the level of copper
nanoparticles present in the media the plants were grown in and to quantify Cu uptake from
the environment into the seedlings, and how well those Cu particles were translocated from

root tissue to shoot tissue (Mittal et al., 2017).
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Figure 3.16: (A) Measurement of Copper ions present in the cell media post diffusion of
CuNPs in control plates (no CuNPs) and split plates with no CuNPs (Top Layer) and with
CuNPs (Bottom Layer), indicating little movement of Cu into the upper plate later from the
lower CuNP-containing layer. (B) The ratio of diffusion from the loeer to the upper layer as a

percentage.

Results in Fig. 3.16 show that the control media (A) had negligible quantities of Cu, while
split plates mostly retained CuNPs (with Cu eventually leaking in over the course of a week).
The diffusion ratio of Cu from the treated layer of the plate to the untreated layer of the

plate was approximately 20% over the course of a week.
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Figure 3.17 depicting the Cu content in roots vs shoot material in 14 day old Arabidopsis
seedlings after treatment with Cu enriched media at different concentrations. The diffusion
ratio indicating what proportion of Cu material successfully translocated from the root tissue

to the shoot tissue.

Figure 3.17 indicates a low percentage of copper successfully translocates from root to shoot

and that absorption of copper achieves an upper threshold between the 40-60ug range.

3.2.7 TEM Microscopy

Transmission electron microscopy (TEM) can be a useful way to visualise the internal structure
of plant cells. TEM has proven to be a powerful tool for analysing the uptake of nanoparticles,
their biodistribution and relationships with cell and tissue components (Malatesta, 2021;

Tizro et al., 2019).
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Figure 3.18 : Two different control plant root cells with no CuNP exposure.
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Figure 3.19: The presence of CuNPs in the root tissue of Arabidopsis at scales of 2 microns
and 500 nm. Orange rectangle indicating zoomed in region, orange circle indicating area

containing nanopatrticles.

TEM analysis identified no CuNPs in control cells (Fig. 3.18) but found the presence of CuNPs

in the extracellular matrix and cytoplasm after exposure (Fig. 3.19).
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3.3 Summary

This chapter focused on quantifying the phenotype observed when Arabidopsis is exposed to
excess CuNPs in its environment. Primary root length is significantly decreased and has a
positive correlation with increased concentration of CuNPs, this also affects overall plant
biomass. Additionally, while the number of lateral roots remained relatively constant, CUNPs

led to increases in length, suggesting possible auxin redistribution.

Root hair formation is significantly disrupted. Furthermore, it has been demonstrated by
biochemical means and by visual stains that enzymes and indicators of ROS activity are

significantly upregulated in the plant post-treatment.

TEM and ICP-MS microscopy indicate that CuNPs are likely to stay located within the
cytoplasm or cell wall of the plant —The translocation rate is less than 20% from root to shoot.

The vast majority of uptaken CuNP appears to stay localised to the cytoplasm.

We have observed CuNPs make an impact on the observed phenotype of plants, and the next

objectives were to investigate transcriptome and protein changes following CuNP treatment.
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Chapter 4 Changes in Gene Transcription in response to CuNPs

4.1 Introduction

In the late 2000s several academic publications introduced the idea of an innovation
technique to map only the transcribed ‘coding’ areas of an organism’s genome utilising next

generation sequencing (NGS) technology.

The method was referred to as RNA sequencing or RNA-Seq for short (Cloonan et al., 2008;
Honys et al., 2003; Lister et al., 2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008). Prior
to the innovations of NGS, microarrays were mainly used to elucidate high throughput gene
expression, however NGS has important advantages as it sequences a full transcriptome it
does not necessitate prior knowledge about gene sequences for hybridisation tagging, and so
the technique can be used on non-model species or where there is little or no previously

available data (Wang et al., 2009).

A greater description of the technique and method used for RNA extraction and library

preparation, and parameters used, can be found in the methods section (Chapter 2).

This chapter will first describe how sufficient root material was gathered to allow to root
specific RNA extraction, and will also include RT-gPCR data that allowed the experimental
parameters to be optimised to allow the optimised acquisition of differential expression
results — this was made possible due to pre-existing proteomic data compiled. The next parts
of the chapter will be a description of the differentially expressed genes (DEGs) found at two
different timepoints and the categorisation of these with gene ontology (GO) software. A

hypothesis is formed that is tested in the following chapter.
Aims :

Analysing the transcriptomic profile of plants treated with CuNPs, verifying with gPCR at
different timepoints, and utilising GO software to categorise the transcriptomic profile of

treated plants.
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4.2 Hydroponics
In order to generate sufficient root material to carry out transcriptomic analysis it was

necessary first to implement a hydroponic growth system that encouraged root growth and

allowed easy separation of roots and shoots.

Hydroponics is an innovative technique for growing plants without soil, typically using
nutrient-rich water solutions to deliver essential elements directly to plant roots. This method
has the potential to generate more plant biomass than traditional growth methods, offering
several key advantages such as in efficient nutrient delivery. Plants receive nutrients directly
through the water, which allows for precise control of nutrient concentrations and pH levels.
This targeted approach can result in faster growth rates and higher yields compared to

traditional methods.

Hydroponics setups can also reduce disease and pest issues. Soil-based pathogens and pests
are less likely to affect hydroponic systems. faster growth cycles: The precise control of
nutrients and environmental conditions in hydroponic systems can lead to faster growth and

shorter crop cycles, enabling more harvests in a given timeframe (Manos & Xydis, 2019).

Root Hydroponics
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Figure 4.1: Hydroponics experimental setup indicating ability to control timepoints of CuNP

delivery.
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The system utilised was a modification of a hydroponic setup as per Conn et al. (2013) using
media and aeration techniques described by Chivasa et al. (2005). Growth is comparable with
standard media but allows more natural separation of roots from shoot material and allows

greater control of the time points for inoculation with CuNPs.

Cultures were prepared in quadruplicate for each treatment, and every replicate contained
at least six plantlets. Seeds were sown on sterile 7 cm-diameter, 1 cm-thick polyurethane
foam discs soaked in MS medium (0.22% [w/v] MS salts, adjusted to pH 5.7 with KOH/HCI).
The discs were placed in sterile Phytatrays (Sigma-Aldrich) and incubated under a 16-h-
light/8-h-dark cycle at 22°C. One week later, when the seeds had germinated, and the roots
had penetrated the foam, 30 mL of MS medium was added to the Phytatray, which caused
the foam discs to float. The trays were transferred to a shaking platform (25 rpm) under the
same environmental conditions. During the second week, the plant roots had emerged
through the other side of the foam and submerged in the nutrient-rich medium. Medium was
changed each week. After 14 days of culture, uniform plants selected to be treated with

CuNPs were treated and harvested at 3 hours and 24 hours.

This experimental setup allowed optimal sample generation speed and a greater organic mass
to work with as well as greater ease and cleanliness of root and shoot extraction and

separation.

The results of plant growth using hydroponics are presented in Fig. 4.2. There is significantly
higher plant biomass overall, almost double the standard control. In addition the primary root

grew on average nearly 2 cm more than standard 1/2MS media grown controls.
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Figure 4.2: Comparative growth metrics between Arabidopsis grown for 21 days in standard
Y% MS media vs the Hydroponic media setup. (A) Shoot biomass, p = 0.00945. (B) Root biomass
p = 0.00254. (C) Primary root length p = 0.0442 (D) total Biomass compared to controls p =

0.00355. Hydroponic growth comparatively grew faster across all recorded metrics, with a
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greater volume of root material being the most essential aspect for downstream applications.

N= 10 plants,

4.3 RT-qPCR

In order to determine optimum time points for revealing differential gene expression, RT-
gPCR was performed. Five genes expected to change under CuNP stress (encoding CCS copper
chaperone, Basic Blue ARPN, RBOH D, RBOH F and PIN2) and 4 timepoints (1 h, 2 h, 3 h and
24 h) were chosen in order to determine the best differential expression, compared to
expression levels at time 0 (Fig. 4.3). The Delta-delta CT was calculated after RT-qPCR
amplification to determine relative expression compared to a housekeeping gene (ACTIN2),

according to the method and software developed by Ruiter et al. (2009).

The results show significant increase in differential gene activity from the 3 hour and 24hour
timepoints. ARPN 3hr time point stood out significantly (Fig 4.3). CCS had a progressively
increasing relative expression pattern from the 1 hour timepoint onwards (Fig 4.4). RBOH D
and RBOH F both have significant upregulation in the 3 hour time point and relatively marginal

increase at the 1,2 and 24 h time points.
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Figure 4.3: Expression fold change for the BB ARPN gene at different time points compared to
an untreated sample. One-way Anova indicates P value of 0.0075 indicating a significant
difference between means, this is further characterised in the 95% confidence tables where it

is clear the most significant mean difference is between the 3-hour timepoint and the others.

The Tukey confidence interval is commonly used after performing an ANOVA test, which
determines if there are statistically significant differences among the means of three or
more groups. If the ANOVA indicates that there are significant differences, post hoc tests
like Tukey's range test are often conducted to identify which specific pairs of group means
are significantly different from each other. Fig. 4.3 demonstrates 3hr and 24hr time points

are significantly different from the control.
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Figure 4.4: Graph of expression fold change amongst the BB gene at different time points
compared to an untreated sample, one-way Anova indicates P value of 0.0494 indicating a
significant difference between means, this is further characterised in the 95% confidence

tables.

No dataset is significant for the CCS gene in this tukey analysis (Fig. 4.4) although we do see

an increase in gene expression from baseline in the progressively from 1hr up to 24hrs.
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Figure 4.5 : Graph of expression fold change amongst the PIN2 gene at different time points

compared to an untreated sample, one-way Anova indicates P value of 0.0158 indicating a

significant difference between means, this is further characterised in the 95% confidence

tables which show significant differences between the 3hr timepoint and the 1 and 2 hour

timepoints.

For PIN2 expression, the 2-3hr and 1-2hr timepoints are significant in this tukey confidence

ratio, we also see a significant increase in expression at the individual 3hr timepoint

compared to baseline (Fig. 4.5).
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Figure 4.6: Graph of expression fold change amongst the RBOH D gene at different time points
compared to an untreated sample, one-way Anova indicates P value of 0.0015 indicating a
significant difference between means, this is further characterised in the 95% confidence
tables which show significant differences between the 3hr timepoint and the 1 and 2 hour

timepoints.

Fig. 4.6 shows the response of the RBOH D gene to CuNPs. The 3hr timepoint is considerably
upregulated from the control, and the Tukey assessment shows 1-3hr, 2-3hr and 3-24hr are
all significantly different from the control baseline expression — although the 3hr timepoint

has likely significantly influenced the dataset.
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Figure 4.7: Graph of expression fold change amongst the RBOH F gene at different time
points compared to an untreated sample, one-way Anova indicates P value of 0.2778
indicating there is no significant difference between means, this is further characterised in

the 95% confidence tables.

In Fig. 4.7 we see that the 3hr time point for RBOH F expression is significantly upregulated.

4.4RNA-SEQ
The results of the RT-gPCR analysis indicated that the 3-hour timepoint demonstrated

significant differential expression —so it was chosen alongside the 24-hour timepoint for RNA
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sequencing to gather more information on global gene expression changes following CuNP
treatment. Time point expressional transcriptomics was carried out in order to characterize
the temporal patterns (upregulation, downregulation), providing insights into the underlying
regulatory processes. This would allow us to construct gene regulatory networks to
understand the relationships and interactions between genes and identify key regulatory
hubs and transcription factors that play crucial roles in orchestrating temporal gene
expression changes. It was also an objective to conduct functional enrichment analysis to
identify biological processes, molecular functions, and pathways associated with temporal
changes in gene expression and understand how specific pathways are activated or

suppressed at different time points.

Multiple time-point RNA-seq studies are particularly powerful for unravelling the dynamic
nature of biological processes and understanding the temporal coordination of gene
expression events. The analyses mentioned above contribute to a deeper understanding of
molecular mechanisms, help identify key regulatory players, and guide subsequent

experimental investigations.

4.4.1 Differential Expression Analysis — Generation of List of DEGs
An adjusted P-value of < 0.05 and a log; fold change (logzfc) of <-0.5 and >0.5 were selected
to identify differentially expressed genes (DEGs) between the control and CuNP treated

conditions at each of the timepoints.
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Figure 4.8 (A) Histogram indicating numbers of up and down regulated genes detected for the
24hr post treatment, 3hr post treatment and differential between 24hr and 3hr. p < 0.05 and
log 2-fold change > 0.5 (B) Venn diagram indicating the difference in up and down regulated

genes between the three data sets.

Results show the greatest amount of differential expression occurring in the treated groups
compared to control with a much smaller amount of differentially expressed genes between
the two timepoints indicating a lower amount of differential activity based on timepoint from

treatment compared to the control vs treatment datasets.
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Venn Diagram T3 vs 24

T3hrvsControl T24hrvsControl

Figure 4.9 2 data groups, 3hrs DEG from Control, 24hrs vs Control. P adjust and P value =
0.05. Fold change >1 Venn diagram created with Biovenn (Hulsen et al., 2008)

Under these parameters a total of 1060 protein coding exons were found to be differentially

expressed.
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Figure 4.10: Principal Component Analysis of the triplicate data sets for control, 3hr and 24hr
timepoints displaying the disparity in expression data between control and treated samples.
3hr and 24hr do cluster in the same quadrant of the plot while there is one errant control

dataset.

Principal Component Analysis (PCA) visualised in Fig. 4.10 is a valuable statistical tool for the
analysis of transcriptomic data. PCA helps simplify and visualize these datasets by reducing
the dimensionality. Transcriptomic data is typically high-dimensional, containing expression
levels of tens of thousands of genes across multiple samples. This can make it difficult to
identify meaningful patterns and trends. PCA reduces the dimensionality of the data by
projecting it onto a lower-dimensional space, which maintains most of the original data's
variation. This simplification enables us to more easily identify and interpret biologically
significant patterns in the data (Ringnér, 2008). When visualised in a 2D and 3D plot as in Fig.
4.11 the treated datasets (blue and green) are clearly separately clustered from the control
sample dataset (although there is an errant sample that does not match the precision of

transcriptomic expression the other two have).
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Figure 4.11: Volcano plot demonstrating the up regulated (green) and down regulated (red)
of the fold changed genes (>0) and a p adjusted value < 0.05. (A) 3-hour dataset, (B) 24-hour

dataset. This data is the volcano plot representation of the Venn diagram Figure 4.9.

A volcano plot displays the relationship between the fold-change in gene expression (e.g.,
treatment vs. control) and the statistical significance of that. This is a macro top-down
visualisation style for the entire dataset and helps us to with identification of DEGs as they
highlight genes with both significant fold-changes and high statistical significance. They also
assist in simultaneous visualization of fold-change and significance: By plotting both the fold-
change and statistical significance on the same graph, we can simultaneously assess the
magnitude and significance of gene expression changes. Most important it allows a clear
visual representation of gene expression patterns of the overall pattern of gene expression
changes between two conditions. which can be used to identify trends or global effects, such
as a general upregulation or downregulation of gene expression in response to a treatment

(McDermaid et al., 2019).

In Fig 4.11 the x-axis shows the fold change of genes in different samples. The y-axis shows
the statistically significant degree of changes in gene expression levels. The smaller the
corrected p-value, the bigger -log10 (corrected p-value), the more significant the difference.

The points represent genes, blue dots indicate no significant difference in gene expression,
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red dots indicate upregulated differentially expressed genes, green dots indicate

downregulated differentially expressed genes.
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Figure 4.12 Heat map categorising up and down regulation and (B) visualisation of the total
breakdown of each gene's up and down-regulation. The overall results of FPKM cluster
analysis, clustered using the log10(FPKM+1) value. Red denotes genes with high expression
levels, and blue denotes genes with low expression levels. The colour ranging from red to blue

indicates log10(FPKM+1) value from large to small.

Heatmaps are a widely used and valuable visualization tool for displaying gene expression
patterns across multiple conditions in transcriptomic data. They represent data in a matrix
format, where rows correspond to genes, and columns represent different experimental
conditions or samples. The expression level of each gene in a particular condition is
represented by a coloured cell, with the colour gradient indicating the magnitude of
expression (e.g., low to high). Heatmaps provide a clear and concise visual representation of
gene expression patterns across varying conditions (such as no metal stress, 3hr post and 24
post metal stress). Heatmaps incorporate hierarchical clustering or other clustering

algorithms to group genes with similar expression patterns and/or conditions with similar
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gene expression profiles. This clustering can reveal important relationships between genes

and conditions (McDermaid et al., 2019).

There is an obvious and clear difference between the control and treated samples for up and
down-regulated gene expression (blue and red colour on chart). There is a particular up
regulation in two thirds of the represented genes compared to the control and a down-
regulation in the other third of treated samples. (A and B are inverted in Fig. 4.13 but

represent the same data.)

4.4.2 Gene Ontology (GO) Analysis of DEGs

To further interrogate the list of DEG data generated from the RNA-Seq experiment, a gene
ontology (GO) analysis was carried out using R script and the novosmart analysis tool (Kim et
al., 2013). This enables us to identify GO terms and categories that occur most frequently in
the DEG list, which can reveal biological processes that are differentially regulated, the
cellular components in which these processes are occurring (localisation) and the molecular
functions that are specifically affected by treatment with CuNP in the root system of the plant.
The data generated from R script and novosmart analysis was further analysed by an online
analytics tool called REVIGO (Supek et al., 2011), which can summarise and decrease the
number of functional redundancies in categorisations, allowing easier and more coherent
visualisation. Treemap outputs can display each cluster which are grouped further by colour
into larger clusters, and the larger the cluster the more significant the P-value. The analysis
allows a better overview of the data which can be utilised for downstream identification of

pathways and biological processes over represented.
There are three major classifications for GO:

o Biological process: refers to the biological role involving the gene or gene product,
and could include “transcription”, “signal transduction”, and “apoptosis”. A biological
process generally involves a chemical or physical change of the starting material or

input.

e Molecular function: represents the biochemical activity of the gene product; such

activities could include “ligand”, “GTPase”, or “transporter”.
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e Cellular component: refers to the location in the cell of the gene product. Cellular

components could include “nucleus”, “lysosome”, and “plasma membrane”.

4.4.2.1 3-Hour Dataset GO analysis.
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Figure 4.13: (A) GO dot plot depicting the top 20 represented BP categories in the 3-hr data
set. Padj values indicate significance and size of circle indicates number of genes associated
with category detected. (B) A more macro depiction of the total number of categorised

genes including every detected BP category. Figure generated with Goplot (R plug in)

In Fig. 4.13, highly represented BP categories are linked to stress responses in the plant, such
as immune responses and low oxygen responses as well as hormone responses. A colour
gradient is used to highlight high confidence p scores, dark blue = low confidence, dark red =
high confidence. The larger the circles the larger the number of detected DEGs associated

with it.
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Figure 4.14: (A) GO dot plot depicting the top 20 represented CC categories in the 3hr data

set. Padj values indicate the significance and the size of the circles indicates the number of

genes associated with the category. (B) Macro depiction of the total number of categorised

genes. Figure generated with Goplot (R plug in)

In figure 4.14 the highly represented localised areas of upregulation include genes encoding

components of the extracellular matrix, cell wall and plasma membrane. This response is in

line with observations made in Chapter 3 results where CuNPs were imaged localised within

the extracellular space of the plant. There is a strong localisation in very few locations within

the plant cell, primarily the apoplastic space indicating most of the differential activity and

transcriptional change occurred in genes linked to the outer face of cell organelles.
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Figure 4.15: (A) GO dot plot of Molecular function (MF) category displaying the top 20

represented in 3 hr dataset. Padj values indicate significance and size of circles indicating

number of genes associated with the category. (B) Macro depiction of total number of

categorised genes. Figure generated with Goplot (R plug in)

Figure 4.15 shows the top 20 MF categories associated with differential regulation, and

include a significant amount of binding and sequestering processes as well as several ROS-

associated processes.
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4.4.2.2 24-hour Dataset GO analysis
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Figure 4.16 (A) GO dot plot of Biological Process (BP) category displaying the top 20

represented in 24 hr dataset. Padj values indicate significance and size of circles indicating

number of genes associated with the category. (B) Macro depiction of total number of

categorised genes. Figure generated with Goplot (R plug in)

Figure 4.16 displays the BP processes of the 24hr dataset and with significant upregulation

of genes associated with the immune system and ROS.
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Figure 4.17 (A) GO dot plot depicting the top 20 represented CC categories in the 24-hr data

set. Padj values indicate the significance and the size of the circles indicates the number of

genes associated with the category. (B) Macro depiction of the total number of categorised

genes. Figure generated with Goplot (R plug in)

Like the 3 hr dataset, Fig. 4.17 CC data show that DEGs are associated with proteins linked

to the apoplast, cell wall and plasma membrane, more significantly and more highly

represented than for any other cellular compartment.

109



M A
A 20 . transferase activity. transferring alkyl L J B ii:
19 . beta-glucosidase activity . ‘$ .:.o
18 . scopolin beta-glucosidase activity{ * I.- : :.
17 . antioxidant activity o Count
16 . glutathione transferase activity b4 Count ;

15 . peroxidase activity ® ® 10 ¢
14 _ oxidoreductase activity, acting on . . : 15 ’.”’ o

13 . calmodulin binding ® ° 2:
12 . oxidoreductase activity, acting on ® ® . ;
11 . oxidoreductase activity, acting on ® . 35

10 . carbohydrate binding ®
9 . iron ion binding ® pad) 1.00 A °
8 . oxidoreductase activity, acting on ® - 075 .‘i”!‘;xgt_‘?
7 . hydrolase activity, hydrolyzing O-glycosyl . ® 0.50 GeneRato
6 . hydrolase activity, acting on glycosyl bonds ® 0.25
5 . dioxygenase activity ® LY
4 . ADP binding ®
3 . monooxygenase activity O
2 . heme binding ®
1. tetrapyrrole binding .
0.02 0.04 0.06
GeneRatio

Figure 4.18: (A) GO dot plot of Molecular function (MF) category displaying the top 20
represented in 24 hr dataset. Padj values indicate significance and size of circles indicating
number of genes associated with the category. (B) Macro depiction of total number of

categorised genes. Figure generated with Goplot (R plug in)

Very similarly to the 3-hr dataset most of the same MF categories are seen represented at 24

h (Fig. 4.18), including metal binding, redox processes and hydrolases.

4.4.3 Functional Analysis — GO enrichment

Figures 4.13 - 4.18 indicate the biological process, molecular function and cellular component
categorisations for both up- and downregulated genes. Itis likely that there will be substantial
redundancies from the outputs of GO analyses which can cause challenges in interpretation
as multiple categories overlap or are including the same regulated genes (Supek et al., 2011).
Further analysis of the data was conducted using REVIGO, an online tool that summarizes a
list of GO terms and reduces functional redundancies, enabling the visualization of the data
in a user-friendly format (Supek et al., 2011). The tool achieves this by grouping semantically
similar GO terms into clusters and identifying a single GO term as the representative for each
cluster, thus reducing the lengthy list of GO terms into a more manageable format. The

treemaps (Figures 4.19 -4.23) present each cluster as a rectangle and further group them,
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based on colour, into superclusters, with the size of the rectangles representing the
corresponding P-values. This analysis provides a concise overview of the data and facilitates

the identification of potential pathways and processes.
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Figure 4.19 CC REVIGO plot of 3 hr dataset. P-value < 0.05 and a log, fold change (log fc) 21. Each

rectangle represents a gene ontology (GO) term cluster and each colour represents a supercluster of
related clusters. The superclusters are listed in the key below the treemap. Sizes of rectangles reflect
the —log10 P-value of each cluster.
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Figure 4.22: MF REVIGO plot of 3hr dataset. P-value < 0.05 and a log, fold change (log,fc) 21. Each

rectangle represents a gene ontology (GO) term cluster and each colour represents a supercluster of
related clusters. The superclusters are listed in the key below the treemap. Sizes of rectangles reflect
the —log10 P-value of each cluster.

4.4.3.2 Analysis of 3hr dataset TREEMAP visualisation

We can see from the CC dataset that activity is located in the plasma membrane and other
membrane-associated GO terms (red) Apoplastic space (purple) and extracellular matrix (green).
CuNPs. Very few other cellular components were significantly differentially expressed which gives us
confidence in the location of the expressional changes. BP processes included metabolic changes
(orange), hormone signal transduction (blue) and an immune system response (purple). MF big
categories include binding (red), oxidoreductase activity (blue),
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Figure 4.21: MF Revigo plot of 24hr dataset. P-value < 0.05 and a log, fold change (logfc)

>1. Each rectangle represents a gene ontology (GO) term cluster and each colour represents
a supercluster of related clusters. The superclusters are listed in the key below the treemap.
Sizes of rectangles reflect the —log10 P-value of each cluster.
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The results show there is a clear overlap in the GO expression data for both the 3 and 24 hr
datasets. In terms of the localisation in the CC category there is clearly a significant
expressional change occurring within genes encoding components of the extracellular and
apoplastic space in response to uptake of CuNP particles, and there are superclusters present
for membrane and intermembrane vesicular transport genes. BP from both datasets indicates
a significant increase in the genes involved in responses to external stresses, in particular
pathogen response (response to fungus, response to wounding). Superclusters strongly
represented are under the category of immune system process (Fig. 4.24). There are also
superclusters associated with hormone signal transduction (Figs. 4.27, 4.24). Molecular
function (MF) has a particular supercluster around oxidative ‘ROS’ response in both the 3 and
24 hr datasets. Additionally, there is a supercluster in both datasets centred on ion binding

and transport. The significant impact on ROS pathways and hormone signalling is a significant
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indication of an important biological shift in the plants developmental response to the stress

caused by CuNP addition.

4.5 KEGG Analysis
Kyoto Encyclopaedia of Genes and Genomes (KEGG) annotates genes to pathway level.

Taking the previously explored information and expanding upon the pathways they act upon
gives us greater insights into specific implications of DEG expression in response to CuNPs,

and its impact upon the macro biological processes of the plant (KEGG PATHWAY Database).

4.5.1 3 Hr KEGG analysis

Endocytosis
Protein processing in endoplasmic reticulum
Tropane, piperidine and pyridine
Phagosome
Porphyrin and chlorophyll metabolism
Galactose metabolism ° Count
MAPK signaling pathway - plant ¢ s
Cutin, suberine and wax biosynthesis : :2
beta-Alanine metabolism . . 20
U and other terp d-g
Phenylalanine, tyrosine and tryptophan s;?l 1o
Starch and sucrose metabolism 075
Cyanoamino acid metabolism ¢ 0o ID ath04626  ath04075 ath00940  ath00592
Glutathione metabolism o 025 Plant alpha-
Zeatin biosynthesis . -, Plant- hormone  Phenylpropa Linolenic
athogen  signal noid acid
a]pha_mol:::o::: :::::::: ‘ ° Description iﬁ\tera%tion trinsduction biosynthesis metabolism
Phenylpropanid Bosynthesis PY Genef_iatio 18/147 20/147 15/147 6/147
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Plant hormane signal tranaduction ® pvalue 1.05€-05  4.00E-05 9.67E-05  0.001497
Plant-pathogen interaction ® padj 0.000683 0.0013 0.002096  0.024325
0.05 0.10
GeneRatio

Figure 4.24: KEGG dot plot of pathways differentially regulated following CuNP treatment. Top
4 KEGG pathways identified that meet the p-value and gene ratio requirements for

significance in this study. Plot generated with Go plot (R plugin)

The gene list is attached to Fig. 4.24 and demonstrates some of the most commonly occurring
KEGG pathways that have been upregulated in this experiment, and these were analysed

further.
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Figure 4.25 : The Plant Pathogen pathway with up and down-regulated transcriptomic data

at 3 hr CuNP treatment included — upregulated genes colour coded increasingly red while

downregulated are colour-coded green. as depicted in the

Database).

KEGG database (KEGG PATHWAY

As can be seen from Figs 4.25, there is significant upregulation of genes involved in the

recognition of PAMPs, Ca?* signalling and defence-related gene induction.
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Plant

Pathogen log2 Fold
Interaction Change

CNGC19 2.756787
CPK22 2.604251
CML37 2.594689
SIRK 2.513054
CML12 2.34014
HSP90-1 2.301658
CML39 2.20379
CPK27 1.868966
CNGC13 1.716775
CML44 1.61704
WRKY29 1.606503
RBOHD 1.416518
CNGC10 1.363213
RBOHA 1.112725
CNGC20 0.869834
CNGC2 -1.6098

Table 4.1: Genes involved in the plant pathogen response pathway and their expressional fold

change compared to the control dataset.

An examination of the differentially expressed transcripts led to the identification of 17 genes
with known functions, some of which play a role in plant responses to pathogen infection,
and changes in expression of stress-related genes. For example, RbohA and D are associated
with the ROS response system (See Chapter 1 ROS). These findings suggest that plants
perceive exposure to CuNPs in part at least as a biotic stress factor comparable to pathogen
or herbivore attack. This upregulation of plant pathogen response genes reflects results from
other metal nanoparticle research, notably exposure to titanium and silver nanoparticles

(Garcia-Sanchez et al., 2015).

CNGC2, 10, 13, 19 and 20 are differentially regulated. Cyclic nucleotide-gated ion channels
(CNGCs) are a family of ion channels that play a crucial role in various physiological processes
in both animals and plants. These channels are non-selective cation channels that are
activated by the binding of cyclic nucleotides, such as cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP). CNGCs are involved in various

physiological processes, such as nutrient uptake, pollen tube growth, and response to biotic
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and abiotic stress. In plant models 20 CNGC genes are known which are grouped into four

major groups (I-1V).

Group I: This group consists of six members (CNGC1-6). Members of this group are primarily
involved in plant development and nutrient uptake. CNGC2 has a role in pollen tube growth

and guidance. but is down regulated here.

Group II: This group contains CNGC7-10. Group Il CNGCs have been implicated in various
physiological processes. CNGC10 has a role in the regulation of plant growth and
development, as well as in the response to oxidative stress so is substantially upregulated

here.

Group llI: This group is composed of CNGC11-16. Group Ill CNGCs are associated with plant

development and stress responses. CNGC13 has been implicated in response to salt stress.

Group IV: This group consists of four members CNGC17-20. Members of this group have
diverse functions, including roles in plant development, nutrient uptake, and stress
responses. CNGC19 plays a role in the response to biotic stress, and CNGC20 is associated
with abiotic stress responses, particularly in the regulation of stomatal closure (Duszyn et al.,

2019).
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Figure 4.26: Plant Hormone Signal Transduction pathways as depicted by KEGG pathway
(KEGG PATHWAY Database). with 3 hr upregulated genes colour coded in red through the

pathviewer visualising software. Organism-specific pathway: green boxes are hyperlinked to
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GENES entries by converting K numbers (KO identifiers) to gene identifiers in the reference
pathway, indicating the presence of genes in the genome and also the completeness of the
pathway. a red highlight indicates a disease-causing gene or disease associated variants

(KEGG PATHWAY Database,)

Plant
Hormone
Signal
Transduction
PBS3 4.29578
SAUR71 3.759186
JAZ10 3.064139
ERF1B 3.051736
TIFY11A 2.07444
ERF2 1.979565
PYL6 1.773044
SAUR41 1.550903
GID1B 1.142129
IAA10 0.988825
IAA18 0.717054
EEL 0.541283
ARR9 -0.86955
ABF1 -1.3455
ARR5 -1.65092
ARR6 -1.6722
SHY2 -2.06563

Table 4.2: 17 Genes up and down-regulated in the KEGG pathway at the 3hr time point

compared to the control dataset.

There are numerous differential expression points in the plant hormone signal transduction
pathway in this dataset. Most notable is the tryptophan metabolic pathway associated with
auxin biosynthesis cell enlargement and plant growth. We also see moderate increase in
carotenoid biosynthesis, associated with synthesis of the stress hormone ABA (something
identified in biochemical assays in Chapter 3). Cysteine and Methionine metabolism linked to
ethylene signalling is also upregulated, and in particular the ERF1/2 gene associated with
increased senescence in the plant. a-linoleic acid synthesis metabolism is strongly

upregulated, linked to jasmonic acid, ROS response and terpenoid synthesis. These represent
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plant defence and immune responses through mechanisms involving respectively, the
phytohormones jasmonic acid, auxin, ABA and ethylene pathways. Results in Chapter 3 that
describe the phenotypic response to CuNPs show there is significant primary root growth
inhibition as well as significant impact on the growth and development of the root hairs.
Hormonal signalling, such as described above, is an important regulator of root development.
ABF1 (a protein that binds abscisic acid responsive elements in target gene promoters) has
been shown to be involved in readjustment of root morphology in the event of abiotic stress

conditions (Galvan-Ampudia & Testerink, 2011; Wang et al., 2008).

Some genes regulating hormonal stimuli and stress response were also identified as
responsive to CuNP treatment and linked with systemic acquired response (SAR), an
enhanced immunity in tissues remote from the initial infection site. SAR is triggered upon
challenge by certain pathogens and occasionally by mechanical damage such as damage by

insects (Raza et al., 2022).
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Figure 4.27: MAPK signalling pathway — Mitotic activated protein kinase pathway is crucial to
regulated transcription and cellular proliferation (KEGG PATHWAY Database). 3hr upregulated

genes colour coded in red through the pathviewer visualising software.

The response to CuNPs also leads to activation of genes associated with ethylene, ROS and
other stress-induced signalling pathways. The MAPK cascade (Fig. 4.27) leads to
phosphorylation of downstream target proteins, including transcription factors, which
ultimately regulate gene expression, resulting in diverse cellular responses. The MAPK
signalling system is a crucial mechanism in plants for sensing and responding to
environmental changes (Meng & Zhang, 2013). ERF1 activates the MAPK pathway by
phosphorylating the MAPKKK (Mitogen-Activated Protein Kinase Kinase Kinase) protein CTR1
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(CONSTITUTIVE TRIPLE RESPONSE1), leading to its inactivation. This, in turn, activates the
downstream MAPK cascade, ultimately leading to the phosphorylation of various
downstream target proteins and transcription factors, which regulate gene expression and

plant responses to stress and to the ethylene signalling response (Meng & Zhang, 2013).

PR1 (PATHOGENESIS-RELATED PROTEIN 1) is a known marker gene for the salicylic acid (SA)
signalling pathway and is commonly used as a readout for SA-mediated plant defence
responses. PR1 expression is regulated by the transcription factor NPR1 (NONEXPRESSER OF
PATHOGENESIS-RELATED GENE 1) and is induced in response to pathogen attack and other
stress signals (Meng & Zhang, 2013). PR1 may also play a role in the MAPK pathway in plants.
PR1 has been shown to be a downstream target of MPK3 and MPK6, two key components of
the MAPK cascade in plants (Meng & Zhang, 2013). MPK3 and MPK6 can phosphorylate a
transcription factor, WRKY33 that activates the expression of PR1 and other defence genes
There is a possibility that the MAPK pathway and the SA pathway are not independent of each

other, but rather interact through cross-talk in the plant defence response.
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Figure 4.28: Upregulation at 3hr of EIf2/B in the RNA transportation pathway in seedlings
treated with CuNPs (KEGG PATHWAY Database).

elF2/B (Eukaryotic Initiation Factor 2/B) is a protein complex that plays a role in the regulation
of protein synthesis initiation in eukaryotic cells. While elF2B is primarily known for its
function in translation initiation, in eukaryotic cells RNA molecules are synthesized in the

nucleus and then transported to the cytoplasm for translation. This process involves the
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binding of specific RNA-binding proteins, such as EXPORTIN 1 (XPO1) protein, to the RNA
molecules, which then facilitates their transport through the nuclear pore complex. elF2B can
bind to XPO1 and promote its nuclear export, leading to an increase in the transport of RNA

molecules from the nucleus to the cytoplasm (Kelen et al., 2009).

Therefore, elF2B may have a broader role beyond translation initiation, as it could contribute
to the regulation of cellular processes that rely on proper RNA transportation (Azmi et al.,

2021). and thus may be enhanced in response to CuNPs.
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Figure 4.29: KEGG pathway showing phenypropanoid synthesis pathway (KEGG PATHWAY

Database). Genes upregulated at 3hr are colour coded in red.

Phenylpropanoid biosynthesis Log2 Fold Change

PER28 4.575691535
PER33 5.000725256
BGLU27 3.786149753
PER62 2.115091969
PER12 1.734114031
PER4 1.865744832
BGLU46 2.225420865
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BGLU24 3.431649147
PER37 2.980777595
PER10 2.467045484
PER38 2.712321248
BGLU32 4.588295273
PERS 2.915688165
PER25 0.879649211
PER59 3.053864956

Table 4.3: Table of most significantly upregulated genes in the phenylpropanoid biosynthesis

pathway in seedlings treated with CuNPs.

Phenylpropanoids are an important group of plant secondary metabolites that have roles in
plant growth and development, as well as in plant defence against biotic and abiotic stresses
(Govender et al., 2017). The results in Fig. 4.29 show that the pathway is activated in response
to CuNPs. The main pathway for phenylpropanoid synthesis in plants is the general
phenylpropanoid pathway, which starts with the conversion of phenylalanine to cinnamic acid
by the enzyme phenylalanine ammonia-lyase (PAL). Cinnamic acid is then converted to p-
coumaric acid by cinnamate 4-hydroxylase (C4H), and then to a variety of different
phenylpropanoids, including flavonoids, lignins, and stilbenes, by different enzymatic

reactions (Vogt, 2010).

The lignin biosynthesis pathway is another important branch of the general phenylpropanoid
pathway, these provide structural support to plant cell walls. The key enzymes involved in the
lignin biosynthesis pathway include cinnamoyl-CoA reductase (CCR), cinnamyl alcohol
dehydrogenase (CAD), and peroxidase (POD). Peroxidase is significantly upregulated in this
pathway from the data in Table 4.3 and Figure 4.29. Peroxidases play an important role in
the phenylpropanoid pathway. Peroxidases catalyse the polymerization of monolignols,
which are precursors for the biosynthesis of lignin (Ralph et al., 2019). The polymerization of
monolignols into lignin involves the oxidative coupling of monolignol radicals, which is
catalysed by peroxidases. These peroxidases use hydrogen peroxide and other ROS as co-
substrates to oxidize the monolignols and promote their polymerization into lignin. In
addition to their role in lignin biosynthesis, peroxidases are also involved in the biosynthesis
of other phenylpropanoid compounds, such as flavonoids and anthocyanins. peroxidases are
involved in the final step of anthocyanin biosynthesis; they catalyse the polymerization of

anthocyanidins into condensed tannins or proanthocyanidins. They play a role in plant
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defence against biotic and abiotic stresses, and these data show also in response to CuNPs.
Peroxidases are also involved in the processing of ROS through the Fenton reaction pathway

(Govender et al., 2017; Lathje et al., 2011).

The other significantly upregulated genes are beta glucosidases. They have two main
functions, namely the release of phenylpropanoid aglycones which are a crucial part of many
secondary metabolites, and in plant defence against pathogens and herbivores. Plants can
induce the expression of beta-glucosidases, which hydrolyse the glycosides that are present

in the cell wall of the pathogen, releasing toxic aglycones that can kill the pathogen (del Cueto

et al., 2018).
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Figure 4.30: 3 hr dataset showing A-ARR down regulation associated with decrease in cell

division and shoot initiation in seedlings treated with CuNPs.

Figure 4.30 shows KEGG analysis that reveals a downregulation of both auxin, cytokinin and
ABA signalling pathways, consistent with the phenotypic evidence of root tip growth

disruption and the inhibition of primary root growth in response to CuNPs.
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4.5.2 24 hr dataset

| PLANT HORMONE SIGNAL TRANSDUCTION

T

\_pf Ubiguitin mediated
proteolysis

DN&

Crytokinine

Diterpenoid binsynthesish— — -{_) »[ GIDI »{DELLA TF
Gibberellin i
\_f Ubiguitin rediated
proteolysis

(o) —O e

Abscisic acid

Endoplastaic reticulura (ER)

@) o

Brassinosteroid | __
O

Brassinosteroid DN&
o]

|
(s »{ apics }-—w{ vz J—4—»{ Ens |

92 00 9.2
| | - TN i, (1|
(Toptoptan metseoten)~ ——O— (4} > (i i —+—{ > 0 =——~ o ———> Gl
b T

Zeatin biosynthesis— — — — _—w{[CREL |—F—»[ &8P } 2w [B-ARR] > ‘?A'm — e e

GID2
+u
D&
>0 —— —m Stemgowth

Induced genmination

DNA&

EEze— (s (B >0 ———» Sopgilion

Elylae
+u

DNA&

P O — — —m Fruit ripening
Senescence

\_ g Ubiquitin mediated
+p | protholysis

BIN2

Data on KEGG graph
Rendered by Pathview

2 g —> o ~——>{1om] - >
1[BZR1i2 \ TCH4 Cell elongation

[CYCD3] ———M Cell division

Proteasomal
degradation
- - . DN& Monoterpenoid biosynthesis
%eLflen]?ol]ermrﬂrn acid } _4;() ®| ol |y MYC2 o] ORCA3
Jastons acid [GaR1] 16T ! I Indole alkaloid biosynthesis
\ o Ubiquitin rediated I Senescence
proteolysis ~ f S~———————— Stress response
- DNA
Phenglafuine | oy —-»[ NFRL] TGA O——» BRIl — — —™ Disease resistance
Salicylic acid

Figure 4.31: KEGG analysis at 24 hr after CuNP treatment, showing up and down-regulation

of genes, colour coded red and green respectively.

At 24 hr of CuNP treatment (Figure 4.31) there is seen a similar change in expression pattern

to that seen in the 3hr datasets.
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4.5.3 Comparisons between 24 hours and 3 hours

Plant Pathogen Interaction

34 : :
3hr
o B 24hr

Log2 Fold Change

Figure 4.32: Comparison of gene expression levels at 3 hr and 24 hr after CUNP exposure.

The general trend revealed in Fig. 4.32 was a slight increase in the expression of most

measured genes between 3 to 24hrs, however there are decreases in WRK29, CNGC10,

CML12 and CML37. Data expressed as mean RE log2Foldchange.
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Figure 4.33: Comparison of expression levels for plant pathogen interaction genes at 3 hr and

24 hr after CuNP exposure.

In Fig. 4.33 there is seen a substantial increase in expression levels of SHY2, ARR9, SAUR41
and SAUR71 genes between 3 h and 24 h CuNP treatment, alongside smaller increases in ERF2
and JAZ10.

SHY2 is a transcriptional repressor and plays a role In plant-pathogen interactions, and has
been implicated in the regulation of defence-related gene expression(Li et al., 2020). It also
regulates auxin-cytokinin balance effects on the function of the root meristem (Moubayidin
et al., 2010), and has been shown to interact with the ERF transcription factor ORA59 (Yang
et al., 2021). This is activated and induces the expression of various defence-related genes,
including those involved in the biosynthesis of plant hormones jasmonic acid and ethylene.
SHY2 negatively regulates ORAS59 activity, thereby modulating the expression of defence
genes in response to pathogen attack. SHY2 has also been shown to interact with other
components of the plant defence signalling pathway, such as MPK6 (mitogen-activated
protein kinase 6) and WRKY33 (a member of the WRKY family of transcription factors) (Li et
al., 2020). Both ERF2 and JAZ10 are upregulated further in 24-hour dataset implicating a
systemic defence transcriptional change has started to occur in the plant in response to CuNP

exposure.
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SAUR41 and SAUR71 (SMALL AUXIN UP RNA) are plant genes that belong to the auxin-
responsive gene family. They are strongly induced in plants after infection with the bacterial
pathogen Pseudomonas syringae and are both directly activated by the plant defence
hormone salicylic acid. SAUR71 is also upregulated in response to treatment with jasmonic
acid. The study also showed that SAUR71 was involved in regulating JA-responsive gene

expression and that plants overexpressing SAUR71 displayed enhanced resistance to a fungal

pathogen.
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Figure 4.34 Comparison of expression rates for phenylpropanoid synthesis genes in seedlings

treated with CuNPs.

There is a general increase in both peroxidase and glucosidase gene activity as the defensive
lignification response intensifies between 3 hrs and 24 hours after CUNP treatment in figure

4.34. This is further evidence of the activation of stress responses in response to CuNP

exposure.
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4.6 Summary
The main aim of this chapter was to increase understanding of the transcriptional changes

that occur in response to exposure to CuNPs in Arabidopsis over both a short time span (3
hrs) and a longer timeframe (24 hrs). These time points were identified by an initial gPCR
analysis to determine most significant changes in expression of stress-related genes. An RNA-
Seq experiment was carried and significantly differentially regulated genes were identified
after statistical analysis. Gene ontological analysis and KEGG pathway analysis was used to
quantify and assign significance to affected pathways. The objective of understanding the
underlying changes in root architecture and phenotype in treated plants was pursued.
Changes in genes associated with plant pathogen response and phytohormone signalling have
been identified as well as increases in the phenylpropanoid biosynthesis pathway, and other

stress factors such as ROS have been identified.

Data from RNA-Seq suggest the plant response to CuNP treatment involves changes in
expression of auxin response factors, an increase in the production of jasmonic acid and
ethylene biosynthesis as well as an increase in the production of salicylic acid and ROS which
produce a potential systemic response to copper uptake that resembles the response seen by
biotic stress factors. The results of this chapter indicate that the response to CuNP involves

gene transcriptomic regulation that may be mediating the observed phenotypic response.
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Chapter 5 Proteomic Expression

5.1 Introduction

The proteomic analysis aims to identify the full set of proteins in a sample: identifying,
quantifying, and characterizing the proteins present. Proteomic analysis can give us useful
insights into protein expression levels, post-translational modifications, interactions, and
functions; while in the previous chapter transcriptomics is the study of the full set of RNA
transcripts produced by the plant. While proteomics and transcriptomics are related fields,
there are some key differences between them. Transcriptomics studies the intermediate
product of gene expression, while proteomics studies the final product of gene expression.
Proteomics can also provide information about protein modifications, which would not be
detected from the RNA transcript. Proteomics can also provide information about protein
interactions and functions, which are not directly evident from the RNA transcript(Chantada-
Vazquez et al., 2022) Proteomic analysis and transcriptomics are complementary approaches
that can be compared and contrasted for further knowledge of the changing biological

expression patterns of a plant under a new environmental stress (Jafari-Raddani et al., 2022).

The specific aim of the work described in this Chapter was to use proteomics to understand
and categorise the expression profile of proteins in Arabidopsis plants exposed to copper

nanoparticles, and to verify changes with western blotting.

5.2 SWATH Proteomics
SWATH (Sequential Window Acquisition of All Theoretical Mass Spectra) is a proteomic
technique that combines data-independent acquisition (DIA) mass spectrometry with

targeted data analysis.

In SWATH, a protein sample is digested into peptides, and the resulting peptides are
separated using liquid chromatography (outlined in Fig. 5.1). The eluting peptides are then
ionized and subjected to mass spectrometry analysis. During the mass spectrometry analysis,
instead of selecting specific ions for fragmentation as in data-dependent acquisition (DDA),
the mass spectrometer acquires mass spectra for all peptides in sequential windows across
the mass-to-charge (m/z) range. This results in a DIA dataset containing fragment ion spectra

for all detectable peptides in the sample. The DIA dataset is then analysed using software that
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matches the acquired fragment ion spectra to a spectral library of reference spectra

generated from reference samples. This targeted data analysis allows for the quantification

of a large number of peptides and proteins in the sample with high accuracy and

reproducibility. A significant advantage to SWATH is that it allows for a comprehensive and

reproducible quantification of thousands of proteins across large sample cohorts. This makes

it a powerful tool for biomarker discovery and validation, as well as for studying complex

biological systems and disease mechanisms (Birhanu Kitata et al., 2022).

Pheno \__ 2WATH PROTEIN QUANTIFICATION WORKFLOW )
TRHTHE) ob o 0B 0B o

Selection
Sequencing for targets
of Interests

Target

Sample Library

Extraction Preparation Validation

Protein Extraction Peptides Generation IDA lon Library Generation

 —) e e
I

Enzymatic LC-MS/MS #1

Digest

Proteome Quantification SWATH™ Mapping }» LC-MS/MS #2

On lon Library \ SWATH™

1| Condition 2 Acquistion

=

Prot.3

Prot. 4

MRM lons Selection MRM Selective Quantifications

Figure 5.1 SWATH proteomic workflow (adapted from phenoswitch biosciences)
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SWATH is a robust and sensitive proteomic technique that combines the advantages of DIA
mass spectrometry with targeted data analysis, enabling the accurate and comprehensive

quantification of proteomes.

In the work described in this Chapter, three biological replicates for each treatment (+ CuNP
treatment) were carried out and three replicate SWATH-MS runs were performed for each
resulting digest, giving 36 LC-MS acquisitions in total. 4757 proteins were detected and
guantified using PeakView software (Sciex) across all samples. The SWATH library used for

identification and relative quantification was generated using PeakView from a ProteinPilot.

This information was analysed using Panther software for gene ontology analysis and filtered
to only express information with a significant P value, and was also ordered according to the
magnitude of up or down-regulation. Arabidopsis encodes up to ca. 35,000 protein-coding
genes but the functions and annotations of a substantial number of these genes remain
unknown, even by homology (Rhee & Mutwil, 2014). This combined data from 20 data-
dependent acquisitions of fractionated peptides resolved by high pH reverse phase
chromatography from Arabidopsis root extracts +/- CuNPs. More than 7000 proteins were
identified from an Arabidopsis database (SwissProt 0217) at 1% global FDR by ProteinPilot 5.0

during library construction.

For each experimental treatment, nine extracted fragment-ion chromatogram peak area
values were obtained for identified proteins. MarkerView 1.2.1 software (Sciex) was used to
perform pairwise multiple comparison of replicate peak areas for two states using t-tests.
False discovery rates (FDR) in resulting SWATH-experiment outputs was controlled by
applying the Benjamini- Hochberg procedure for multiple comparisons (Multiple Comparisons
- Handbook of Biological Statistics, n.d.) This was done manually using an Excel spreadsheet
to: order P values, calculate Benjamini-Hochberg critical values and select proteins with
resulting significant P values. The FDR (false positive discovery rate) values were set at 5% and
results tabulated. The purpose of performing a p-adjust statistical analysis, such as the False
Discovery Rate (FDR) correction, when analysing proteomic data and their P values is to
account for the possibility of false positive results. When performing multiple statistical tests
simultaneously, there is a higher chance of detecting false positives or Type | errors. By
applying the FDR correction, overall rate of false positives can be controlled while maintaining
a high level of sensitivity for detecting truly significant results.
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5.2.1 Effect of treatment by CuNPs on the Arabidopsis total seedling proteome.

Total Proteins Detected vs Significant

Figure 5.2: Total proteins detected in the SWATH analysis vs total significant at 5% FDR
(Hulsen et al., 2008)
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Up vs Down Regulated

Figure 5.3: Biovenn chart indicating the proportion of proteins up and down-regulated

(Hulsen et al., 2008)

Seedlings were grown in the presence of absence of 20uM CuNPs for 8 days and proteins
were extracted from whole seedlings (Figs. 5.2-5.4). Non-significant protein changes were
removed and the resulting proteins were ordered on fold-change between the treatments,
highest to lowest. A Log2 Fold change of <0.1 for up- and down-regulated proteins was

considered significant.

Proteomic global experiments are considered to indicate pathways or avenues of interest for
further research (e.g. genetic analysis of candidates to determine function). GO ontology
over-representation, compared to whole database entries, is a method used to highlight

biochemical pathways that are responding to treatment.
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Cu vs Control 8 day Proteomic Volcano plot
adjusted at threshold for 5% significance
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Figure 5.4: Volcano plot of up and down-regulated protein expression with log2fold change
>0.5 and adjusted P score below 0.05 some highly expressed and high p value proteins are

labelled.

At the 5% confidence ratio and the 0.5 log2 fold change criteria only approx. 200 proteins

were identified as changing significantly (labelled blue in volcano plot).

Basic Blue Aspartate-Rich N-terminal Domain Protein (ARPN) forms a family of small, acidic
proteins found in a wide range of organisms, including plants. The basic blue subgroup of
ARPNs, also known as bARPNSs, is characterized by a conserved domain that contains a cluster
of basic amino acids and binds to negatively charged molecules, such as DNA or RNA.
Additional to their potential role in gene expression, bARPNs have also been implicated in
other cellular processes, including being involved in DNA replication and may play a role in
coordinating the timing of DNA synthesis during the cell cycle. bARPNs may also be involved

in the response to abiotic stress, such as drought, salinity or metal stress (Kim et al., 2003b).

Zinc transporter 2 (ZIP2) is a member of the ZIP family of transporters that are responsible for
the uptake and translocation of zinc in plants. Studies in Arabidopsis have shown that ZIP2

expression is induced not only by zinc deficiency, but also by copper deficiency. This suggests
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that ZIP2 may play a role in the uptake and transport of both zinc and copper in plants. It has
been demonstrated that Arabidopsis plants overexpressing ZIP2 exhibit increased copper
uptake and tolerance to copper toxicity, indicating that ZIP2 may play a role in copper uptake
and homeostasis, however in this experiment we see a decrease in expression levels from the

control (Fig. 5.4) (Maeshima, 2014).

COPT2 is expressed in various tissues, including roots, shoots, and flowers, and is involved in
the uptake and distribution of copperin the plant. COPT2 is upregulated in response to copper
deficiency, indicating that it plays a role in the uptake of copper from the soil. In Arabidopsis,
COPT2 has been shown to be important for copper transport to developing seeds, where
copper is required for photosynthesis and respiration. COPT2 has been shown to be involved
in copper homeostasis in Arabidopsis roots, where it regulates copper uptake and transport
to avoid excess copper accumulation and toxicity (Arora et al., 2016). Like ZIP2 this protein is

also downregulated in the CuNP treated samples (Fig. 5.4).

5.2.2 GO Pathway Classification

To further interpret the list of differential expression data generated from the proteomics
study, a GO ontology analysis was carried out using R script and REVIGO, as was done in
Chapter 4 for transcriptomic changes. This enables us to identify GO terms and categories

that occur most frequently in the list (Supek et al., 2011).
These are again classified under the 3 major GO classifications:
o Biological process
e Molecular function

e Cellular component
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Biological Process (GO)

M No PANTHER category (Unclassified)
M Biological Process involved in interspecies interaction between organisms
M Biological Regulation
M Cellular Process
Developmental Process
H Growth
M Localisation
Metabolic Process
" Multicellular Organismal Process
M Reproduction
MReproductive Process
M Response to Stimulus
M Signalling

Figure 5.5: Biological processes Gene Ontology, showing a substantial number of detected

proteins are not classified to a process but we do see significant protein changes in Cellular

Processes, Localisation and Metabolic Process. This graph was generated using the PANTHER

Arabidopsis reference genome and the list of 684 differentially expressed proteins.

Molecular Function (GO)

Ml ATP-Dependent Activity

M No PANTHER category (Unclassified)

M Binding

W Catalytic Activity
Molecular Adaptor Activity

B Molecular Function Regulator

B Structural Molecular Activity
Transcription Regulator Activity

" Translation Regulator Activity

™ Transporter Activity

Figure 5.6 : Molecular Function Gene Ontology graph indicating a substantial proportion of

activity under the category of binding and catalytic activity. A significant number of protein

changes remain unclassified. This graph was generated using the PANTHER Arabidopsis

reference genome and the list of 684 differentially expressed proteins.
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'Binding' category in Gene Ontology refers to the selective, non-covalent, often stoichiometric
interaction of a molecule with one or more specific sites on another molecule. Under abiotic
stress conditions, plants may experience various challenges, such as drought, salinity,
extreme temperatures, and heavy metal toxicity. The molecular response to these conditions
often involves proteins that bind to other molecules, such as: Transcription factors: These
proteins can bind to specific DNA sequences, regulating the expression of stress-responsive
genes that help plants acclimate to the stress. Chaperones: During abiotic stress, proteins may
misfold or become damaged. Molecular chaperones, such as heat shock proteins, bind to
these proteins to stabilize and refold them, maintaining cellular homeostasis. lon transporters
and channels: Proteins that bind and transport ions play a vital role in maintaining cellular ion

homeostasis under stress conditions, such as high salinity or heavy metal toxicity.

Catalytic activity (GO:0003824) in Gene Ontology refers to the activity of a molecule, usually
a protein, that speeds up a specific chemical reaction. Enzymes with catalytic activity are
essential for various metabolic processes, which can be modulated in response to abiotic
stress. Such as in ROS detoxification: Under abiotic stress, plants produce excessive ROS,
which can cause cellular damage. Enzymes such as SOD, catalase (CAT), and peroxidases help
neutralize ROS. There is also scope for hormone biosynthesis and signalling: Enzymes involved
in the synthesis and metabolism of plant hormones like ABA, ethylene, and gibberellins, play

a role in regulating the plant response to abiotic stress.
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Cellular Component(GO)

B No PANTHER category (Unclassified)

B Cellular Anatomical Entity
® Protein Containing Complex

Figure 5.7: Cellular Component Gene Ontology graph — While there is a substantial unclassified
section of proteins in the PANTHER directory, the other two significantly present categories
are Cellular Anatomical Entity and protein containing complex, the breakdown of these
constituted mostly cytoplasmic and intermembrane spaces. This graph was generated using
the PANTHER Arabidopsis reference genome and the list of 684 significantly expressed

proteins

Cellular Anatomical Entity (GO:0110165): The 'Cellular Anatomical Entity' category in Gene
Ontology refers to the structural components of a cell, such as organelles, cellular
compartments, and other structural entities within the cell. In response to CuNP stress,
changes in cellular anatomical entities can play a crucial role in plant survival and adaptation.
These include chloroplasts, vacuoles (under abiotic stress conditions, such as metal toxicity,
vacuoles help maintain cellular homeostasis by sequestering ions and toxic metals), and cell

walls.

Protein Containing Complex (G0:0032991): The 'Protein Containing Complex' category in
Gene Ontology refers to any stable assembly of two or more proteins that function together.
Protein complexes play a vital role in various cellular processes, and their formation and
regulation are essential for plant stress responses. Photosystem | and Il: These protein

complexes are part of the photosynthetic machinery in the chloroplasts ROS scavenging
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complexes, (ROS) can accumulate under abiotic stress and cause oxidative damage. Protein

complexes, such as the NADPH oxidase complex, can modulate ROS production, while other

complexes, such as the ascorbate-glutathione cycle components, help in ROS detoxification.

The above PANTHER directory breakdowns for GO in MF, BP and CC unfortunately failed to

categorise a substantial number of proteins detected above the significance threshold.

Significant changes were subject to further analysis to break down category redundancy in

the listed GO subsets (Fig. 5.8).
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Figure 5.8 : Biological Process treemap processed with REVIGO to further classify the GO terms

detected and reduce redundancy in category generation. Generated with the 684 significantly

expressed proteins. Legend including the top represented BP categories.

In the REVIGO treemap in Fig. 5.8 analysed for up or down regulation we see two biological

processes significantly present which is response to abiotic stress (Purple) and metabolic

processes (blue), but we also see some smaller categories upregulated too such as membrane

and organelle
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Figure 5.9: MF Molecular Function treemap processed with REVIGO including up and down-

peptide binding

regulated proteins to further classify the GO terms detected and reduce redundancy in

category generation. Generated with the 684 significantly expressed proteins.

There are multiple molecular function categories that are clearly significantly represented the
‘chelation’ group (copper ion binding, zinc ion binding, metal ion binding etc) represented by
light blue. Oxidoreductase activity is an enzymatic activity that involves the transfer of
electrons from one molecule to another in a redox reaction. These enzymes catalyse the
oxidation of one molecule by the reduction of another molecule (yellow). There are many
diverse types of oxidoreductases, including dehydrogenases, oxidases, reductases, and
peroxidases. These enzymes differ in their substrate specificity and the type of reaction they
catalyse. Dehydrogenases catalyse the removal of hydrogen atoms from a substrate, while
oxidases catalyse the transfer of electrons to molecular oxygen. Other significant categories
identified in this figure include transferase activity (green). Glutathione transferase activity is
an important enzymatic activity that plays a key role in the detoxification of xenobiotics and
endogenous compounds in living organisms. Also seen is the category binding (purple): ion
binding, protein binding, small molecule binding. We see a clearly highly upregulated catalytic

activity binding — chelation activity across the proteome here.
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Figure 5.10: CC Cellular Component treemap processed with REVIGO to further classify the GO

terms detected as up-regulated and reduce redundancy in category generation. Generated

with the 684 significantly expressed proteins.

The upregulation of genes involved in membrane and chloroplastic space components
suggests that the corresponding cellular processes are highly active in the cell in response to
CuNP treatment. For example, upregulation of genes involved in vesicle transport may
indicate that the cell is actively secreting or taking up molecules. The vast majority of all
proteomic differential activity is clearly occurring in two main locations which is the

intermembrane space and within the mitochondria (Green and light blue on this chart).

5.3 Western Blots
The results of the proteomics analysis necessitated validation through physical assay work in
both Arabidopsis and to see if related proteins were expressed in willow tree samples that

had also been used in CuNP assays.

By comparing the results of western blots with the results the SWATH analysis, validation of
the identity and abundance of proteins is possible. If the western blot confirms the presence
and abundance of a protein that was identified. it provides additional confidence in the
accuracy of the proteomic analysis. If the western blot shows a different result than what was
predicted by the proteomic analysis, it can signal potential issues with the mass spectrometry-

based method and may warrant further investigation.
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5.3.1 Actin

-—~

3hr 24hr

Figure 5.13 : (A) Actin control labelled with ladder kda numbers, first two columns are wild type control
at 0 h, next two columns are 3 hr post-treatment with 20 uM CuNP and final two columns are final 24
hr 20uM CuNP treatments. (B) Ponceau stain indicating total protein content in the samples after SDS

PAGE electrophoresis. Actin estimated Kd antibody = 41-45Kda

Actin is a highly conserved, abundant, and ubiquitous protein that plays a key role in the
structural support and movement of cells. In this Western blot, actin is used as a
housekeeping protein or loading control to normalize for variations in protein loading and
transfer between different samples. Including actin as a control in Western blotting
experiments, can ensure that differences in protein expression or detection are not simply
due to differences in the amount of protein loaded or transferred. Actin is particularly useful
as a housekeeping protein because it is expressed at relatively constant levels across many
different cell types and tissues, and it is resistant to changes in cellular or environmental
conditions. The intensity of the actin band can then be used to normalize the intensity of the
protein of interest band, allowing for an accurate comparison of protein expression levels
between different samples. In this experiment, we do see a higher expression of ACT2 in the
24-hour samples (Figs. 5.13, 5.14) but with this experiment, we can normalise expression

levels before doing comparisons for relative expression (Zhang et al., 2012)

5.3.2 Fe Sod (Iron Superoxide Dismutase)
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Figure 5.14: (A) Western blot of Actin and FeSOD bands in control lanes, two 3-hour treated
lanes and two 24-hour treated lanes. (B) Actin relative abundance, (C) Iron Superoxide

dismutase relative abundance

5.3.3 Cu/Zn Sod (Copper/Zinc Superoxide Dismutase)
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Figure 5.15: (A) Cu/Zn SOD staining with WT Control (CT), 3 hr Cu Treatment and 2 4hr
treatment, two sample repeats. (B) Ponceau stain indicating relative protein extracted. (C)

Relative abundance of Cu/ZN SOD. Bars represent relative expression compared to control

(Wt).

Copper/Zinc Superoxide Dismutase (Cu/Zn SOD) is an important antioxidant enzyme found in
many different types of cells in various organisms, the primary role of which is to protect cells
from the toxic effects of ROS by converting superoxide radicals into less harmful hydrogen
peroxide and molecular oxygen. Cu/Zn SOD is one of the key enzymes involved in cellular
defence against ROS. This process requires the presence of copper and zinc ions as cofactors

in the active site of the enzyme. Results presented in Fig. 5.16 show that while the abundance
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of Cu/ZN SOD is reduced after 3 hr of treatment with CuNPs, it increased dramatically after

24 hr treatment.

5.3.4 CSD2 / CCS (Copper Superoxide Dismutase / Copper Chaperone)
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Figure 5.16 (A) CSD2 and CCS staining with 24hr and 3 hr timepoints. (B)Relative expression of CSD2,

(C) Relative expression of CCS, (D) relative expression of ACT2.

CCS (Copper Chaperone for Superoxide Dismutase) plays an important role in the copper
uptake pathway in plants. It is involved in the transport of copper ions from the cytosol to the
plastids, where they are needed for the biogenesis of chloroplasts and the assembly of
photosynthetic proteins. The CCS protein functions as a copper chaperone, which means it
binds to copper ions and helps transport them to their final destination in the cell. CSD2
(Copper-Zinc Superoxide Dismutase 2) is another protein involved in the copper uptake
pathway in plants. CSD2 belongs to the superfamily of antioxidant enzymes called superoxide
dismutases (SODs) that catalyse the dismutation of superoxide radicals into molecular oxygen

and hydrogen peroxide.

In the copper uptake pathway, CSD2 works together with CCS to ensure proper copper
transport and utilization. CSD2 binds to CCS and helps stabilize it, thereby enhancing the
efficiency of copper delivery to the plastids. Together, CCS and CSD2 ensure proper copper
transport and utilization in plant cells. They work synergistically to protect plant cells from

oxidative damage and maintain the cellular redox balance.

Results presented in Fig. 5.16 show that, when adjusted for ACT2 expression levels, the
relative expression of both CSD2 and CCS is found to substantially increase from 3 hr to 24 hr

after treatment with CuNPs.
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5.3.5 Willow tree sample (Cu/ZN SOD)
Willow 24243 3CT B
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Figure 5.17: (A) Willow tree and Arabidopsis (untreated, CT and CuNP-treated samples, 24 h,
3 h) samples; (B) Ponceau Stain of Willow ((A) far left) and Arabidopsis (untreated, CT and
CuNP-treated samples, 24 h, 3 h)untreated (CT) and treated samples (24 h, 3 h), showing the

smaller amount of protein extracted from the willow samples

To understand something of the conservation of proteomic response to CuNPs between
species, a comparative analysis was carried out between Arabidopsis and willow. Willow roots
were sampled after 3 hr and 24 hr of CuNP treatment, and proteins were extracted for
Western blot. The amount of protein extracted protein was low based on Ponceau staining
compared to Arabidopsis samples (Fig. 5.17), presumably due to the lignin content of the
root tissue, which caused problems with the extraction process. Cu/ZN SOD was detected
only after ling (120 sec) blot exposures (Fig. 5.17, Willow lanes), but very little total protein
was extracted and detected (Fig. 5.17B), and so this aspect of the analysis was not taken

further.

5.4 Comparisons to Transcriptomic Data

Comparing proteomic and transcriptomic data can be challenging due to the non-linear
relationship between gene expression and protein accumulation; and the complexity of post-
transcriptional regulation and protein turnover. However, integrating both datasets can

potentially provide a more comprehensive understanding of plant responses to stresses.

An approach is to look for genes that show consistent changes in both datasets, which could
indicate a direct link between changes in gene expression and protein levels - identifying

genes/proteins that are significantly upregulated or downregulated in both datasets and

149



performing a pathway analysis on these common targets. It is important to keep in mind that

differences between the datasets may arise due to differences in sensitivity and dynamic

range of the two technologies.
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Figure 5.18: Log2 Fold changes for 6 up-regulated genes and proteins taken from transcriptomic and

SWATH MS proteomic data for expression comparison. Black bar represents 3 hour transcriptomic

time point, light grey bar represents 24hr, dark grey proteomic 24hr dats
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Figure 5.19: Log2 Fold changes for 7 down-regulated genes and proteins taken from
transcriptomic and SWATH MS proteomic data for expression comparison. Black bar
represents 3 hour transcriptomic time point, light grey bar represents 24hr transcriptomic,

dark grey proteomic 24hr data

While most of the genes and proteins detected and quantified for fold change had up or down
regulations that verified the other datasets, some were contrary — such as thioredoxin and

ferritin or Per69.

Several post-transcriptional processes can significantly impact the final protein abundance,
leading to inconsistencies between transcriptomic and proteomic data. Some examples of
different mechanisms of such action include alternative splicing: This process allows a single
pre-mRNA to generate multiple mRNA transcripts by selectively including or excluding exons,
resulting in different protein isoforms (Halbeisen et al., 2008). mRNA stability: The stability of
mRNA molecules affects the level of proteins produced. Regulatory elements, such as
microRNAs (miRNAs) or RNA-binding proteins, can cause mRNA degradation or stabilization,
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impacting protein expression (Uchida et al., 2019). RNA editing: The nucleotide sequence of
an mRNA molecule can be altered post-transcriptionally, leading to changes in the amino acid
sequence of the encoded protein (Mino & Takeuchi, 2018). Translation regulation: The
efficiency of translation initiation, elongation, and termination can impact protein expression
levels. Regulatory elements, such as upstream open reading frames (UORFs) and riboswitches,

can modulate translation rates (Duarte-Conde et al., 2022; Halbeisen et al., 2008).

Post-translational modifications (PTMs): Modifications to proteins after translation, such as
phosphorylation, acetylation, or glycosylation, can affect protein stability, localization, and

function (Duarte-Conde et al., 2022).

5.5 Mutant Growth Analysis

Several genes of interest were identified through the analysis of transcriptomic and
proteomic data, consistently up- or downregulated. SALK lines were obtained and growth
studies were performed to determine and validate if they played a significant function in the

plant’s response to copper stress (O’Malley et al., 2015; Alonso et al., 2003).

5.5.1 Basic Blue ARPN

Plantacyanins are blue copper proteins belonging to the larger family of phytocyanin’s, which
are plant-specific proteins that are involved in various physiological processes(Dong et al.,
2005). They are characterized by their ability to bind to a single copper ion, giving them a blue
colour and the ability to participate in redox reactions. Although plantacyanins have been
identified in a wide range of plant species, their exact roles in plants are not fully understood
but there is evidence to suggest some potential function such as electron transfer during
stress responses: Plantacyanins have been implicated in the plant's response to drought, high
salinity, and heavy metal exposure (Nersissian et al., 1998a). They may function as
antioxidants, protecting cells from damage caused by ROS that are generated under stress
conditions. They may also play a role in plant growth and development, including cell
differentiation, elongation, and expansion, and may also be involved in hormone regulation,
influencing processes such as germination, root growth, and flowering (Kim et al., 2003a).

Plantacyanins might participate in cell-to-cell communication by functioning as signalling
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molecules. They could facilitate the transport of signals between cells or act as ligands for
specific receptors, modulating cellular responses to various stimuli. In some plant species,
plantacyanins are found in reproductive tissues, such as pollen and the pistil, where they
might play a role in the pollen tube growth, guidance, and fertilization process. (Dong et al.,
2005; Kim et al., 2003b; Nersissian et al., 1998a, 1998b; Mascarenhas et al., 1964; Chae &
Lord, 2011).
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Figure 5.20: Basic blue plantacyanin mutant (BB) growth at 14 days vs WT Col-0. N=10. The
40ul and 100ul growth responses were statistically significant. P = 0.0364 and <0.0001

respectively for significant data points.

To investigate the possible function of the basic blue plastocyanin protein a loss-of-function
mutant (bb) was obtained and its growth was determined in the presence and absence of 20-
100 ug/ml CuNPs. After growth for 14 days total primary root length was measured (Figs.
5.21, 5.22). While many of the comparisons were not statistically significant it can be
observed that bb grew less resiliently than the control. The 40 ug/ml and 100 ug/ml datasets
showed a significant difference in primary root growth between mutant and wildtype,

suggesting the BB gene is required for the maintenance of root growth under CuNP stress.
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Figure 5.21: Basic Blue ARPN mutant (BB) growth curve comparisons with wildtype (Col)
between 7 and 12 days under the same conditions. (A) Control media, (B) treated with 20
ug/ml CuNPs, (C) treated with 40 ug/ml CuNPs, (D) treated with 60 ug/mICulNPs, (E) treated
with 100 ug/mICuNPs, (F) all samples graphed together. N = 10 seedlings measured per data

point.

5.5.2 RBOH

To investigate the possible function of RBOHD a loss-of-function mutant (rbohd) was obtained
and its growth was determined in the presence and absence of 20-100 ug/ml CuNPs. RBOH D
(Respiratory Burst Oxidase Homolog D) is a type of NADPH oxidase enzyme that is involved in

the production of ROS in plants. In addition to its role in ROS production, RBOH D has been
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implicated in various cellular processes such as cell wall synthesis, hormone signalling, and
programmed cell death. Dysregulation of RBOH D activity has been associated with various

plant diseases and disorders.
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Figure 5.22 RBOH mutant growth at 14 days vs WT Col-0. N= 10. The 60 and 100ul were

significant at p=>0.00477 and p = 0.0455 respectively
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Figure 5.23 (A-E) RBOH D vs Col-0 growth curves from 5 to 14 days n = 10 seedlings. (F) All

growth curves together.

While rbohd had far higher variance in root growth results (as evidenced by the substantially
larger error bars seen in Figs. 5.23 and 5.24) compared to wildtype, there was no significant
effect of the mutation on the ability of the plant to grow in the presence of CuNPs. When
grown on 0, 20 ug/ml and 40 ug/ml CuNPs, the mutant had a higher mean growth rate (albeit
with a substantial error margin) while only the 60 ug/ml and 100 ug/ml samples were less
resilient to treatment with CuNPs than the control. This does not necessarily mean RBOH does
not have an important role to play but there are multiple redundant and homologous genes

in this family (Huang et al., 2019) so one knockout will not always cause a phenotype.
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5.6 Chapter Summary

In this chapter, a SWATH proteomic analysis of Arabidopsis root extracts treated with CuNPs
was conducted, and 684 proteins were found to be significantly differentially expressed. GO
ontology analysis was carried out to identify GO terms and categories that occur most
frequently in the list, which were then classified under the three major GO classifications:
Biological process, Molecular Function and Cellular Component. The results showed that the
significantly upregulated biological processes represented responses to abiotic stress and
metabolic processes. The significantly upregulated molecular function was binding and
enzymatic catalysis, and the significantly upregulated cellular component was a cellular
anatomical entity and protein-containing complex. Overall, SWATH proteomics combined
with GO ontology analysis provides useful information for studying the changing biological
expression patterns of a plant in response to CuNPs. Protein-protein interaction networks
(PPINs) were constructed using experimental results from SWATH loaded into the STRING
program. STRING can identify direct or indirect interactions between proteins, provide
information on the strength and dynamics of these interactions and can perform functional
enrichment analysis on a set of proteins. Western blots were performed to validate the
proteomic data obtained. A comparison of proteomic and transcriptomic data was made to
provide a more comprehensive understanding of gene expression and protein regulation.
Several genes of interest were identified through the analysis of transcriptomic and
expressional data, consistently up and downregulated. Growth studies of mutants in
candidate genes/proteins were performed to determine and validate if they played a
significant function in the plant's response to CuNP stress. The study identified that Basic blue
plantacyanin, which is a plant-specific protein involved in various physiological processes, had

a statistically significant role in maintaining root growth in response to CuNP exposure.

157



Chapter 6: Gel Formulations

6.1 Introduction

Aims: The intended commercial output of this project is a bioengineered coating to halt root
ingress into built civil infrastructure, particularly water effluent pipe systems. This chapter
describes work on the testing, design and optimisation of a minimally viable product to be

used in an industrial setting utilising the phenotypic effects described in Chapter 3.

" Uncoated ROOT DEFENDER
Pipe Coated Pipe

Figure 6.1: lllustration of root ingress into pipe systems vs a protected water pipe utilising a
commercial application of CuNP packaged into a protective coating to redirect ingressing

roots away from important infrastructure.

In order to establish a useable formulation and packaging material for CuNPs, it was first
important to establish the parameters required that would be practical, affordable and

commercially viable to use in an industry setting.

The first objective was to understand the nature of the material required for pipe application
and to to test the materials and determine compatibility and costs appropriately. Parameters
to be considered include those set by the material of pipes to be coated, pH levels, moisture
levels, gel adhesion, necessity to reapply in a particular time frame, leakage of Cu ions,
mechanical strength to higher pressure water flows, ability to be applied by spray or pig and

the ability to be made from sustainable materials.
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Up to 5 years effective life

1. | Ability to deter root ingress | Steady dissolution of Cu from Cu Nanoparticles.
=> Retention of Cu Nanoparticles

2. | Ability to remain in place => Adhesion to substrates (ceramic/concrete/PVC pipes?).

=> Resistance to dissolution in water.

=> Sufficient mechanical strength to resist periods of high
flow.

=>» Remains adhered even is dried out.

3. |i. Application by spray => Highly shear thinning rheology

(+ post application liquid = solid phase change)

4. |ii. Application by pig High strength?

=> Need to resist water immediately after application.

5. |SHE Low toxicity (acceptable to water companies)
Preferably biodegradable?

Table 6.1: List of requirements of any packaging material for nanoparticle delivery to water efflux pipe

system.

Table 6.1 was developed by the stakeholders of our project and its definitions are not

necessarily exhaustive.

6.2 Dispersion of Nanoparticles

A key objective is understanding the effects of CuNP inhibition of plant roots and applying a
CuNP formulation in a bio-sustainable and effective manner, to ensure the inhibitory effects
are maintained over a useful period of time. The first challenge was deciding on a mixing
strategy to mix and disperse the nanoparticle solution into an aqueous solution - as described

in the introduction, nanoparticles have a tendency to agglomerate (I. Khan et al., 2019)

1. Surfactants: Added to the aqueous solution, surfactants can help disperse the
nanoparticles by reducing their surface tension and preventing agglomeration. The
choice of surfactant will depend on the properties of the nanoparticles, such as their
size, surface charge, and chemical composition. Common surfactants used in the
industry include Tween 20, Triton X-100, and sodium dodecyl sulfate (SDS) (Khan et
al., 2022; Verma et al., 2023)

2. Sonication: Ultrasonic energy can help break up agglomerates and disperse
nanoparticles in the aqueous solution. Sonication can be carried out using a bath or
probe sonicator. The duration and power of sonication should be optimized based on

the specific properties of the nanoparticles.
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3. High-speed mixer: High-speed mixing can be used to disperse nanoparticles in an
aqueous solution. The duration and speed of mixing should be optimized based on the

specific properties of the nanoparticles.

Strategies, therefore, include using a powerful mixing unit, adding surfactants, sonication and
ultimately a combination of these methods to produce the most viable outcome (Bhawana et

al., 2011; Soumya et al., 2013)

Figure 6.2: Samples of carbon nanotube dispersions in vials (a) showing coagulated carbon

nanotubes in the body and at the bottom following bath sonication for 8 hours, (b) free-
homogenous following probe sonication for 3 minutes; (c) maintained free-homogenous after
4 months of room temperature storage. The concentration of Multi-Walled Carbon Nanotubes
(MWCNTs) is 2500 mg/L and the Multi-Walled Carbon Nanotubes (MWCNTs)/SDS ration is
1:10. (d) Multi-Walled Carbon Nanotubes (MWCNTs) of (c) diluted to 25 mg/L with deionized

water. Adapted from (Q700 Sonicator | Ultrasonic Homogenizer & Emulsifier | Qsonica, n.d.)

As a result of work with Q700 ultrasonicator and surfactant addition, a usable methodology
for mixing nanoparticles was developed. This however needed to be modulated depending
on the properties of the gels being tested. Gels with greater viscosity tended to need longer

pulse cycles in the sonicator for example.
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0.5 um

Figure 6.3: TEM image of CuNP suspension in aqueuous solution without surfactant or
sonication—black particles in centre of image show the agglomeration that particles are prone

to without sufficient mixing and dispersion in solution.

Figure 6.3 shows substantial agglomeration in the nanoparticle suspension following

homogenisation into a water solution
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12.tif
copper+quar 500 nm

Figure 6.4:TEM of Copper nanoparticles suspended in guar gum crosslinked gel indicating
more dispersion and suspension of particles when mixed and sonicated. Particle diameters are
labelled (particles from Sigma are advertised as 25 nm in diameter, so there is still some

agglomeration occurring).

Figs. 6.3 and 6.4 show the effects of dispersion methods. Nanoparticles dispersed via probe
sonication into a crosslinked gel (Valida) (Fig. 6.5) an impact on the dispersion of the
nanoparticles, which may influence bioavailability, especially considering the differing
impacts of different sizes and morphologies on bioavailability discussed in the introduction

(Geisler-Lee et al., 2013b)

Dynamic Light scattering (DLS) measurements were allowed the determination of the degree
of homogeneity within the mixed solutions. (DLS) is a commonly used technique for
measuring the size distribution of nanoparticles in solution. DLS analysis can be completed
rapidly on a small sample volume with a wide variety of particle sizes ranging from a few

nanometres to several microns in diameter (Kato et al., 2009b)
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Nanoparticle Dispersion Technique Comparison
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Figure 6.5: Comparison of measured particles sizes (n=7) in differently mixed and sonicated
samples. Aqueous vs Crosslinked, WB = water bath sonication, CL = crosslinked, PS = Probe
Sonication. Nanoparticles designated size = 25nm, larger results indicate some form of

agglomeration occurring with larger measurements. N=10 samples per dataset.

Data shown in Figure 6.6 reveal that probe-sonicated nanoparticle dispersion is the most
effective way to mix and disperse particles. Suspension in crosslinked material can help
reduce rapid diffusion and sedimentation, although this is a process influenced by viscosity of
the gel, temperature conditions and size of the nanoparticle, with larger nanoparticle sizes
being correlated with reduced diffusion. Water has a viscosity of 1.05 CPS at 18° C vs agar at

10 to 100 CPS (depending on % used, increasing with crosslinking; (Kato et al., 2009b).

6.3 Gel Types

6.3.1 Aluminium and platinum-based crosslinked gels (A17 and HD Seal)

Aluminium-based sealant gels can provide a stable and protective environment for metal
nanoparticles, which can improve their stability and prevent degradation over time. The gel
matrix can act as a physical barrier against external factors such as light, heat, and moisture.

Aluminium-based sealant gels can reduce the oxidation of metal nanoparticles. Metal
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nanoparticles are prone to oxidation, which can degrade their properties and reduce their
effectiveness and their bioavailability. Aluminium-based sealant gels can provide a low-
oxygen environment for metal nanoparticles, which can reduce their oxidation and improve
their stability. Aluminium-based sealant gels can enhance the barrier properties of packaging
materials. The gel matrix can reduce the permeability of gases and liquids, which can prevent
the ingress of contaminants and extend the shelf-life of the packaged nanoparticles. This can
be particularly relevant for food packaging applications, where the barrier properties of the
packaging material can impact the safety and quality of the food product. aluminium-based
sealant gels are lightweight and easy to process, which can reduce the cost and complexity of
packaging metal nanoparticles. They can also be easily moulded into different shapes and

sizes, which can increase their versatility and applicability(Liu et al., 2021).

Figure 6.6: (A) Gel HD seal an aluminium crosslinked gel and (B) A17 a platinum-based gel

sealant.

Trials investigating effects on plant growth were carried out with both A17 and HD seal gels.
These gels are already used in industry to coat pipelines for a range of purposes and show

good resilience and adherence.
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Growth Curve HD Seal (CuNPs vs Control)

4=
34 @ cControl
HD Seal ,,
Control
B 20uc *
— A S E/é A 400G **
E v ~
= ¥ 60UG **
‘g 2- 100UG **
(G
14
o
1-
0 1 1 1 1 1 1 1 1
5 7 8 9 10 1 12
Days

Figure 6.7: Growth Curve graph comparing A. thaliana primary root (PR) growth with no HD

Seal gel (control) or HD Seal gel + CuNPs (20, 40, 60, 100 ug/ml) over a period of 12 days..

It was found that there is a significant inhibition in the HD seal gel lacking CuNPs compared to
control (P value of one-way ANOVA = 0.0047). Observations of the root making contact with
the gel media suggest). It also appears to induce some stress responses in the plant without

the necessity of having CuNPs added. This is due to the HD seal control having
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Figure 6.8 (A) Germination rates after 4 days in growth media; (B) total biomass after 7 days

of growth.

HD seal control and 20 ug/ml were not significant when tested to the control but, 40, 60 and
100 ug/ml were has p values of 0.0178, 0.0041 and 0.0130 respectively. While not always
statistically significant a reduction in growth metrics was regularly observed in the HD seal
control media in the absence of CuNPs. However, there was full germination in HD seal media
which suggests that the gel was largely non-toxic to the plant —in a way that the nanoparticles
weren’t. The CuNP-enriched media had progressively decreasing biomass correlated with

increased dosage. Germination rates also trended downwards with increased concentration.
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6.3.1.1 Biochemical Assays
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Figure 6.9 (A) Hydrogen peroxide ratio; (B) lipid peroxidation in mg?* FW ; (C) peroxidase
enzyme activity in plants grown on media with no HD Seal gel (control) or HD Seal gel + CuNPs

(20, 40, 60, 100 ug/ml) for 14 days.
The data points 60ug and 100ug are statistically significant P = 0.380 and 0.0151 respectively.

Malondialdehyde (MDA) production is used as a marker of lipid peroxidation and occurs when
ROS is produced and damages the unsaturated fatty acids in cellular membranes (Tsikas,
2017). Peroxidases are enzymes that use hydrogen peroxide to oxidize various substrates, and
peroxidase production is a later event in the ROS pathway and occurs as a response to the

increased production of ROS (Tsikas, 2017).
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Figure 6.10: (A) Chlorophyll content, (b) 8 carotenoid content in plants grown on media with
no HD Seal gel (control) or HD Seal gel # CuNPs (20, 40, 60, 100 ug/ml) for 14 days. N = 20
One way Anova: Chlorophyll — p < 0.0001 **** carotenoids - p < 0.0001 ****,

Beta carotenoids are important pigments in plants that play a role in various physiological
processes, including photosynthesis, photoprotection, and stress responses. Beta carotenoids
act as antioxidants and help to prevent the harmful effects of excess light and oxidative stress

on plant cells.

Under stress conditions, such as high light, drought, or salinity, plants often experience an
increase in the production of reactive oxygen species (ROS), which can lead to oxidative
damage to cellular components. Beta carotenoids can scavenge ROS and protect plant cells
from oxidative stress by donating electrons and quenching singlet oxygen and other free

radicals.

Important to note the plants seedlings entered death spirals as a result of very high exposure
to CuNPs which resulted in very low levels of Chlorophyll and Beta Carotenoids in the plant

shoot tissue.
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6.3.1.2 Root Architecture
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Figure 6.11: (A) number of lateral roots, (B) Lateral root length (C) Root hair length One-way

Anova p <0.0001 ****, Lateral root number — p < 0.0001 ****, Lateral Root Length — p <

0.0001 ****

Root architecture was altered by treatment with HD seal CuNPs, progressively increasing LR

number until 60+ CuNP. LR length did not vary as dramatically (except for 100ug treatment)

but was decreased compared to the control, RH length was decreased significantly in all CUNP

treatments.
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6.3.1.3 HD Seal ICP-MS Analysis
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Figure 6.12: (A) ICP-MS measurements of Cu uptake into 14 day-old seedlings grown for 7 days
in the absence (controls) and presence of CuNPs. (B) Copper translocation rate measured as

averaging 5-7% although HD control skews the average.

Translocation refers to the process by which metal ions or compounds are absorbed, moved,
and distributed within the plant system. This movement occurs from one part of the plant to
another, such as from the roots to the shoots or from older leaves to younger ones.
Translocation plays a crucial role in the uptake, distribution, and regulation of essential metal
nutrients, as well as the detoxification of non-essential or toxic metals (Zhu et al., 2008). The
uptake and translocation of Cu ions by 14 day old plants after 7 days of contact with the HD
seal enriched gel is shown in Fig. 6.12. The results show that translocation rate stays around
the 5-7% level, this is an expression of how much of the total metal uptaken was transported
to the leaf tissue. Due to the lower uptake of Cu measured in the control HD Seal plants the
subsequent measurement of the shoot content of Cu leads to a significantly larger
translocation rate when in reality the shoot content of Cu is comparable to the other samples,

for which the average translocation rate of 7%.
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6.3.2 Cellulose Hydrogel

Cellulose-based hydrogels offer several potential benefits for packaging nanoparticles,
including improved stability, controlled release, and reduced toxicity. Valida is the brand
name of a cellulose based microfibril gel agent used frequently as a base for many inks,

coatings and adhesives.

Cellulose-based hydrogels are highly porous and water-absorbent, which can provide a stable
and protective environment for nanoparticles. The hydrogel matrix can act as a barrier against
external factors such as light, heat, and moisture, which can degrade or destabilize
nanoparticles. This can improve the stability and shelf-life of the nanoparticles, which is
important for their use in various applications. the hydrogel matrix can also control the
release of nanoparticles, allowing for sustained and targeted delivery over time. This can be
useful for drug delivery applications, where a controlled release of nanoparticles is needed to
achieve optimal therapeutic effects. The hydrogel matrix can also modulate the release rate
of nanoparticles, which can be tailored to match specific biological or environmental
conditions. cellulose-based hydrogels are biocompatible and biodegradable, which can
reduce their potential toxicity and environmental impact. Unlike synthetic polymers, which
can persist in the environment and have negative impacts on ecosystem health, cellulose-
based hydrogels can break down into harmless products, which can reduce their

environmental impact.

Finally, cellulose-based hydrogels are abundant and renewable, as they can be sourced from
plants such as wood, cotton, and hemp. This makes them a sustainable and cost-effective
option for packaging nanoparticles, especially compared to synthetic materials that are

derived from petrochemicals (Valida Fibrillated Cellulose for Coatings).
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Figure 6.13: (A) Valida germination rate, (B) Valida Gel vs control growth over 14 days, (n = 20
seedlings) one way ANOVA P = 0.008 ***

Valida gels without CuNPs closely followed the growth patterns of the control dataset over a
14-day growth period. Whereas the CuNP enriched media functionally halted the primary
root growth. The Valida germination rate was 80% in the control non CuNP enriched product

but the primary ingredient in the gel is cellulose, a plant based ingredient.
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Figure 6.14: (A) Biomass measurements after 14 days following treatment and exposure to
CuNPs. N = 20 seedlings. (B) 8 Carotenoid Content with the valida gel CuNPs, N = 15 seedlings

(C) Chlorophyll Content measured in mg per gram of the same treated plants. N = 15 seedlings.

At lower concentrations of CUNPs we see the inhibitory effect of the nanoparticles while still

maintaining an active systemic response to the stress, the 60 and 100 ug/ml treatments result
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in the plant beginning a death spiral (evidenced by decreasing chlorophyll, B Carotenoid
content and decreased biomass. Inhibition can be accomplished at 20 and 40 ug/ml without

damaging the plants.
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Figure 6.15: (A) lateral root numbers, (B) Lateral root length, (C) Root hair length

We see an increase in lateral roots with increased concentration until 60 and 100 when the
plants growth is abruptly halted, while highly variable lateral root length is consistently similar
length until 60 and 100ug treatment which results in halted growth. There is a general

downward trend in root hair length with increased CuNP treatment concentration.
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Figure 6.16: plants grown to day 14 and following assays performed (A) Hydrogen Peroxide

ratio. (B) Lipid Peroxidation measuring the MDA concentration and indicator of stress
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considerable increased in 20 and 40ug but 60 and 100ug having reduced detection. (C)
Peroxidase enzyme activity again showing progressive increase with higher concentrations of

copper nanoparticles.
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Figure 6.17 (A) ICP-MS analysis of Copper content in roots vs shoot tissue for the plants treated
with the valida gel. (B) The translocation rate, the high translocation rate for 60 ug/ml was as
a result of the lower root reading rather than an excessive amount of translocation occurring,

avg translocation rate 9%.

Fig. 6.17 describes copper uptake and translocation in the same manner as Fig. 6.12. The
average translocation rate was approximately 9%. There was a very high translocation rate
for 60 ug/ml, but more as a result of the low root reading that was as detected than as an

overall high root to shoot copper translocation.
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Low cost (formulation & no robots). Difficult to coat substrate uniformly.
Fast. Poor adhesion to substrates.
Ability to cope with different pipe sizes. Pulls off substrate if it dries out.

Ability to cope with irregular pipe dimensions. | [Leaching of copper NPs?]
Biodegradable.

Table 6.2 : Summary of the strengths and weaknesses of the cellulose hydrogel Valida

crosslinked gel as established by project stakeholders.

Table 6.2 summarises some useful benefits and advantages of the Valida gels but there are

some potential drawbacks to the system.

6.4 Environmental Leakage — ICP-MS Diffusion
The addition of CuNPs to the soil can have several environmental implications, as copper is a
toxic heavy metal that can accumulate in the soil and have negative impacts on soil health

and ecosystem function.

The addition of CuNPs to the soil can lead to an increase in copper concentrations, which can
have toxic effects on soil microorganisms and reduce soil fertility. the addition of copper
nanoparticles to soil can also have negative impacts on soil biota, including earthworms,
insects, and other soil organisms, which play important roles in nutrient cycling and
ecosystem function. CuNPs can also leach into groundwater and surface water, contaminating
and potentially harming aquatic organisms. Another potential environmental concern is the
potential for the nanoparticles to accumulate in the food chain, as copper can be taken up by
plants and consumed by herbivores and omnivores. This can lead to bioaccumulation and
biomagnification of copper nanoparticles in higher trophic levels, which can have toxic effects

on animals and potentially impact human health.

The addition of CuNPs to soil environments should be approached with caution, and their
potential environmental impacts should be carefully assessed before any large-scale
application. It is important to consider the potential risks and benefits of nanoparticle
applications and to implement appropriate safety measures to minimize their environmental

impacts, an example of such a safety to minimise environmental impact would be packaging
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nanoparticles inside a gel matrix, this can have several effects on the behaviour and
properties of the nanoparticles, as well as on their interactions with their environment. One
major effect is that the gel matrix can act as a physical barrier that limits the diffusion and
mobility of the nanoparticles, thus reducing their rate of release and potentially increasing

their stability.

By entrapping nanoparticles within a gel matrix, their exposure to external factors such as
light, heat, and moisture can be reduced, which may improve their stability and shelf life. The
gel matrix can also protect the nanoparticles from degradation by enzymes and other
biological agents, and from interactions with other molecules in the surrounding

environment.

ICP-MS measurements have been taken to determine environmental diffusion rates in

different gel types.
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Figure 6.18: Diffusion rate of Cu into soil over the course of a 14 day period. 50mg soil samples
in proximity to coated area was measured in order to determine an average leech rate of

copper into soil environment.

In Fig. 6.18 there is analysis of copper content in soil within the plant pot during the willow

plant experiment. How much CuNP is leaked from the gel into the soil within 15cm of the
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coated region. Day zero was the control measurement as this was taken before the coating
with gel. There is an increase in copper content which is to be expected as the plant has been
taking up additional copper as evidenced by their phenotypic response. By day 14 there is an

additional 1.5mg/g of copper in the soil.

6.5 Summary

In this chapter, several gel packaging agents were investigated for their suitability as
packaging agents to be coated on pipe systems for further commercialisation. A list of ideal
criteria was drawn up. The method of dispersing nanoparticles throughout a gel media was
optimised. Growth tests of plants exposed to different gel agents, HD Seal, A17 and Valida
gels were tested and measured growth metrics such as root architecture changes,

biochemical assays and ICP-MS was carried out.

Further to this testing the potential leakage of CuNPs into the environment was also tested
using ICP-MS. Additional work determining the existence of competing products in the
marketplace was carried out via a patent search. It was found that while interest in gel-based
and nanoparticles is a growing industry, they have not yet been applied to this problem before

and the project retains its novelty.

Finally, some preliminary work into organogels has been carried out for a potential

continuation of research.
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Chapter 7 Discussion

7.1 Introduction
While copper is an essential micronutrient for plant growth and development, it plays a

critical role in maintaining proper plant cell wall structure and function (Festa & Thiele, 2011).
The literature demonstrates that CuNPs can enhance plant growth and development (Aruoja
et al., 2009). They have been shown to increase seed germination, improve plant biomass,
and enhance nutrient uptake by plants. However, the effects of CUNPs on plant growth and
development are highly dependent on their concentration, size, and surface chemistry.
Excessive amounts of copper can be toxic to plants. Copper toxicity can lead to oxidative
stress, membrane damage, and cell death as previous results in this thesis and literature have
demonstrated (Lee et al., 2008b). Copper can affect plant root architecture. (Services &
Crawford, 2003). As copper is such a widely available metal in the environment (Festa &
Thiele, 2011), it is not surprising that plants do have a biological system to tolerate metal
stress and other abiotic stresses for resiliency in their environment. This system and how it
can be both understood mechanistically and utilised to get advantageous and sustainable
growth outcomes for both plant and for civil infrastructure lifespan is the main research

guestion of this thesis.

The discussion objectives are to clarify and to discuss the wider implications of the work and
to suggest ideas for further investigation. The hypotheses generated from work in this thesis
and analysis of published literature resulted results in the presentation of a potential model
of hypothesised response pathways resulting from exposure to CuNPs. This figure and its
hypothesis will be discussed with reference to evidence collected from the results chapters.
As will further research and experiments that may further elucidate the pathways and a
discussion of interdisciplinary research that may further solve the problem of root ingress into

built structures.

7.2 Pathway Hypothesis
When Arabidopsis plants were treated with CuNPs, there are several biological pathways that

are clearly activated, some known to be associated with in specific response to metal stress
and others that are known to be activated in response to abiotic stresses but also, including
pathways involved in the immune response of the plant. The 3 primary response pathways

referenced identified in Chapter 4 are plant-pathogen interaction, plant hormone signal
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transduction and phenylpropanoid biosynthesis. These pathways are not necessarily
exclusive of each other, and their co-activation suggests a broad-based defence response to

CuNPs.

| will present a potential pathway of action by which these systems allow the plant to respond
to immediate abiotic stress, and a systematic redistribution of auxin, as well as SAR

development.
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Figure 7.1 A putative pathway for the uptake and subsequent effects of CuNPs on the plant
transcriptome. straight lines indicate evidence of a connection between pathways by

transcriptomic or proteomic data, and dotted lines indicate a hypothesised interaction.
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The model in Fig. 7.1 summarizes known and hypothesized pathways in response to CuNPs in
plants. In this model, the plant is treated with copper nanoparticles, leading to an influx of
copper ions into the plant system. Cu is uptaken up via the apoplastic pathway and
transported across the plasma membrane. COPT2 and ZIP2 are upregulated, promoting the
uptake and transport of Cu ions within the plant. CCS and CCH deliver and incorporate Cu
(Markossian & Kurganov, 2003; Shin et al., 2012; Sturtz Field et al., 2002; Wintz & Vulpe,
2002). CCS delivers Cu ions to FSD1 and CSD1/2 while CCH is involved in delivering copper to

heme-copper oxidases (Mira et al., 2001; Kolli et al., 2018; Llases et al., 2019).

Increased ROS production As FSD1 is a copper/zinc superoxide dismutase alongside CSD1/2
(just copper dismutase), it catalyses the dismutation of superoxide radicals into molecular
oxygen and hydrogen peroxide (Olson, 1993). The upregulation of FSD1 indicates an increased
ROS production in response to CuNP treatment (Fig. 4.19). It is hypothesized that the plant
tries to combat the increased ROS levels by upregulating chelators like such as basic blue
ARPN and heme copper oxidases, as well as ROS-scavenging enzymes like FSD1 and CSD1/2,
which helps maintain a balance between ROS production and scavenging. The plant can only
tolerate a certain quantity of treatment as evidenced by the death spiral of plants when

subjected to high quantities of CuNPs.

The oxidative stress caused by the CuNPs treatment leads to a series of physiological changes
in the plant which includes the upregulation of genes and proteins involved in ROS
production, scavenging, and signalling and SAR such as phenylpropanoid synthesis, increased
lignification and strengthening of the cell walls as well as the production of flavonoids which

can act as metal chelators (Fig. 4.19).

7.2.1 Role of SHY2/IAA3 as an auxin regulator.

SHY2, also known as IAA3, is a member of the Aux/IAA family of transcriptional regulators in
plants. These proteins play a significant role in the auxin signalling pathway. Aux/IAA proteins,
including SHY2, act as repressors of auxin-responsive genes by interacting with ARF (Auxin
Response Factor) transcription factors. Under low auxin conditions, Aux/IAA proteins form a
complex with ARF transcription factors, inhibiting the transcription of auxin-responsive genes

(see introduction).
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Although SHY2 predominantly interacts with auxin, it isimportant to note that plant hormone
signalling pathways are interconnected, and crosstalk between them is essential for proper
growth and development (Moore et al., 2015). Consequently, the activity of SHY2 and other
Aux/IAA proteins can be influenced by other plant hormones, such as cytokinins, abscisic acid,
gibberellins, or ethylene, through complex regulatory networks. Through auxin SHY2 also
negatively regulates PIN genes encoding auxin transport facilitators carriers which are
important for establishing the polar auxin concentration gradients through which primary

root growth is facilitated (Moubayidin et al., 2010).

This gene was downregulated in the 3hr timepoint in the transcriptomic data but significantly
upregulated in the 24hr suggesting there was an important role in regulating the growth

response to the presence of CuNPs in the cytosolic space.

7.2.2 Role of phenylpropanoids

The role of phenylpropanoid biosynthesis in metal stress response in plants is very important
for the plant's resiliency. And has many useful benefits, some phenolic compounds such as
flavonoids are involved in the chelation and sequestration of metals reducing their toxicity
and facilitating their sequestration in plant tissue (Govender, 2017). This process helps plants
to tolerate higher levels of metal stress by preventing the accumulation of toxic metal ions in
sensitive cellular compartments. Phenolic compounds also possess antioxidant properties,
allowing them to scavenge ROS and protect plant cells from oxidative damage. This
antioxidant activity helps plants to maintain cellular homeostasis under metal stress
conditions (Shen et al., 2022). They can act as signalling molecules that modulate the
expression of stress-responsive genes. These compounds can help plants to fine-tune their
response to metal stress by regulating the expression of genes involved in metal transport,

chelation, and detoxification (Dias et al., 2021).

Lignin, a major product of the phenylpropanoid pathway, is a structural component of plant
cell walls. Under metal stress, the biosynthesis of lignin can be upregulated, leading to the
reinforcement of cell walls (Lin et al., 2005). This increased structural rigidity can help plants
to withstand the mechanical stress imposed by metal ions and limit the uptake of toxic metals.
Lignification involves the deposition of lignin in cell walls. Lignin is a complex polymer that
provides structural support to the cell wall, making it more difficult for pathogens to
penetrate the plant tissue. Lignin can act as a physical barrier, preventing the spread of
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pathogens through the plant. Lignification is triggered by biotic and abiotic stresses, such as
pathogen attack, mechanical damage, and environmental stress (Lin et al., 2005; Ralph et al.,
2019). This is a highly regulated process, and its extent and timing can vary depending on
what stress is present and the plant species involved. excessive lignification can lead to
reduced growth and yield (Govender et al., 2017), so there is an important regulatory balance
that is necessary. Phenylpropanoid biosynthesis is a crucial metabolic pathway in plants that
generates a wide variety of secondary metabolites, including lignin, flavonoids, and phenolic
acids. These compounds are involved in various aspects of plant growth, development, and

response to biotic and abiotic stresses (Ralph et al., 2019).

The upregulation of phenylpropanoid pathway genes in response to CuNPs (Fig. 4.19) is
therefore likely part of a general stress response to Cu ions, through likely activation of

antioxidant activity.

7.2.3 Direct vs Indirect interaction with the cytoskeleton

There is evidence that larger agglomerates of nanoparticles have evidence of directly
interacting with actin filaments and dysregulating dysregulate them, resulting in fewer F-actin
filaments and thus potentially a delocalisation of PIN proteins (an actin-dependent process;
Geldner et al., 2001) which therefore would be unable to perform their function

appropriately.
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Figure 7.2 Dynamic light scattering (DLS) showing CuNPs attached to actin monomer. Actin

monomers and CuNPs turbid liquid were mixed for 12 h at 4 C. The distribution of actin
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monomer size was analysed by DLS. Data were shown by the Poisson Skewness Distribution.

Taken from (Jia et al., 2020).

The longitudinal F-actin bundles in plant cells were found to undergo significant alterations in
their arrangement upon exposure to increasing concentrations of CuNPs (Fig. 7.2; Jia et al.,
2020). Specifically, the bundles shifted to a transverse arrangement, while the overall
quantity of F-actin bundles in both epidermal cells and root hairs was reduced. Despite these

changes, the total amount of actin remained consistent following treatment.

Notably, the G/F actin ratio increased in a dose-dependent manner, indicating a disruption in
the actin's ability to polymerize. This suggests that while actin bundles were being
reorganized, their overall expression was not downregulated. Under normal physiological
conditions, F-actin bundles were stabilized within mature root epidermal cells. However, after
treatment with 40 mg/L CuNPs for a 6-hour duration, the F-actin bundles experienced

continuous breakage and reorganization.

Research presented in the study strongly implies that CuNPs directly interact with F-actin and
actin monomers in vitro. In contrast, isolated copper ions (Cu?*) did not demonstrate the same
interaction. This highlights the importance of considering the potential impact of CUNPs as a
very different material to just copper ions and its impact on the cellular architecture of plants
and provides valuable insights into the mechanisms underlying these changes (Jia et al.,

2020).

7.2.4 Plant systemic changes to treatment with excessive CuNPs

CuNPs can cause morphological abnormalities in plants, with effects on plant growth,
particularly root development, and cause changes in plant tissues, such as the epidermis,
cortex, and vascular bundles. Different heavy metals have varying diverse effects on plants,
including dose-dependent decreases in shoot length, root length, fresh weight, and relative

water content.

Physiologically, CuNPs can reduce leaf size, lamina thickness, and stomatal aperture size,
which leads to decreased transpiration, water uptake, and translocation to the shoot. High

concentrations of them can cause significant changes in plant height, shoot biomass, root
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biomass, and damage to organelle structures. There also appears to be an effect on the
concentration of essential elements in plants, such as potassium, iron, calcium, and

magnesium which are required for various biological processes (Mishra et al., 2021).

Environmental signals control root hair development, with most studies on Arabidopsis
focusing on phosphate and iron deficiency. The impact of salt stress on root hair growth and
development remains largely unexplored. Wang et al. (2008) demonstrate that salt stress
significantly influences root epidermal cell types and root hair development, decreasing root
hair length and density in a dose-dependent manner. This response is sensitive to ion

inhibition concentration but not osmotic stress.

High salinity alters root anatomical structure, reducing cell numbers and enlarging cells. The
analysis of the salt overly sensitive (sos) mutant, which is defective in sodium homeostasis (Ji
et al. 2013), reveals that this root hair response is an adaptive mechanism to reduce excessive
ion uptake due to ion disequilibrium. Salt-induced root hair plasticity represents a
coordinated strategy for early stress avoidance, tolerance, and adaptation. In this thesis, we
see an increase in root hair length at low concentrations of CuNPs but a significant reduced
increase at higher concentrations (Fig. 3.2). Root hairs can help plants tolerate heavy metal
stress by limiting the uptake of toxic metals, such as cadmium, lead, or arsenic. Root hairs
may also play a role in the secretion of compounds that bind and immobilize heavy metals,

reducing their bioavailability in the soil (Mishra et al., 2021).

7.3 Nature and morphology of nanoparticles:
7.3.1 Particle Size

Physiological studies on higher plants have shown that NPs with a size of up to 40 nm can be
taken up by roots and move through the vascular system, while larger NPs accumulate in the
apoplastic space. Therefore, it is believed that some of the harmful effects of NPs may be due
to mechanical damage or blockage of plant structures, such as plasmodesmata or stomata,
which regulate water flow. In maize, the presence of TiO, and clay NPs has been found to
decrease the size of cell-wall pores from 6.6 nm to 3.0 nm by pre-treatment of nanoparticles
Click or tap here to enter text.(Ma et al.,, 2010b; Geisler-Lee et al., 2012), which causes a

reduction in hydraulic conductivity and transpiration (Asli & Neumann, 2009). As a result,
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plant molecular responses to mitigate the damage caused by NPs may involve mechanisms to
control water stress. However, this hypothesis has never been tested. We know from chapter
5 Transcriptomics that there is a strong response to abiotic stress which would partially
validate and is consistent with this theory, however, no specific experimental work was

carried out on this question.

It is also important to note that the total particle surface area varies substantially depending
on particle size (Table 7.1). This could potentially have dramatic effects on the bioavailability

and reactivity of NPs depending on the size and morphology used in experiments.

Particle Diameter Particle no. (cm?®) | Particle surface area (um?/cm?)
(nm)

5 153,000,000 12,000

20 2,400,000 3,016

250 1,200 240

5000 0.15 12

Table 7.1.: Particle number and particle surface area per 10 ug/m? airborne particles. A
demonstration of how different particle sizes and number concentrations can dramatically
impact biologically active surface area and thus have a large impact on how phytotoxic they

can be. Adapted from (Oberdorster et al., 2005)

This small size and large surface area, as illustrated in table 7.1, confers properties to NPs such
as making them useful as catalysts in the chemical reactions. Surface area is important to
consider as surface atoms and molecules play a key role in determining bulk properties (News
& 1989). The ratio of surface to total atoms or molecules increases exponentially with
decreasing particle dimensions (Tungittiplakorn et al., 2004). The outcome of NPs interactions
with plants or microbes is dependent on specific NP type, size, surface, charge, dose tested,
species of plant or microbe examined, and test media. Test medium can be liquid, soil, agar
or other solid media and has a significant effect on the outcome of NP plant-microbe
interactions (Rao & Shekhawat, 2016). Metallic NPs have difficulty maintaining their stability

(i.e. remaining in the nanosized range — there is a tendency to agglomerate; Walter, 2013).

The bioavailability of copper nanoparticles is influenced by their size, morphology, and
oxidation state. Smaller nanoparticles exhibit higher bioavailability due to their increased

surface area, which allows for better interactions with biological systems. The morphology
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can affect the uptake and interaction of nanoparticles NPs with cells or biomolecules, either
promoting or hindering their bioavailability. Oxidation of copper CuNPs can lead to the
formation of copper oxide (CuO or Cu,0) nanoparticles, which exhibit different bioavailability
properties. The toxicity and uptake of copper oxide nanoparticles can vary depending on their
size, morphology, and specific oxidation state (Prantner & Scholler, 2014)(W.-M. Lee et al.,
2008a). This thesis investigated a uniform size and morphology of nanoparticle and oxidation
states were not analysed and there is previously published evidence suggesting these

variables do make a tangible impact on growth outcomes.

7.4 Soil Interactions vs gel interactions, implications for experimental design

7.4.1 Microbiome interactions with nanoparticles and potential issues caused by
disruption of nitrogen fixation

Microbiome interactions with CuNPs copper nanoparticles can have both positive and
negative effects on the environment and living organisms. One area of concern is the
potential impact of copper nanoparticles on nitrogen-fixing microorganisms, which play a vital
role in the nitrogen cycle and the maintenance of soil fertility. Nitrogen fixation is a process
is essential for plant growth and the overall health of ecosystems. However, the increased
presence of CUNPs copper nanoparticles in the environment may disrupt this critical process

in several ways.:
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Figure 7.3 Schematic representation of the mutual relationship between roots and
microbiome. The circles with different sizes and colours around the roots represent root

exudate compounds. Abbreviations: P, phosphorus; Fe, iron. (Ghatak et al., 2023)

CuNPs can be toxic to nitrogen-fixing microorganisms, such as Rhizobium species, which form
symbiotic relationships with legume plants. High concentrations of CuNPs nanoparticles can
cause oxidative stress, DNA damage, and disruption of cell membranes, leading to the death
or reduced activity of these important bacteria (Thomas, 2011). This disruption can negatively
impact plant growth and, in turn, the overall health of ecosystems. CuNPs may not only affect
nitrogen-fixing bacteria directly but also influence the overall microbial community structure.
By altering the balance of microbial populations, CuNPs can disrupt the competitive

relationships between different microorganisms. This disruption can lead to a decline in the
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abundance or effectiveness of nitrogen-fixing bacteria, further affecting the nitrogen cycle

and soil fertility (Ghatak et al., 2023; Khan et al., 2019).

Exposure to CuNPs can result in changes in gene expression in nitrogen-fixing bacteria (Garcia-
Sanchez, 2015). These changes can affect the bacteria's ability to fix nitrogen and form
effective symbiotic relationships with plants. In some cases, this could lead to reduced
nitrogen fixation rates and diminished plant growth. CuNPs can be transported through the
soil and water, increasing their potential to interact with various microorganisms, including

nitrogen-fixing bacteria.

It is important to consider the potential risks associated with the use of copper nanoparticles
and their potential to disrupt nitrogen fixation. Further research is needed to understand the
complex interactions between CuNPs and microbiomes, as well as to develop strategies for
mitigating any negative consequences. This knowledge can help in the responsible
development and application of copper nanoparticle-based technologies while minimizing

their impact on essential ecological processes like nitrogen fixation (Ghatak et al., 2023).

7.5 Role of stress in governing plant responses:
It is clear from the literature and from the experimental work carried out in this thesis that

stress or specifically ROS is a common denominator throughout many of a plants biochemical

and homeostatic processes.
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Figure 7.4.: The role of plant hormones in enhancing plant tolerance against multiple abiotic
stresses is significant. Under stressful conditions, plant hormones can modulate stress
intensity by activating defence mechanisms and regulating physiological and biochemical
processes, thus increasing plant tolerance to environmental stress. Cytokinin’s, gibberellins,
abscisic acid, indole-3-acetic acid, and jasmonic acid primarily play inhibitory roles, while
brassinosteroids, salicylic acid, strigolactones, and ethylene have stimulatory roles in
improving various physiological and biochemical mechanisms under stress conditions. Abscisic
acid, in particular, is a primary driving force, either acting alone or in combination with other
hormones under stress. Additionally, cytokinins and auxin exhibit dual roles (both inhibitory

and stimulatory) in regulating plant growth and development processes (Raza et al., 2022).

In plants under stress conditions, the management of ROS metabolism and signalling is
crucial. Cellular ROS accumulation is regulated by three primary mechanisms: (1) ROS
generation, (2) ROS scavenging, and (3) ROS transport. These mechanisms maintain ROS
concentrations and create various ROS signatures and gradients, which act as signals in
different abiotic stress-response signal transduction pathways. These redox regulations result
in coordinated changes in the plant's physiology, metabolome, proteome, methylome, and

transcriptome.

As can be seen from Fig. 7.4 there is a huge amount of hormonal cross talk and interaction
between the systems that ROS govern. Plant hormones play a role in enhancing the activity
of antioxidant defence systems, helping plants cope with stress. The interaction between
ROS, antioxidants, and plant hormones, along with changes in metabolic networks, determine
plant survival in stressful environments. Approaches using exogenous phytohormone
supplementation can modulate gene expression and signalling pathways to improve stress

tolerance in plants.

The roles of redox metabolism enzymes and metabolites are increasingly seen to extend
beyond simple ROS-scavenging functions. They act as dedicated ROS signalling processors and
are integral parts of a complex signalling system (Leister, 2019). The broader roles of ROS,
particularly H20,, under stress gained attention in the early 21st century. Researchers
identified H20; as a signalling molecule that promotes acclimation progression and enhances

tolerance to various environmental stresses (Khedia et al., 2019). Furthermore, ROS produced
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in chloroplasts under stress may divert electrons from the photosynthetic apparatus,

preventing related damage, and similarly protect mitochondria (Choudhury et al., 2017).

ROS can regulate plant metabolism under abiotic stress, activating redox responses that
control the transcription and translation of stress acclimation proteins and enzymes,
ultimately protecting plant cells from damage (Choudhury et al., 2017; Mittler, 2017; Mittler
et al., 2022). H,0, also modulates nitric oxide (NO) and Ca?* signalling pathways, controlling
plant growth, development, and other cellular and physiological responses (Niu and Liao,
2016; Singh et al., 2020). Importantly, when the balance between ROS production and ROS
scavenging by the antioxidant defence system is disrupted, leading to ROS overproduction, it
results in oxidative stress that causes molecular and cellular damage and ultimately cell death

(Hasanuzzaman et al., 2020).
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Figure 7.5. Diagrammatic representation of the ROS ‘balancing act’. Oxidative stress in plants
is a crucial aspect of their response to abiotic stress. It occurs when there is an imbalance

between the generation of ROS and the plant's antioxidant defence system. This struggle for
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equilibrium involves considerable crosstalk and consequences between stress signals and

plant growth, ultimately impacting yield (Hasanuzzaman et al., 2020).

Under mild oxidative stress, ROS production can trigger adaptive responses that may improve
growth and yield by activating defence mechanisms and promoting stress tolerance (Huang,
2019). However, when oxidative stress becomes severe, it can significantly reduce plant
growth and yield. Excessive ROS accumulation can lead to molecular and cellular damage,

disrupting various physiological processes, and potentially causing cell death.

This is the very balancing act the research in this thesis has observed under treatment of
CuNPs. Where a resilient growth response can be observed up to as high as 40ul/ml, beyond
this point the plant will struggle to handle the substantial dosage of CuNPs and enters the
severe oxidative stress scenario depicted in Fig. 7.5. This will likely be dosage variable
between different plant species and ages, but just like us every plant will have its tolerance

limit.

7.6 Commercial Application and Phytoremediation Potential
While the work in this thesis has focused on the effect of CUNPs on the growth of plants there

is potential to utilise their ability to uptake and sequester copper.

Copper consumption levels are projected to continue growing substantially this decade via
the emerging market of electric vehicles and battery technology. The importance of its
production and recycling in the creation of a sustainable economy is essential in order to meet

this growing demand.

Contamination of land and waterways by heavy metals is a serious environmental problem
(Dixit et al., 2015) particularly in areas of the UK where mineral mining was once widespread.
This has had considerable long term consequences for the local landscape (Cooper et al.,
2017) environment and ecology (Hyslop et al., 1997). However, if the polluting metal can be
sequestered or collected via remediation techniques, the polluting metals can be reduced.
Previous methods of doing this have focused on mechanical or chemical treatments, such as
soil replacement, thermal desorption, membrane filtration, ion exchange, chemical

precipitation, leaching, fixation or immobilisation (Dixit et al., 2015).
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An emerging but potentially very valuable technique is bioremediation using either plants or
bacteria to sequester metals. Many plants, bacteria and fungi have biological systems for the
capture and detoxification of metals that are up taken into their cells. When plants sequester
metals from soil, to reduce soil toxicity, the process is referred to as phytoremediation (Pivetz
& Kovalick, 2001). Methods of phytoremediation include phytoextraction, phytostabilisation
and Phytofiltration. Phytoextraction is a mechanism which results in metals being taken up
and stored in the roots, and plants with rapid growth rates, substantial biomass and a complex
root system are more commonly used in phytoextraction. Phytofiltration involves the roots
and associated rhizosphere immobilising metals, leading to phytostabilisation, which
effectively limits the possibility of metal mobility and bioavailability, so preventing migration

into water systems and the local ecosystem (Karn et al., 2021).

The most popular plants used in previous studies include Indian mustard (Brassica juncea),
the poplar tree (Populus deltoides) and willow tree (Salix virminalis). The research into
phytoremediation is still in relatively nascent stages but could become one of the most
sustainable tools in the creation of a circular economy and as a biological ‘green’ way of
removing contaminating metals from polluted sites (Wuana & Okieimen, 2011). As evidenced
in this thesis there is substantial uptake in willow tree, an organism used in growth

experiments.

Collecting and retrieving bioactive metal nanoparticles (NPs) from up taken copper ions could
have important commercial values e.g., copper NPs have diverse uses ranging from industrial
catalysts to antimicrobials in food packaging (Llorens et al., 2012) or as part of the circular

economy of a CuNP system to selectively inhibit the growth of plants.

7.7 Patent Search
A patent search was carried out to determine if any related products were already on the

market - i.e. products related to nanoparticles and gelling agents as well as any products that

exist on the market to clear roots from pipe systems and protect them from further ingress.
A search of currently used products and applications currently on the market:

1. RootX: RootX is a foaming root killer that is designed to kill roots in sewer lines and
septic systems. It is a non-caustic, non-fumigating, and non-systemic product that is

safe for use (its main activate ingredient is copper sulfate)
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Copper sulfate: Copper sulfate is a chemical compound that is often used to control
root growth in water pipes. It works by inhibiting cell division in plant roots, thereby

preventing them from growing into the pipe.

Herbicidal foam: Herbicidal foam is a type of foam that is infused with herbicides
designed to kill roots in water pipes. The foam is injected into the pipe and left to

work for a period of time before being flushed out.

Pipe lining: Pipe lining is a process in which a new pipe is inserted into the existing
water pipe, essentially creating a new pipe within the old one. This can help limit

root growth by creating a smooth surface that is less hospitable to root growth.

Mechanical cutting: Mechanical cutting involves the use of tools such as root saws or
augers to physically remove roots from the water pipe. This can be an effective
method for removing large root masses, but may not be suitable for all types of

pipes or root systems.

While all of these are products and techniques specifically related to removing or treating

ingressing roots there is none that utilise nanoparticles or crosslinked gel agents, indicating

that our technique is a novel one

A search of US Patents utilising keywords — ‘water’ ‘nanoparticle’ ‘gel’ revealed a significant

number of nanogel based products but most focused on

1. US Patent 9,320,920 - Method for making a nanoparticle gel for use in water

treatment: This patent describes a method for making a nanoparticle gel for use in
water treatment. The gel is made by combining nanoparticles with a gelling agent

and can be used to remove contaminants from water.

US Patent 9,050,126 - Nanoparticle hydrogel compositions for water treatment: This
patent describes a nanoparticle hydrogel composition for use in water treatment.
The hydrogel is made by combining nanoparticles with a hydrophilic polymer and

can be used to remove heavy metals and other contaminants from water.

US Patent 10,180,324 - Antimicrobial nanoparticle gels for water treatment: This

patent describes an antimicrobial nanoparticle gel for use in water treatment. The

194



gel is made by combining nanoparticles with a gelling agent and an antimicrobial

agent and can be used to kill bacteria and other microorganisms in water.

4. US Patent 10,289,387 - Nanoparticle-enhanced gels for water treatment: This patent
describes a nanoparticle-enhanced gel for use in water treatment. The gel is made
by combining nanoparticles with a gelling agent and can be used to remove

contaminants from water.

5. US Patent 10,785,441 - Nanoparticle-embedded hydrogels for water treatment: This
patent describes a nanoparticle-embedded hydrogel for use in water treatment. The
hydrogel is made by combining nanoparticles with a hydrophilic polymer and can be

used to remove heavy metals and other contaminants from water.

The global nanotechnology market in water treatment is expected to grow at a compound
annual growth rate (CAGR) of 17.1% from 2019 to 2025. So this does suggest a rapid growth
in the industry and usage of crosslinked gels with nanoparticles, again though most of the
patents found are related to water treatment in sewage plants and not as protective

barriers to adhere to pipe systems (Khan et al., 2019).

7.8 Other Potential Gels
While there have been pros and cons to tested gels so far in this thesis and some have

ticked boxes, they have not met all of the criteria required by the stakeholders of the

project.

e Solvent free

e Adhere to wet surfaces

e Gel structure

e Ability to disperse and retain Copper NPs within them.
e 2-5years effective life

e low cost

e Bio-based/sustainable

e Ability to crosslink
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Epoxy/Amine based gelling or Organogels: Some of the benefits of utilising organogels
include Stability: Organogels have high thermal and mechanical stability, which makes them
useful for various applications where stability is important. Controlled release: Organogels
can be designed to release active ingredients, such as drugs or nanoparticles at a controlled
rate. Versatility: Organogels can be made from a wide range of organic liquids and gelling
agents, which makes them a versatile material for various applications. Some of the
potential drawbacks of using organogels include its Limited water solubility: Organogels are
typically not soluble in water, which limits their use in certain applications (such as being
utilised in water pipes). Limited biodegradability: Some organogels may not be
biodegradable. Processing difficulties: Organogels can be difficult to process due to their

high viscosity, which can require specialized equipment.

If such a gel were to be used it would need to itself be coated with a water soluble coating

to package it further, as indicated in figure 6.20
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Figure 7.6 : figure of a potential organogel application indicating additional coating with

cellulose gel pigs

The gel pig is designed to remove debris, wax, and other buildup from the inner walls of
pipelines. It is propelled through the pipeline by the flow of the fluid inside the pipe, and as it
moves, it scrubs the walls of the pipe, dislodging any buildup and carrying it along with it, they

can be customized to fit different pipe diameters and configurations.
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7.9 Future Work

7.9.1 Protein protein interactions (PPIs)

There were a lot of co- expressed or homologous expressed proteins and genes detected over
the course of this research, and it would be interesting and provide much more insight into
elucidating biological pathways, identifying the protein function. Understanding protein
complex formation and exploring protein dynamics. can in the future be achieved using yeast
two-hybrid, co-immunoprecipitation, pull-down assays, protein microarrays, fluorescence
resonance energy transfer (FRET), and bioinformatics-based prediction methods. By
leveraging these techniques to investigate PPls, we could gain a deeper understanding of

protein function, regulation, and their roles in these cellular processes.
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Figure 7.7: Diagram of systems biology interaction network — more work could be carried out

on PPIl, PTM and the metabolome for a more holistic approach.

7.9.2 Post translational modifications (PTMs)

While no major discrepancy in data between transcriptomic and proteomic data was found
that does not mean they aren’t there. It would be interesting to investigate the potential
regulation occurring between the transcriptome and proteomic expression. Mass
spectrometry (MS): MS is a powerful and widely used technique for identifying and
characterizing PTMs. Protein samples are digested into peptides using specific proteases, and
the resulting peptides are analysed by MS to determine their mass-to-charge ratios. Modified

peptides can be identified based on the mass shift caused by the PTM. Some techniques that
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could be utilised are Tandem mass spectrometry (MS/MS) which can provide further

information on the modified peptides, including the specific site of modification.

Immunoprecipitation (IP) and co-immunoprecipitation (co-IP): IP and co-IP are techniques
used to selectively isolate a specific protein or protein complex from a complex mixture. Using
antibodies specific for a PTM, modified proteins can be enriched and subsequently analysed

by western blotting or mass spectrometry to determine the presence and levels of the PTM.

Protein microarrays: Protein microarrays are high-throughput platforms that allow for the
simultaneous analysis of multiple protein interactions, including PTMs. They can be used to
study protein-protein, protein-nucleic acid, or protein-small molecule interactions, and can

help identify substrates and binding partners of modified proteins.

Interesting candidate protein function could be further studied by the identification and
characterization of mutants for the encoding genes, and their response to CuNPs and,

potentially, other stresses, as was done for some genes/proteins in this thesis (Chapter 5).

7.9.3 Oxidation states of Cu

Not enough data was collected to establish the role and importance of oxidation states of Cu
and CuNPs in this research., Copper predominantly exists in two oxidation states: Cu(l), or
cuprous, and Cu (ll), or cupric. The bioavailability of copper in these two oxidation states can

vary, impacting its uptake and utilization by organisms.

Cuprous copper Cu(l) is a more soluble and bioavailable form of copper. It is the primary form
of copper taken up by cells, as many transporters and binding proteins have a higher affinity
for Cu(l) ions. Cupric copper Cu (ll) is a less soluble form of copper and generally less
bioavailable compared to Cu(l). However, it can still be taken up by cells and reduced to the
Cu(l) state by specific cellular reductases before being utilized. In some cases, Cu (Il) can form

insoluble complexes with organic matter or other ions, further decreasing its bioavailability.

The bioavailability of copper in different oxidation states is influenced by other factors that
weren’t taken into account such as lower pH environments (higher Cu(ll) solubility)(Sutton &

Winterbourn, 1989). The presence of other ions such as zinc or iron can impact copper
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bioavailability by competing for binding sites on transporters that uptake up proteins. There

is significant redundancy in the heavy metal transport system (Prantner & Scholler, 2014).

7.9.4 Different kinds of nanoparticles

As evidenced earlier in the discussion and the introduction there is clearly a broad range of
impacts that simply adjusting the parameters of the nanoparticles utilised can have on the
end outcome for the plant response. This is something that could be further investigated,
alongside further investigation of the microbiome and interactions here as this could have a

long-term impact on any commercialisation attempt for these nanoparticles.

7.9.5 Scale up of gel experiments

Proving a system like this works on a small scale with Arabidopsis is useful but to truly test
its commercial potential a viability trial would need to be carried out utilising waste water
lines and commercial applicators of gels, samples to be taken and recorded via ICP-MS to

determine leakage of CuNPs and uptake by surrounding plants.

7.10 Concluding Remarks

The use of CuNPs in enhancing plant growth and development is a promising area of research,
but the effects of CuNPs on plants are highly dependent on their concentration, size, and
surface chemistry. Excessive amounts of copper can be toxic to plants, leading to oxidative
stress, membrane damage, and cell death. However, plants have developed a biological
system to tolerate metal stress and other abiotic stresses for resiliency in their environment.
This thesis has presented a potential model of hypothesized pathways resulting that are
activated following from exposure to CuNPs, highlighting the importance of the plant's
hormonal response to abiotic stress, phenylpropanoid biosynthesis, and direct and indirect
interaction with the cytoskeleton. Further research and experiments are needed to elucidate
these pathways fully. The size and morphology of nanoparticles have significant effects on
their interactions with plants and microbes, and the bioavailability and reactivity of NPs

depend on specific NP type, size, surface, charge, dose tested, and test media.

The proteomic and transcriptomic analysis revealed differential expression of proteins and
genes involved in stress response and cellular signalling pathways. Additionally, the ability of
willow tree to uptake up copper has also been demonstrated, suggesting its potential for use

in phytoremediation.
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The results of this study have important implications for understanding the environmental
impacts of CuNPs and for developing strategies for their safe use. Further investigation of
protein-protein interactions, post-translational modifications, oxidation states of Cu, and
different kinds of nanoparticles (size and morphologies) as well as scaling up commercial gel
crosslinking experiments, can provide valuable insights into the mechanisms underlying the
impact of CuNPs on plant growth and development. Such insights can help in the
development of sustainable methods for the remediation of polluted sites, as well as in the

safe use of CuNPs in various industrial applications.
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Appendices:

A Digital version of the RNA sequencing data, proteomic sequencing data and raw data formats for
the graphpad figures and metadata for the confocal microscopy can be found at
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