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Abstract

Rice irrigated with arsenic (As) contaminated groundwater can contain concentrations
of As in the grain high enough to contribute significantly to dietary intake, leading to
increased rates of adverse health effects including cancers of the liver, bladder and kidney.

The exact mechanisms by which As is transported from growth medium to grain are
not fully understood. This thesis contains analyses of the distribution of As in the roots
of transgenic rice and arabidopsis either defective in, or overexpressing, proteins that are
thought to be involved in the transport or detoxification of As in angiosperms (flowering
plants), in order to better determine their function.

The plant lines examined were rice mutants defective in Lsi3 transporter (lsi3), a low
silicon uptake transporter believed to share transport activity with arsenite (As(III)); rice
mutants overexpressing PT8 transporter (PT8-Ov), a PHT1 family inorganic orthophos-
phate (Pi) transporter believed to share transport activity with arsenate (As(V)); ara-
bidopsis mutants defective in phytochelatin (PC) synthase (cad1-3), a protein responsible
for forming PCs that are used to chelate and detoxify As(III); and arabidopsis mutants
defective in phytochelatin transporters (abcc1-2), that are believed to transport As-PC
complexes into vacuoles for storage. All mutants were grown alongside wild type (WT)
counterparts.

Analysis of As distributions was carried out by Secondary Ion Mass Spectrometry
(SIMS). The data from rice roots revealed strong co-localisation of As and sulphur (S)
and high concentrations of these elements in the vacuoles of specific cells in the stele that

increased with distance from the root tip and mutation on Lsi3, suggesting Lsi3 plays a



role in As efflux.

As concentrations increased in the stele and decreased in the epidermis in PT8-Ov
compared to WT supplied with As(V) in the nutrient solution, this could be due to rapid
transport and reduction of As(V) to As(III) for detoxification in the stele with PCs.

High concentrations of As and S were also observed in lateral root junctions, in agree-
ment with previous research suggesting that lateral roots play in important role in As
uptake.

Within arabidopsis roots high As concentrations were measured in specific cells within
the stele and increased with increasing distance from root tip. A higher proportion of As
to S compared to W'T was observed in cadl-3, suggesting existence of un-chelated As, and
there was a significant difference recorded in the distribution of As in abcc1-2 compared to
WT, likely due to a lack of available transport mechanisms for As-PC complexes.

Understanding the mechanisms by which As is taken up by rice plants is an important
step in developing As mitigation strategies by developing the knowledge required to breed

or molecularly engineer low uptake cultivars.
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Chapter 1

Literature review

1.1 Introduction

In this section I will discuss two different, but related uncertainties involving uptake and
transport mechanisms in plants. Firstly, the uptake of the toxic element arsenic (As) by
the rice plant (Oryza sativa). Commonly known as Asian rice, Oryza sativa is a cereal
with a small genome, known to be easy to genetically modify, and is a model organism
for cereal biology. Secondly the detoxification pathways of As within rice is described.
These are topics of ongoing study in the field of plant biology and are the main subject
of this thesis. The investigations of which arose through collaboration with Rothamstead
Research, leading to a unique cross-disciplinary project using expertise from two different

fields to design the experiments.

1.1.1 Contaminated ground water

It has been known since the 1980s that there are serious health risks from drinking water
which contains As concentrations in the region of 0.1 parts per million (ppm) [1]. In 1958
the World Health Organisation (WHO) recommended a maximum allowable concentration
of As in drinking water of 200 pg L', and since then this figure has been revised to 10 pg L™!
as the carcinogenic and long term effects of As exposure have come to light [2]. Long term
exposure to low concentrations of As is known to cause hyperkeratosis, skin cancer [3],

visceral lung, liver, kidney and bladder cancer [4, 5, 6].
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The problem has been documented in South America and Taiwan and, in the 1990s,
Bangladesh and West Bengal! were recognised as areas particularly affected by this prob-
lem. Tube wells dug in the area to provide clean water (as an alternative to stagnant surface
water) had unknowingly tapped into underground aquifers flowing over As-rich rocks, re-
sulting in the water containing dangerously high levels of inorganic As. According to a
survey of over 3000 wells it is estimated that around 30 million people are exposed to ele-
vated As in Bangladesh alone [7]. The distribution of As concentrations in different wells in
Bangladesh is shown in figure 1.1 from which it is evident that much of the country suffers
from water containing concentrations exceeding 50 pg L™!, and large areas exist where the
concentration is as high as a few thousand pg L~!. The survey aimed to provide data on the
mineral concentrations of tube well water across the country in order to better understand
the distribution and extent of the As contamination. They hoped to find geographical or
chemical trends that could be used to determine the source of the contamination and how
best to avoid it. A more recent physical study of over 11,000 patients in the region has esti-
mated the number of people exposed to be as high as 77 million [8]. These surveys revealed
that the extent of As contamination of ground water in the area was vast, unavoidable, and
dangerously high.

The mortality figure of 13 deaths per 1000 for people drinking As contaminated water
at 50 pg L~ has been quoted in several papers as an estimate of the carcinogenicity of
As; the figure first appearing in a paper published by Smith et al. in the Journal of

Environmental Health Perspectives [9]. The figure arose from an attempt to estimate the

LA state in India bordering Bangladesh with a population of over 90 million



1.1.

INTRODUCTION

CHAPTER 1. LITERATURE REVIEW

278

26°

25°

24°

23°

22°

21°

20°

T T T

Arsenic (ugL™)

n <] = 50-75

» 1-5 = 75-100
= 5-10 = 100-200 =
10-20 = 200-300

Bay of Bengal

—— 200 km ——— ]
'Groundwater Studies of Arsenic Contamination in Bangladesh'
DPHE/BGS/DFID (2000)
1 1 1 1 1
88° 89° 90° 91° 92° 93°

Figure 1.1: Map of the As affected areas in Bangladesh. The map was generated by taking
samples from 3534 tube wells. Data and image produced by the British Geological Survey and the
Department of Public Health Engineering (Bangladesh) undertaking a project funded by the UK
Department for International Development (DFID) [7].

mortality rate for Americans drinking water containing As by extrapolating backwards

from data collected from a carefully considered sample in Taiwan [10]. These calculations

were made with reasonable consideration of the viability of such an extrapolation but did

not address the differences that diet may make to the exposure and toxicity of the As. It

has been suggested, for example, that a low protein diet could increase susceptibility to

As toxicity [11]. More notably, as will be discussed below, rice grown using contaminated
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water contains sufficiently elevated levels of As to contribute significant additional exposure.
This oversight makes it difficult to quote this figure as an accurate assessment, especially
when trying to apply it to different countries on different continents [12]. Nonetheless the
research carried out by Smith et al. provides strong evidence that a linear relationship
exists between As exposure and cancer mortality, later corroborated by other work [6]. A
detailed review of the toxicological effects of As has been published recently in Tozological

Sciences [13].

1.1.2 Arsenic contaminated crops

Rice farming is the largest agricultural focus in Bangladesh, accounting for approximately
75% of the total farmed land. Because of the abundance of rice, it forms the dietary staple?,
accounting for an estimated 76% of calorie intake and 66% of the protein intake of the local
population. Rice production has been steadily increasing for decades and has resulted in
the reallocation of farmland from other crops and vegetables to the cultivation of rice [15].

Studies have suggested that paddy fields irrigated with contaminated groundwater accu-
mulate As in the soil. The background level of As found in soils is typically 4 to 8 mgkg ™!,
but when irrigated with contaminated water As levels can reach as high as 83 mgkg—! [16].
Ali et al. studied the As cycle from groundwater to paddy field, noting a lack of research
into contaminated irrigation due to greater emphasis being placed on its use as drinking

water. Their findings indicated that hundreds of tons of As could be cycled through irriga-

tion water each year, and at its highest, cycling of 5.5 kg of As was estimated per hectare in

2« A staple food is a food that is eaten regularly and in such quantities as to constitute the dominant
part of the diet and supply a major proportion of energy and nutrient needs.” [14]
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the Laksmipur district [17]. The hypothesis of As contaminated groundwater contributing
to paddy soil As has drawn a lot of interest and data suggests that a positive correlation
exists [18]. Meharg et al. conducted a survey to establish the risk of irrigating paddy fields
with the contaminated water [19]. Being careful to correctly determine the source of the
As they took measurements of As concentration through different depths of the soil and
sediment, and found that the As in the soil was unlikely to be “due to the geogenic origin of
the soils.” A correlation between tube well age and As concentration in the soil (P = 0.048)
provided further evidence that the As was due to irrigation and was accumulating in paddy
fields. It should be noted, however, that this correlation is weak and the variations are
large. More data should be collected in order to better understand the cycle and severity
of the contamination.

Strong correlations exist between As in the soil and As found within the rice grain [20].
Williams et al. studied 23 paddy fields, taking 230 soil and rice samples. The As concentra-
tions found in the grain and straw correlated closely with the concentrations measured in
the soil. Furthermore, the concentrations of nutritionally important trace elements selenium
(Se), zinc (Zn) and nickel (Ni) decreased with increasing As concentration (P < 0.001) [21].
They concluded that As was responsible for disrupting metalloid balances, resulting in de-
creased crop yield in addition to decreased Se, Zn and Ni. These elements are known to be
essential micronutrients [22, 23, 24] adding further concern to the health effects associated
with As contaminated rice. Levels of As in the straw of rice plants were high enough to be
dangerous to cattle (and possibly humans by proxy) [20].

One might assume that the As concentrations in the rice would have negligible con-
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sequence in comparison to the highly elevated levels consumed from the drinking water.
The work conducted by Meharg et al. assessed the dietary contribution of As due to rice
consumption. Some of the calculations are represented in the graph shown in figure 1.2.

Using this information they estimated that:

“With a drinking water intake of 0.1 mg L ~! (which is considered highly elevated
and a major health threat), arsenic intake from rice will account for 17.3 and

L of arsenic,

29.6% of arsenic consumption if rice contained 0.1 and 0.2pugg™
respectively. These grain values are typical of what has been observed in a

range of studies in Asia, Furope, and N. America.”

This work is corroborated by similar calculations by Williams et al. [25]. Their research
also suggests that As found in rice is mostly in inorganic forms, which is considered much
more toxic than the organic forms such as arsenosugars typically found in seafood [26, 27,
28].

The transformation to the organic species is considered an important step in reducing
the toxicity of As [29]. The As that is found in rice grains from India and Bangladesh
contains a much higher proportion of inorganic As than rice grown in the USA and Eu-
rope according to the high-performance liquid chromatography (HPLC) data provided by
Williams et al. [25]. Due consideration was given for the possibility of extractants changing
the speciation of the As and inductively coupled plasma mass spectrometry (ICP-MS) peak
overlaps.

With these findings in mind, it is evident that As is present in rice grain at levels which

contribute significantly to total dietary intake in areas with contaminated groundwater.
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Figure 1.2: Graph showing the contribution of rice to As intake relative to drinking water. The lines
represent a drinking water As concentration of 10 pg L™!, 100 pg L~! and 1000 pg L~" for the solid,
dotted, and dashed lines respectively. Reprinted with permission from Arsenic Contamination of
Bangladesh Paddy Field Soils:Implications for Rice Contribution to Arsenic Consumption, Andrew
A. Meharg, Md. Mazibur Rahman, Environmental Science & Technology. Copyright 2003 American
Chemical Society.[19]

Furthermore, As contamination has been shown to decrease the nutritional value of the
crop. If As concentrations in paddy fields are indeed increasing this suggests that the
youngest generation will suffer not only the highest As exposure, but the most prolonged.

This brings severe health concerns for the region.

1.1.3 Exposure reduction strategies

The situation is currently being addressed by the Bangladesh government’s National Policy

for Arsenic Mitigation, which encourages the discontinuation of contaminated wells and the



1.1. INTRODUCTION CHAPTER 1. LITERATURE REVIEW

use of shallow wells. While using deeper wells is believed to provide water with lower As
concentrations [7] this is not a focus of the document, due to the high cost associated with
re-drilling wells to deeper depths. Decommissioning of contaminated pumps could be a
viable option for private wells, where more expensive and deeper communal wells could be
drilled to provide safer water within walking distance. However this approach is less viable
for irrigation purposes where large volumes of water are required; and transporting it long
distances could be very expensive. Alternative water sources or water treatment are other
options that are likely to produce insufficient quantities of safe water or be prohibitively

expensive for irrigation purposes.

Figure 1.3: Typical configuration of a shallow tubewell with powered pump used for irrigation of
rice paddies in Bangladesh..

The actions being taken do not focus on the exposure of As through rice. In response
to this, research has been carried out using a number of different techniques to understand

the localisation and uptake of the As contamination in rice.
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Williams et al. observed no difference in As concentration “between white (polished)
and brown rice (unpolished) (P > 0.05)” [25]. However their sample size was small and only
examined total As. Meharg et al., using laser ablation ICP-MS (LA-ICP-MS), found that
much of the As is concentrated in the bran. Removing the bran by milling or polishing the
grain could be a practical method to reduce the total grain As concentration, however As
is not exclusive to the bran and the bran also contains a number of nutritionally important
trace elements, including Se and Zi [21]. Furthermore the concentration of these elements
decreases with increasing As application rates [21] and studies have suggested that lower
dietary Se intake can increase occurrence of arsenical skin lesions [31, 32, 33]. It should
be noted that some studies found no statistical significance between As concentrations in
polished and unpolished rice [34].

It has also been shown that growing rice aerobically decreases the As accumulation [35].
Growing rice in dry soils could therefore reduce grain As concentrations, but would nullify

the important advantages, such as weed resistance, of growing rice under flooded conditions.

1.2 Arsenic uptake and transport in rice

Studies of As in rice began before the extent of the pollution in Bangladesh and its con-
sequences were fully realised. The toxicity in rice of As from industrial pollution and the
application of herbicides was enough justification to start studying As uptake in the early
papers on this subject [36]. While the translocation of As into the grain was not the main
focus of these studies, they examined the effects of As speciation in relation to its phyto-

toxicity. Building on the previous research into As as an industrial pollutant and in the

10
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aquatic environment this highlighted the importance of the chemical form of the As and

led to an increased interest into the study of As speciation in soils.

1.2.1 Arsenic speciation

Due to the observed importance in how As interacts with biological systems, its chemical
speciation is a topic that has been approached from many different angles by many different
groups in the field of plant and soil science. Here I will highlight some of the key pieces of

research that are most relevant to the present study.

Speciation in soil and water

As early as 1969 it was recognised that As is present in soils almost exclusively in inorganic
forms [37]. Thermodynamics based approaches revealed that the -3 and 0 oxidation states
were unstable in most soils, therefore the +3 and +5 states were most common [38, 39].
More recent research has concluded that As in soil is “almost entirely” inorganic, except
where organic As has been intentionally applied [40]. Studies on groundwater have also
shown that As exists mostly in inorganic forms [41].

More specifically relevant to wetland grasses, a theoretical study conducted in 1983
estimated the chemical forms of As present in aqueous environments were most likely to be
As(IIT) and As(V), with As(III) being dominant in reduced and acidic soils [39]. This was
later experimentally confirmed for the case of flooded soils [42, 43] regardless of the medium
applied [35]. This is contrary to the case of aerated soils where the trivalent arsenicals tend

to become oxidised, therefore As(V) is the dominant species [44].

11
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Speciation effects on uptake

The most prevalent chemical forms of As in the environment are dimethyl arsenic acid
(DMAA), monomethyl arsenic acid (MMAA), arsenate (As(V)) and arsenite (As(III)).
Using ICP atomic emission spectrometry (AES) Marin et al. [45] measured shoot and root
concentrations of As in rice after applications of different chemical forms and concentrations

of the element. They found that:

“The amount of As taken up by the rice plants followed the trend: DMAA <

As(V) < MMAA < As(IIT)”

suggesting that the inorganic form As(III) is more readily available to the plant. Analysis of
the shoots revealed a similar trend, with the plant subjected to an As(III) nutrient solution
presenting As concentrations in the shoot approximately twice as high as that after As(V)
treatment. When comparing plants subject to different concentrations of As in solution,
there was a significant increase in shoot As with increasing concentration, figure 1.4.
Having discovered that the chemical species was an important factor in uptake, the
research group sought to investigate the effects of different redox-pH conditions on the
uptake and speciation of As [43]. They found that, as predicted much earlier by Sadiq
et al. [39], under reducing conditions As(III) was the dominant form found in the soil
suspension, and resulted in significant translocation of As into the shoots with the majority
remaining in the roots. These roots grown in reducing conditions also presented a “brownish
precipitate”, that when analysed was shown to contain iron (Fe) and As, suggesting the

formation of an Fe plaque with adsorbed As. At the time they did not have the analytical

12
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60 - DMAA
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Figure 1.4: “Shoot arsenic concentration as affected by As concentration and chemical form.”
Reprinted by permission from Springer Nature: Plant and Soil (The influence of chemical form
and concentration of arsenic on rice growth and tissue arsenic concentration, A R Marin et al.),
Copyright 1992 [45]

techniques to determine the speciation of As in the plant.

Arsenite

Meharg and Jardine noticed that while As(III) was understood to be the dominant species in
paddy fields, not much attention had been paid to studying As(III) influx in rice roots [46].
They conducted a series of experiments aimed at investigating possible As(III) transporters
in rice roots, informed by previous research in yeast that showed As(III) transport was
facilitated by a glycerol transporting channel [47]. These glycerol transporting channels

are aquaporins known to be expressed in rice roots in high concentrations [48]. Careful to

13
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first remove any As adsorbed onto the root surface they conducted hydride generation (HG)
atomic absorption spectrometry (AAS) measurements on roots subjected to different As(III)
and glycerol solution concentrations during growth. Hydride generation is commonly used
in combination with AAS to detect metalloids in biological samples and increases sensitivity
substantially [49].

The first notable result was that the uptake of As(III) followed saturation kinetics,
meaning that with at low concentrations As influx varies linearly with As(III) in the nutrient
solution. At higher concentrations the influx rate becomes independent of applied As(III),
instead asymptotically approaching a maximum rate. The second observation was that
As(IIT) uptake decreased with increasing glycerol additions in a dose dependant manner

while As(V) uptake remained constant. These observations suggested that:

o As(III) transporters can become saturated

o As(III) and glycerol compete for uptake

o As(V) is influxed by a different transport mechanism to As(III)

These results indicate that transporters for As(III) are likely the same aquaporins re-
sponsible for glycerol influx and were similar to previous results by Guo et al. that had
examined the uptake relationship between As and silicon (Si) in rice roots [50]. Guo et al.
observed that Si limited As uptake in a dose dependant manner in a very similar fashion

to glycerol, suggesting this pathway was also shared by Si uptake.

14
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Arsenate

While we know As(III) to be the predominant species in flooded soils, As(V) is found
in appreciable quantities in both the soils and the plants and therefore should not be
overlooked as a possible contributor to As uptake. Increasing As(V) treatment is known
to increase As concentrations in grain, decrease yield, shoot and root biomass, and plant
height [20], which suggests that there exists a mechanism by which As can enter the plant
and that the route through which it is metabolised results in As toxicity.

Meharg et al. showed that glycerol had no effect on As(V) transport, proving that
As(IIT) and As(V) were transported into the plant via different mechanisms. Phosphorus
(P) and As both have 5 electrons in their outer shells — in a 3s? 3p® configuration and
a 4s? 4p3 respectively. The number of electrons in the outer shell (valence electrons) de-
termines likely oxidation states and typical reactions, therefore these two elements could
form chemically very similar complexes in the nutrient solution and transporters may not
be able to differentiate between them. Experimentally As(V) has long been known to take
the place of inroganic phosphate (Pi) in biochemical processes [51], and early experiments
had shown that As(V) uptake in barley was rate limited and strongly inhibited by Pi [52].

One of the most succinct summaries on the topic of As speciation can be found in a
paper by Abedin, Feldmann and Meharg titled “Uptake kinetics of arsenic species in rice
plants” [53]. They analysed a large number of papers on the topic as well as conducting their
own experiments in order to better understand how uptake was affected by As speciation

and determine why many of the previous results had come to contradictory conclusions.

15
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Their work suggested that transport of both As(III) and As(V) was an active process, this
would mean it requires selective binding sites and a supply of energy to drive the uptake.
They observed that As(V) was “strongly suppressed” by Pi in hydroponic conditions, but
that in soils “phosphate displaces the sorbed arsenate from exchange sites and therefore
increases the solubility, phyto-availability, and movement down the soil profile of arsenate.”

These results suggest that both the Si and the P uptake pathways, and local redox
potential are all particularly relevant in the study of As, and that in order to have a better
understanding of these pathways we should first try to gain a better understanding of the
importance of these elements in plant nutrition, how they may be transported into the roots
of rice plants under different conditions and how they are translocated from the roots to

the rest of the plant.

1.2.2 Silicon uptake pathways

Evidence of competitive uptake suggests that Si could share an uptake pathway with
As(IIT) [50] and Jones and Handreck have shown that lowland rice has unusually high Si
concentrations (0.1-0.15 of the dry weight) compared to less than 0.01 for most dicotyledons
(angiosperms whose seeds contain two embryonic leaves, such as legumes) [54]. Despite not
being an essential nutrient silica has long been known to have beneficial effects to plant
growth, particularly to monocotyledons (angiosperms whose seeds contain only one embry-
onic leaf, such as rice and other grasses) which contain up 10 to 20 times more silica than
found in dicotyledons [55].

Additionally both Si and As exist as small molecules in flooded soils; Si exists as silicic
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acid, a tetrahedron with Si at the center surrounded by four OH groups, while As forms
arsenous acid, a pyramidal shape with As sounrded by three OH groups. The similar size
and shape of these molecules could result in similar enough surface chemistry to allow them
to pass through the same transporters. With this information in mind it is clearly very
important to review Si transport and metabolism in rice in order to study it as a potential

pathway for As uptake.

Silicon nutrition in plants

One of the earliest mentions of the effects of Si nutrition in plants was given by Clements [56]
who noticed that addition of silicates to the soil improved plant growth, yield and P uptake
in heavily weathered soils, speculating that these improvements were brought about by
the presence of Si in the plant increasing the heavy metal resistance of the plants studied.
Since then many similar observations have been made, showing Si to be a beneficial but
‘non essential’ plant nutrient capable of improving yield [57], disease resistance [58] and
heavy metal tolerance [59]. The benefits have been documented specifically in rice [60]
which is known to be a Si accumulator. These observations, although well tested, were
made rather sporadically, garnered little attention, and did not examine the mechanisms
by which the Si was transported, localised or affected the plant biochemistry.

Before Si was known to be a beneficial plant nutrient, studies had already been carried
out investigating the solubility of silica in water. Notably, Alexander et al. proposed that
amorphous silica in solution existed in the monomeric phase, Si(OH)4, in equilibrium with

the solid phase. Their research showing that the solubility was fairly consistent between
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pH 5-8, the range within which we would expect in most soil conditions. Corroborating
evidence from other research groups can be found in a review paper by Krauskopf [61] who
gave a solubility figure of 100 ppm to 120 ppm for amorphous silica and 6 ppm to 14 ppm

for quartz at 25 °C, with little variation in solubility below pH 9.

Silicon uptake

It could be assumed, due to the chemical form of Si in water, that the transport of Si might
be passive, meaning the plant does not need to expend energy to accomplish the movement.
Indeed early studies in the first half of the 20th century found that Si uptake was aided
by transpiration [62]. In 1965 Jones and Handreck studied this phenomenon using oats
as a model for “dryland” Poaceae (family of monocotyledonous flowering plants known as
grasses, referred to in the text as Gramineae), again finding a strong correlation between Si
uptake, transpiration rates, and what would be expected from non-selective transpiration
mediated Si uptake [63]. These results adding weight to arguments that suggest Si uptake
is taking place by passive transport.

While this evidence is corroborative in the case of dryland Poaceae, other plant species
displayed contrasting Si uptake characteristics. The most convincing study was conducted
by Grosse-Brauckmann [64], who grew poaceous and fabaceous species on the same soil
in order to avoid complications of environmental factors. They found poaceous species
contained approximately one order of magnitude more SiOs than the fabaceous species.
Wetland, or lowland, rice (rice grown in flooded conditions) typically contained a further

five times as much SiO2 than the “dryland” grasses [65, 66]. These results suggest that it
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may be possible to classify plants into three groups according to their Si uptake.

Indeed, further investigations made by Raven in 1983 noted that water and Si were
taken up in a ratio equal to that present in the soil in the case of dryland grasses, in a lower
ratio in the case of dicotyledons, but in a higher ratio in the case of wetland grasses [67].
The recognition of different Si uptake rates, even for plants grown in the same soil, strongly
suggests that Si uptake is not always passive as discussed above but there exists a mechanism
by which a plant is able to regulate the influx of Si.

A study of root hairs and lateral roots by Ma et al. showed that lateral roots contributed
to Si uptake in rice, whereas root hairs did not [68]. Combining this information we can

summarise our understanding on the topic as follows[68]:

 Rice takes up Si in higher concentrations than the solution [69]

e Si uptake is independent of transpiration

e Si uptake is suppressed by respiratory inhibitors while transpiration remains unaf-

fected

e Rice takes up Si faster than other nutrients

e Si distribution is effected by transpiration

e Si concentration is much higher in roots than shoots

e There is no significant change to Si transport by absence of root hairs

e Si transport is significantly reduced by the absence of lateral roots
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These observations imply that rice is a Si accumulator, that the Si is actively trans-
ported in a metabolic process into the roots then transported in the xylem, and that the

transporters are located on roots and lateral roots but not root hairs.

Genetic identification

Because of its nutritional importance and small genome size, the International Rice Genome
Sequencing Project (IRGSP) began in 1997 working towards sequencing the rice genome,
making it the first monocot considered for genetic sequencing. With most of the sequence
complete in 2002, the full sequence was released in 2005.

While a Si transporter had been identified in a marine diatom ( Cylindrotheca fusiformis)
for some time [70], there was no known Si transporter gene in rice even as late as 2001.
At which point Ma et al. were able to find a rice mutant (GR1) defective in Si uptake
by screening My seeds of rice cv Oochikara [71]. They used germanium (Ge) resistance
as a selection parameter because Ge is toxic to plants and plant roots cannot discriminate
between Si and Ge, and found a mutant that was particularly resistant to Ge. Measured
Si concentrations in xylem sap of this mutant were 3 times higher than in the external
solution, compared to 33 times for a wild-type that was subject to methods designed to
inhibit uptake. From this information it is quite reasonable to assume that this genetic
mutation was responsible for disrupting active transporters of Si.

The mutant GR1 became known as ‘low silicon rice 1, lsif, and presented much lower
Si concentration at the top of the plant while root concentrations remained similar to the

wild type. The mutant also showed significantly lower uptake in a short-term experiment
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and the uptake was unaffected by metabolic inhibitors or temperature.

A detailed genetic investigation of Isi! revealed the form and location of the transporter,
Lsil [72], that is encoded by the gene Lsil. Green fluorescent protein (GFP) markers fused
to the Lsil gene showed that the transporters were located on plasma membranes on the
distal side of both the exodermis and endodermis. An homologue, Lsi6, was also discovered
in rice during this investigation.

This was quickly followed by the discovery of the gene ‘low silicon rice 2’ (Lsi2). This
gene encodes an efflux transporter of Si which resides on the proximal side of the same
exodermis and endodermis cells as the Lsil transporter. Fluorescence imaging of Lsil and

Lsi2 in the exodermis is shown in figure 1.5.

Figure 1.5: “Merged image of Lsil (green), Lsi2 (red) immunolocalization, nuclei stained by DAPI
(cyan) and cell wall autofluorescence (blue). Scale bars, 20pm.” Reprinted by permission from
Springer Nature: Nature (An efflux transporter of silicon in rice, Jian Feng Ma et al.), Copyright
2007 [73]

A further Si transporter in rice, Lsi3, was identified by Yamaji, Mitani and Ma in 2010.
They noted it showed “efflux transport activity” similar to Lsi2, and that it was “localized

at the pericycle cells of the roots.” They proposed that Lsi3 could be involved “in the xylem
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loading of Si” in roots and the “re-loading of Si to the diffuse vascular bundles” in the upper

nodes.

1.2.3 The arsenic silicon relationship

The mechanism for As(III) transport in rice was first documented by Meharg et al. [19],
they showed that aquaporins responsible for glycerol transport were also responsible for the
transport of As(III) into the cells. In 2008 Ma et al. published one of the most important
papers on the topic of As uptake in rice [74]. It had already been shown that the previously
identified aquaporin, OsNIP2;1, a nodulin 26-like intrinsic membrane protein (NIP) [75],
was the transporter “Low silicon rice 1”7 (Lsil) and that suppression of the Lsil gene resulted
in significantly reduced Si uptake, as discussed in Section 1.2.2. Ma et al. recognised that
arsenous acid, As(OH)s, and silicic acid, H4SiO4, were both uncharged at pH < 8 and
were both of similar physical size. Using this information they hypothesised that Lsil was
responsible for the transport of As(III). Indeed, expressing Lsil in Xenopus oocytes and
yeast resulted in a three to five fold increase in the transport activity of As(III).

They used the genetic information on the Lsil influx transporter and Lsi2 efflux trans-
porter to breed rice mutants and compare their As uptake rates with wild types. The
results showed the lsil mutant, defective in the Si uptake gene, exhibited a 57% lower As
uptake compared to the wild type. Similarly Isi2 had a shoot As concentration 75% lower

than the wild-type.
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1.2.4 Phosphate uptake pathways

As(V) had already been shown to share uptake mechanisms with Pi in a variety of bacteria
and plants including the grass Holcus lanatus (L.) [76]. Some results have shown Pi com-
petes more effectively than As(V) for transport sites [77] and that As(V) uptake can be
inhibited by Pi [78]. Conversely Abedin et al. found no difference in As concentration in
rice plants grown in soil when subjected to controlled Pi applications [53, 20], and Meharg
et al. found very little difference in As uptake on the grass Deschampsia cespitosa grown
under different Pi conditions. Abedin et al. speculated that the variations in results were
likely to be caused by the medium in which the plants were grown, as some experiments
were conducted in soil, while others were controlled hydroponically in nutrient solutions.

These contradictory results suggest that trying to investigate the relationship between
Pi and As(V) transport is more complex than the seemingly analogous case of silicic acid
and As(III). Variables such as changes in growth medium and redox potential can be min-
imised by using carefully controlled hydroponic growth of Oryza sativa (L.) in different
concentrations of As(III), As(V) and Pi. Using this method Tsutsumi revealed no change
in As toxicity for As(III) solutions mediated by Pi, but observed reduced toxicity for As(V)
solutions [78].

Abedin et al. grew rice treated with Pi and As(V) under flooded conditions. In order to
determine the speciation of As in the straw they conducted high performance liquid chro-
matography (HPLC)-ICP-MS. Despite As(III) treatments showing the greatest As uptake,

their experiments revealed that “the predominant species present in straw was arsenate
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followed by arsenite and dimethylarsinic acid (DMAA)” [79], suggesting that the chemi-
cal form could be changed in the plant either during uptake or as part of a detoxification
process.

Wu et al. [80] demonstrated that the Pi transporter OsPhtl1;8 (OsPT8) had a high
affinity for both Pi and As(V). And that “its overexpression increased the maximum influx
by 3- to 5-fold.” They observed that the proportion of As(V) in the xylem sap increased
over time in flooded conditions.

Publishing that same year, Jia et al. [81] also produced plants overexpressing OsPT8
and observed “excessive Pi in both roots and shoots and Pi toxic symptoms under the
high-Pi supply condition.” They also used flourescent protein markers to reveal OsPT§
expression in “various tissue organs from roots to seeds independent of Pi supply.”

In their investigations of Kasalath Nipponbare varieties of rice, Wang et al. [82] noted
that “Mutation in OsPT$& in both backgrounds decreased As(V) uptake by 33-57%.” They
also observed a large increase in As(V) tolerance in ospt8 as assessed by root elongation.

A review of Pi transporters in rice was given by Mtodzinska and Zboiniska in 2016.
They noted that in total researchers had found that “transcripts of all 13 OsPHT1 were
detected” in rice roots, and that at least six (OsPHT1;1/2/4/6/8/9/10) are “principally
involved” as evidenced by “reduced Pi uptake in knockout or knockdown (RNA1) lines and
enhanced uptake in overexpressing lines.” They also noted that several researches had found
“overexpression or mutation of one of the PHT1s may alter the expression of the others”
therefore making it “very difficult to ascertain which of these transporters are crucial for

Pi uptake and distribution.”
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Rhizosphere chemistry

Rice roots are known to oxidise the volume near the roots (the rhizosphere) which in
iron rich soils can cause the formation of an iron plaque on the outside of the roots [83].
The rhizosphere chemistry is complex [84] and rice grown in low Pi nutrient solution has
been shown to cause the plant to increase oxidation of the rhizosphere [85] resulting in
increased iron plaque formation [53]. Liu et al. suggested that this was “an adaptive
metabolic reaction to the condition of P deficiency” [86]. These complexities imply that
it would be challenging to avoid complications when devising experiments to investigate
competitive uptake between As(V) and Pi in rice. These complications include changes in
redox conditions that can be caused by microbes, oxidation of the rhizosphere and redox
reactions; and changes in the concentration of soluble As(V) and Pi as a result of formation
of iron plaques and competition for sorption sites on soil particles.

Liu et al. took measurements of As concentrations on iron plaques grown on rice seedling
roots in solutions either containing or lacking P. The low P treatment formed a thick iron
plaque with As mainly sequestered on the surface of the roots. Conversely the high P
treatment resulted in translocation of As into the plant and thus a higher concentration of
As was measured in the roots [86]. These observations have been confirmed by others [87,
88, 89]

The iron hydroxides present in these plaques are known to have a very strong binding
affinity to As(V) [90, 91]. Additionally the interactions of As(V) and Pi with adsorption

sites on soil particles also contribute to the complexity of the system as they compete for
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sorption sites [92]. Addition of Pi fertilisers can displace As(V) from sorption sites and is
therefore able to increase the solubility and phyto-availability of arsenate and increase its
movement down the soil profile [53, 93, 94].

These observations demonstrate that not only changes in redox-pH of the soil but also

concentrations of certain nutrients can affect the uptake of As.

1.3 Arsenic detoxification mechanisms

Phytochelatins (PCs) are important in the detoxification of heavy metals in plants. They
are olgiers of glutathione (GSH), a thiol containing tripeptide composed of glutamate cys-
teine and glycine. PCs are produced in response to the presence of heavy metals and
act as chelators and are synthesised from GSH by the enzyme ‘phytochelatin synthase.’
In Arabidopsis thaliana plants the PC synthase gene CAD1 has been identified and PC
synthase deficient mutant, cad!, exhibits increased sensitivity to Cadmium (Cd) [95]. A
decrease in glutathione was measured by Scheller et al. [96] in plants exposed to heavy
metals, demonstrating that glutathione is likely a substrate for PC synthesis.

As is known to rapidly induce biosynthesis of phytochelatins in Arabidopsis. Contrary
to HPLC-ICP-MS data suggesting that As was not complexed by PCs [97], Schmoger et
al. found strong evidence to suggest that As-PC complexes did exist, including increased
As sensitivity in cad! mutants [98]. Schmoger et al. found the same results as Maitani et
al. [97] when using the same weakly alkaline buffer solution, but found that in weakly acidic
solutions there was co-elution of As and PC in gel filtration experiments, demonstrating

that As-PC complexes existed but were unstable in alkali solutions.
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Scott et al. characterised GSH using 'H and '3C nuclear magnetic resonance (NMR).
This technique provided information on the structure of GSH and the interaction between
GSH and As. Their data showed “shifts in the carbon atom bonded to the sulthydryl group”,
indicating binding of S to As. They also observed that As(V) solutions were reduced before
complexation, in agreement with the observations made by Abedin et al. on rice straw [20].
This complexation of As in the roots may be the mechanism preventing root to shoot
translocation of As. This can be seen when As(V) reductase synthesis in Arabidopsis is
suppressed, resulting in an increase of the shoot to root ratio of As [99].

Sulphur (S) containing thiol compounds were experimentally confirmed by Dixit et
al. [100] to be an important part of the detoxification process in Oryza sativa. They
found that in high S conditions most As “was found to restricted [sic] in root and lesser
amount [sic] of As was translocated in to shoot” and that this may have been due to
compartmentalisation.

A transporter responsible for detoxifying and reducing the amount of As in the grain,
OsABCCl1, was identified by Song et al. [101]. ATP-binding cassette (ABC) transporters
are a family of transporters that use energy supplied by adenosine triphosphate (ATP) to
move solutes across a plasma membrane. The C-subfamily (ABCC) are typically involved in
ion transport and toxin secretion. Song et al. determined that OsABCCI1 sequestered As in
“the vacuoles of the phloem companion cells of diffuse vascular bundles directly connected

b

to the grain.”” And observed OsABCC1 expression was “consistently up-regulated by As
in roots as well as in other organs.” Their research observed OsABCC1 expression in the

“exodermis and phloem region of the roots, basal nodes, and leaf blades at the vegetative
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growth stage” and that knockout of OsABCC1 results in increased sensitivity to As and

increased grain As.

1.4 Arsenic uptake pathways

To summarise, inorganic As can exist as As(III) or As(V) depending on the composition
and redox potential of the growth medium. In rice As(III) competes with silicic acid for
uptake via aquaporin proteins. The location and genes of some of these transporters have
been described and mutation of these genes results in markedly decreased As(III) influx.
Lsil transports As(III) into the root cells, while Lsi2 mediates efflux of As(III) towards the
xylem, as shown in figure 1.6. Lsi3 is understood to be another Si eflux transporter and is

expressed in parenchyma of roots and diffuse vascular bundles (DVBs) [102].

.l 1
exodermis endodermis

Si(OH), Lsi1 Lsi2
As(OH),

Caspanian strips Casparian strips

Figure 1.6: The location of the Lsil and Lsi2 transporters in rice roots. Modified from Ma et
al. [73] by Zhao et al. [103]. Reprinted with permission John Wiley and Sons, Copyright 2009.

As(V) competes with Pi uptake via several OsPHT1 transporters. Addition of Si or
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Pi to growth medium at low concentrations can desorb As from sorption sites on the soil
and therefore increase bioavailability and uptake. Summaries on soil chemistry of As and
strategies to reduce As uptake in rice are provided by Kumarathilaka et al. [104, 105].
The formation of an iron plaque decreases the short term As(V) uptake, but increases
As(IIT) uptake. As(V) taken into the root is reduced to As(III) in the cells and effluxed by
Lsi2. Genes responsible for the production of As(V) reducing enzymes have been identified
in the rice genome [106]. A summary of some of the different pathways of As uptake into
the root and other chemical reactions taking place near the root are illustrated in figure 1.7.
Complexation of As by PCs is considered an important step in As detoxification, with
mutants lacking PC synthase are 10-20 times more sensitive to As [95]. It is speculated
that As is transported into vacuoles where it can be more easily stored, and that ABC
type transporters such as Heavy Metal Tolerance 1 (HMT1) can transport As-PC com-

plexes [107].

1.5 Review of techniques

This section examines some of the different techniques that have been previously employed

in this field and their strengths and weaknesses.

1.5.1 Electron microscopy

It is possible to examine biological samples using both transmission electron microscopy
(TEM) and scanning electron microscopy (SEM), provided a suitable sample preparation

method is used. A detailed resource on sample preparation techniques for TEM is given by
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Figure 1.7: Schematic of the rice root rhizosphere illustrating the possible transport mechanisms
believed to be available for As(IIT), As(V), Pi, and glycerol. The pink shapes represent soil parti-
cles. Green arrows represent sorption and desroption from the soil particles, grey arrows represent
equilibria between different species, and the red arrows represent transport into the root. Reprinted
from Trends in Plant Science, Vol 9, Andrew A Meharg, Arsenic in rice understanding a new
disaster for South-East Asia, Pages 415-417, Copyright 2004, with permission from Elsevier [84].

Glauert and Lewis [108]. The main difficulties arise from the non-conducting and radiation
sensitive nature of the samples, resulting in beam damage [109, 110]
Transmission electron microscopy

TEM is a popular technique in the field of materials science due to the extremely high lateral

resolutions possible. A beam of electrons is focussed onto the sample, passing through the
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sample and interacting with it before being focussed to form an image. This requires the
sample to be very thin (less than 100 nm thick) and combined with a highly focussed electron
beam this means significant energy can be imparted on a small volume of sample by the
electron beam during analysis. In the case of biological samples the damage thresholds and
thermal conductivities are lower than for metallic samples, consequently it is much easier
to damage the sample with the electron beam.

Despite these difficulties it is possible to obtain high resolution TEM images from bi-
ological samples provided suitable sample preparation and operating conditions. Contrast
is given by differences in electron density within the sample. Heavy metal compounds such
as osmium tetroxide can react with biological membranes, both fixing and staining them
by bonding to unsaturated carbon-carbon bonds and consequently increasing the electron

density in those areas [111].

Figure 1.8: TEM images of rice roots, red squares indicate areas used for higher magnification
TEM images (only one shown). Images reproduced from Moore et al. [112] Copyright 2011, Oxford
University Press.
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Biological TEM has been used previously in this specific area of interest by Moore et
al. [112] (fig. 1.8) in combination with secondary ion mass spectrometry (SIMS) in order
to image cell walls in rice roots that had been exposed to As. By imaging the same roots
using both techniques they demonstrated that TEM can be used to provide much higher
spatial resolution images of the roots than possible in SIMS alone. This can better resolve
cellular and subcellular structure in the same regions where changes in concentration were

observed by SIMS.

Scanning electron microscopy

Analysis using SEM is subject to slightly less constrictive specimen requirements than the
TEM. It is possible to analyse much larger samples. In an Environmental-SEM (E-SEM)
it is even possible to analyse non-conductive samples and samples with significant vapour
pressures at the surface; two properties often associated with biological samples. A recent
and in depth comparison of SEM and E-SEM is given by Kirk, Skepper and Donald [113].

SEMs are commonly fitted with additional detectors beside the secondary electron de-
tector, such as backscattered electron (BSE) and energy dispersive or wavelength dispersive
X-ray detectors (EDX and WDX! respectively). Contrast in backscattered electon signal is
given by changes in average atomic mass, similar to TEM images. Using a high resolution
SEM with a low current field emission gun (FEG) it is possible to obtain BSE images in
an SEM of similar quality to previously demonstrated TEM images [114]. This approach
has the practical advantages of simpler sample preparation and the possibility of analysing

the same sample in both the SEM and a secondary ion mass spectrometer.

I'WDX is sometimes also referred to as WDXRF or WDS
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EDX can map chemical composition based on characteristic X-rays, and analysis on bi-
ological samples has been carried out on an As hyperaccumulator Pteris vittata by Lombi et
al. [115]. The large mean free path of electrons in biological samples, along with difficulties
in detecting low atomic number elements, the high accelerating voltages required to detect
heavier elements and the resulting risk of beam damage during analyses make this tech-
nique largely unsuitable for high mass and spatial resolution element mapping. EDX also
does not have a high enough sensitivity to accurately detect elements present in very low

concentrations, typically the detection limit is approximately 0.5%.

1.5.2 ICP-MS for biological specimens

ICP-MS involves a chemical process, digesting the plant matter in a series of solutions
then injecting the liquid into a plasma through a nebuliser. Ions produced in the plasma
are passed into a mass spectrometer to measure their mass to charge ratio, allowing the
detection of elements in concentrations as low as one part per trillion [116] and masses as
small as a few femtograms [117]. It only provides an average ion count for the bulk volume
being analysed and does not produce spatially resolved information.

ICP-MS can be used in conjunction with high performance liquid chromatography
(HPLC), this combination of techniques allows different species of metal contaminants
to be separated for analysis. This is very important in plant and soil science as the spe-
ciation of an element effects its mobility and bioavailability [118]. The technique requires

a chemical extraction process followed by analysis of the solution, therefore the accuracy
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of this technique to determine the oxidation state of metals present in plants and soils is
considered to be low, due to both preferential extraction of different species [119] and the
instability of species in the extractant [120, 20]. Despite these inherent problems, the tech-
nique is considered to be a useful analytical tool. In order to overcome the shortcomings
and allow for comparable data collection from different research groups there was a drive
for standardisation [121]. This has led to the publishing of standard procedures for analysis
of speciation of different plant and soil contaminants [122], allowing the collected data to
be compared qualitatively across different research groups, facilitated by a large amount of
literature on the technique [123].

Specific regions of a bulk solid sample can be analysed by using laser ablation (LA)-ICP-
MS to remove matter from the surface of the sample before passing through the plasma. The
pulsed laser can liberate matter from the sample surface over an area of tens to hundreds of
microns [124, 125], thus allowing some primitive mapping of the sample and much simpler
sample preparation, eliminating concerns over incomplete extraction that have been used

as criticisms of the solution based techniques.

1.5.3 Atomic absorption spectroscopy

Atomic absorption spectroscopy is a simple and economical way of measuring trace metal
concentrations in biological samples down to the nanogram per litre level [126]. The process
requires the atomisation of the species of interest followed by optical radiation absorption
spectroscopy. Because the chemical process involved in atomising the sample is a bulk

chemical process it is not possible to gather spatially resolved information.
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Figure 1.9: Schematic showing the basic operation of an atomic absorption spectrometer with a
flame atomiser

A popular variation used in plant sciences is ‘hydride generation atomic absorption
spectroscopy’ (HGAAS) as it allows for the atomisation of heavy metals that can be found in
plants and increases the detection limits over other methods. The process involves digesting
the samples to produce a solution in a fashion similar to that required for ICP-MS. Through
chemical treatment the metalloids in solution form hydrides and are then reduced to their
elemental form before measurement. Although it is considered more difficult to conduct
speciation measurements in HGAAS compared to ICP-MS [127], a methodology for simple
speciation measurements of As in groundwater has been devised [128]. Maity et al. tested
a simple process using citric acid for selective hydride formation of As(III) against known
concentration synthetic mixtures of As(III) and As(V). They found their results to be in
good agreement with the true concentrations of the synthetic mixtures but did not evaluate

the effectiveness of this technique for reference solutions or against other techniques.
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1.5.4 X-ray based techniques

The increasing availability of synchrotron X-ray beamlines due to the construction of new
facilities (more than ten worldwide in the last decade) and advances in X-ray optics and
techniques has led to a growing interest in the use of synchrotron radiation (SR) as a tool
in plant and soil sciences. X-ray based techniques are an area of great interest, with con-
tinuing advances in both detector technology and data analysis increasing the speed and
accuracy of sample analysis [129]. The high brightness, semicoherence and polarisation of
synchrotron radiation in conjunction with modern X-ray optics can generate an X-ray beam
with both small lateral and energy resolutions. Devices capable of focusing X-rays below
30 nm probe size have been measured with hard X-rays [130, 131]. The greatest advantage
of SR is that the versatility of the powerful X-ray beam allows for a large variety of differ-
ent experimental techniques, each able to probe matter more efficiently than comparable
laboratory hardware, and often many of these different techniques can be employed on the

same beamline simultaneously.

Sample preparation

A very practical advantage of SR analysis is that there are very few restrictions on the phys-
ical form of the sample. Samples can be large and because there is no need for a vacuum,
can be hydrated and studied in air or liquids, allowing very simple sample preparations
and even in vivo studies. The ability to study hydrated samples leads to the possibility of
conducting in situ studies [132, 133, 129] which greatly simplifies the sample preparation

process and allows for easier interpretation and greater flexibility in experimental condi-
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tions including the possibility to conduct dynamic experiments. This has already been

demonstrated in the study of trace metal distributions in hydrated roots of cowpea [134].

X-ray analysis for biological specimens

Some advantages of SR in the study of biological specimens are evident in a study carried
out by Betz et al. [135], where millimetre sized specimens of “negligible absorption” were
the focus of investigation. The paper includes a brief and informative introduction to SR,
and compares X-ray computed microtomography (SR-p-CT) with conventional techniques.
The nature of the radiation produced in a synchrotron meets the requirements for phase
contrast tomography, which, because of the low X-ray absorption of biological specimens,
they deemed more appropriate than absorption tomography where the signal to noise ratio
would be low. Using this technique they were able to produce 3D reconstructions of the
sample with sub-micrometer resolution, avoiding the time consuming alternative of micro-
toming thin sections followed by individually imaging each section. Contrast is possible
even where the X-ray signals from different elements are very similar [136].

However Lombi et al. stated that “although very powerful in terms of resolution and
sensitivity, the synchrotron techniques based on hard X-rays cannot be used to map the
distribution of lighter elements such as Si, S and P which may influence the distribution

and speciation of As and micronutrients.” [119]
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Computed tomography

While SR-p-CT is a useful technique for imaging 3D structures [133], the X-ray doses
required to produce high resolution 3D maps are known to damage biological samples.
Chemical information can be collected by varying the energy of the X-rays striking the
sample and measuring the relative absorption in a process known as X-ray absorption
spectroscopy (XAS). Alternatively secondary X-rays can be measured when the sample is
bombarded by higher energy X-rays, a process that has demonstrated successfully the ability
to map metalloid distributions in 3D and in virtual cross sections [132]. Improvements in
XAS are ongoing; some advancements in the theory, interpretation of the spectra and energy

resolution can be found in a detailed paper by Wende [137].

Other synchrotron techniques

Synchrotron X-ray fluorescence (S-XRF) can generate element maps through thick sections
of sample, requiring only some basic sample preparation. The more advanced technique of
micro X-ray absorption near edge structure (p-XANES) uses an X-ray beam less than 1 pm
in diameter to generate spectra that can be used to deduce the in situ oxidation state of
the element of interest [138]. Both of these techniques are valuable assets in the present

study as they can provide element maps over relatively large areas.

1.5.5 Secondary ion mass spectrometry

SIMS is a mass spectrometry technique that analyses the secondary ions produced when a

finely focussed beam of primary ions hits a sample surface. The primary ion beam is capable
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of exciting secondary ions from very small areas of known position within a sample. This
spatial information allows regions of the sample to be rastered to build up maps with high
spatial resolution showing relative intensities of specific ions. When combined with a high
mass resolution mass spectrometer and sensitive detectors this can also allow ppm or ppb
detection of certain ions. Typical primary ions are generated from gallium (Ga), bismuth
(Bi), caesium (Cs) or oxygen (O). The downside of this technique is the requirement for
very stringent sample preparation. The CAMECA NanoSIMS 50 instrument was chosen
for this study because it has sufficiently high secondary ion transmission and detection to
generate elemental maps even for the trace elements present in the samples to be analysed,
and has high enough spatial resolution to map the location of these elements at a cellular

or subcellular level, as previously demonstrated by Moore et al. [112].

1.6 NanoSIMS

The basic operating principle of the CAMECA NanoSIMS involves rastering the sample
surface with a 16keV Cs™ primary ion beam. The beam can be focused down to a probe
size less than one micron in size and with a current in the nano-amp range. Secondary
ions produced in the resulting ion-matter interaction are then passed through a doubly
focussing electro-magnetic sector mass spectrometer allowing mass detection with very
high sensitivity and high mass resolution. A discussion of the use of SIMS with other
complementary techniques in the analysis of trace metal detection in plants is given by
Moore et al. [139]. A more detailed review of techniques used for studying metals and

metalloids in biological specimens is given by Lombi et al. [140]. I have chosen NanoSIMS to
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be the main instrument with which to conduct this research, therefore this section contains a

more detailed introduction to the technique and the complex sample preparations required.

Discovery of secondary ion formation

SIMS has its roots in the 1930s where experiments carried out by Arnot et al. [141] and
Sloane et al. [142] to study ionisation of mercury proved that it was possible to generate
secondary ions from primary ion impact, and that they could be mass filtered in a mag-
netic sector analyser. By varying the magnetic field or accelerating voltage applied to the
secondary ions they were able to generate mass spectra for these secondary ions. In these
early experiments a few things became immediately clear:

1) Both research groups observed peaks in the spectra for light ions “in spite of precautions
taken” [142].

2) Variations in the vacuum pressure or gas environment resulted in significant changes in
secondary ion yield.

3) The secondary ions left the surface with a range of excess energies, resulting in poor
mass resolution when passed through the magnetic sector.

These observations highlighted key practical difficulties with SIMS based techniques.
The first observation revealed that gas atoms, molecules and light organics rapidly adsorb
onto the surface of any sample and will correspond to the first elements sputtered from
the surface when bombardment starts. The second observation involves a complex process
that is related to how ion matter interactions vary with changes in surface chemistry; a

combination of factors known as “matrix effects.” The third observation simply highlights
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Figure 1.10: Blown pyrex tube used for generating negative ions, reproduced from Sloane et al.
A, anode; F, filament; G, gauze; S, slit; T, magnetic deflection chamber; C, detecting cylinder. [142]

the requirement for well designed ion optics. In the case of the NanoSIMS high transmission
is achieved by using the same lenses for focussing the primary and secondary ions, and high

mass resolution by using a double-focussing mass spectrometer.

Ton matter interactions

After these observations made in the late 1930s a lot of interest was devoted to understand-
ing the ion matter interactions taking place at the sample surface.

Tons impacting on the surface are known to interact with the target in a “diffusion-
collision process” [143] because the velocities of the atoms are low enough that only elastic
collisions need to be considered [144] and therefore neutron cooling theory can be ap-
plied [145]. A good justification on the application of this theory to the phenomenon of ion

sputtering is given by Keywell et al. [146].
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Davies et al. devised a series of experiments designed to measure the implantation
depth profile of Cs™ ions accelerated at an aluminium (Al) target [147]. They implanted
radiocaesium (137Cs) into Al foils, then measured radioactivity. By anodizing then dissolv-
ing the oxide coating of the Al foil they were able to accurately remove very uniform thin
layers from the foil. Repeating the radioactivity measurement after each successive layer
was removed allowed them to calculate the relative amount of '37Cs in each layer. The
results were double checked by comparing the radioactivity remaining in the foil to the
activity of the anodizing solution. They showed good agreement and generated accurate

implanted ion vs depth graphs for different conditions, data shown in figure 1.11.
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Figure 1.11: “Depth of penetration of 50keV **"Cs~ ions in aluminium.” Image and data from
Davies et al. [147]

The asymmetry of the ion implant depth and the exponential decrease of the Cs into the
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sample beyond the modal value was demonstrated by this data. Davies et al. also did a two
stage bombardment with 37Cs followed by '33Cs, and found no decrease in radioactivity
after second bombardment. This suggests that the current density was too low to cause
significant sputtering of the surface atoms, therefore the data gives an accurate glimpse of
the the ion distribution after initial bombardment.

Almen and Bruce also used radioactive isotopes in order to determine the types of inter-
actions taking place under ion bombardment. Writing a detailed paper on the topic [148],
they found that by accelerating radioactive noble gases at targets at much higher doses
than Davies et al. the radioactivity of the target would increase up to some saturation
value. Using microbalance and a Faraday cage they confirmed that an equilibrium was
reached during the sputtering process where the rate of implantation of the radioactive
ions was equal to the rate of sputtering of radioactive ions that had been embedded in the
target. This equilibrium is known as ‘steady state’ and was shown to depend on the angle
of incidence, accelerating voltage and current density of the primary ion beam; as well as
target material, temperature, composition, crystal structure and crystal orientation.

Implantation concentrations high enough to reach steady state are used in ‘dynamic
SIMS’ instruments and is a feature of the CAMECA NanoSIMS 50. These instruments
measure ions from regions already affected by previous ion implantation. It is possible to
use implantation concentrations so low that no primary ion interaction volume overlaps
with another and steady state is never reached, this is known as ‘static SIMS. Typical
interaction volumes in SIMS instruments are on the order of several nm in diameter [149]

and in biological samples the static limit is around 1 x 102 primary ions cm 2.
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These ion matter interactions are therefore to be considered a combination or compe-
tition between implantation and sputtering. The last few observations listed above are the
result of variations in sputtering rates caused by the local chemistry and local physical
properties of the atoms being bombarded. Almen and Bruce noted that even targets of

similar atomic mass yielded quite different results, a problem known as ‘matrix effects’

Matrix effects

The difference between the ion yield of an element when sputtered from different target
materials can be very large. This is attributed to physical and chemical interactions between
the element and its surrounding environment; a phenomenon more generally dubbed ‘the
matrix effect’

Arnot et al. noticed that allowing oxygen into the apparatus between experiments
completely changes the spectrum obtained [150]. They developed a series of experiments
that involved bombarding a tungsten filament to produce negative secondary ions after
different oxygen exposures. Repeating the experiments several times, and with different
primary ions always yielded the same result; they noticed that when the filament was clean
there was a peak in the mass spectrum corresponding to Os~ ions that was not present
when the filament was oxidised. Although counter-intuitive that a filament with higher
surface oxygen yielded no Os~ ions, they explained the absence of the ions by considering
the higher work function of the oxidised surface relative to a clean tungsten surface. The
higher work function of the oxidised tungsten reduced the probability of electrons tunnelling

from the surface onto a sputtered Os.
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This alteration of the work function at the surface is an important consideration for
analysis in SIMS. Andersen [151] recognised that it was compounds on the surface of Al
targets that were responsible for the AlT yield, and that once these compounds were re-
moved the ion yield rapidly decreased. By choosing reactive gases as the primary ions
he was able to maintain an advantageous surface chemistry for the production of the Al
secondary ions during sputtering. The research continued to explore the surface changes
during sputtering, achieving parts per billion detection and concluding that “the survival
rate of the generated ions is a function of the electronic properties of the surface.” Further
research by Andersen covered many of the important fundamental principles involved in
the effect of surface chemistry on SIMS analysis [152].

Cs implantation is found to depress the work function at the surface, promoting the
formation of negative ions during sputtering [153]. This is advantageous when Cs* primary
ions are used in the NanoSIMS for analysis of negative secondary ions. It is also possible
to make Cs ion sources with small spot sizes (10 pm to 50 um) and low energy dispersion
(0.2eV to 0.5eV) [154, 155], making it an ideal primary ion for the detection of negative
ions.

Positive second ion formation can be encouraged using more electronegative primary
ions. Commonly O2 " ions are used and are produced in a duoplasmatron, but this method
suffers from higher energy dispersion (5eV to 20eV) and virtual source size (200 pm) com-
pared to the surface ionisation techniques used for Cs* sources.

The sputtering of ions also depends on the binding affinity, relative ionisation potential,

and local chemical environment of the elements of interest [156], which makes quantification
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quite challenging. In order to help develop semi-quantifiable methods some researchers have
produced relative sensitivity factor (RSF) values for certain elements in specific matrices,

including biological matrices [157].

Ion optics

In order to achieve point analysis on a micron scale, Liebl [158] built an ion microprobe
mass analyser. His research recognised that sputtering is a destructive process, therefore
high sensitivity requires high transmission otherwise the sample volume will be destroyed
before any trace ions arrive at the detector. Instead of separate optics for primary ion beam
formation and secondary ion collection, it is possible to build co-axial optics (fig 1.12, red
box) where primary ions pass through the same lenses used for extraction of the secondary
ions. This allows much more favourable geometry for collection of secondary ions from a
larger solid angle, improving transmission, while also providing a shorter working distance,
leading to a smaller probe size.

Liebl’s research also recognised that the large variations in the excess energy of sput-
tered secondary ions are detrimental to the spatial resolution of the instrument. Therefore
in order to obtain high resolution the secondary ions need to be energy filtered — cutting
all but a small fraction of the secondary ions. These issues are overcome in modern in-
struments such as the NanoSIMS by using a double focussing system [159]. Focusing in
one direction with an electrostatic sector (fig 1.12, blue box), then the opposite with a
magnetic sector (fig 1.12, green box) maintains equal dispersion factors [160], the system

is energy compensated without the need for apertures, allowing the system to maintain a

46



1.6. NANOSIMS CHAPTER 1. LITERATURE REVIEW

high transmission.
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Figure 1.12: Schematics of NanoSIMS Ion Optics. Reprinted from Soil Biology and Biochemistry,
39, Anke M. Herrmann et al., Nano-scale secondary ion mass spectrometry A new analytical tool
in biogeochemistry and soil ecology: A review article, Page 1838, Copyright 2007, with permission
from Elsevier. [161]

Biological SIMS

The use of dynamic SIMS in the field of biology is a well established science [162, 163], the
main consideration is the important aspect of sample preparation. Before analysis samples
must be dehydrated and sectioned ready for an ultra high vacuum (UHV) system. Different
procedures on how this can be achieved and the pros and cons of techniques relevant to
this project are given by Smart et al. [164].

The problem of high As concentrations in rice has been studied by many different
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research groups, using a variety of techniques. In order to determine effective strategies
for minimising the health impacts of As exposure from rice we must first have a good
understanding of the biological processes involved in transporting As into the grain. The
most important information to do this is the location and concentration of As within the
plant. The two main methods typically used are mass spectrometry and X-ray based
techniques. Most of the published work employing mass spectrometry has employed ICP-
MS and variations thereof. More recently secondary ion mass spectrometry (SIMS) has
been employed in the study of biological specimens; Grovenor et al. [164] have carried out
work to assess its suitability and devise methods for sample preparation and data analysis.
X-ray based techniques have been around for longer, and modern advances in X-ray based
techniques are allowing increasingly complex and precise analyses, making it a popular
choice for plant scientists [165, 166]. NanoSIMS as a tool for trace element analysis for
biological samples has already been demonstrated [167, 112] and compares favourably to
the much more costly and complex synchrotron based techniques [139].

This project aims to study the roles of OsLSi3, OsPTS8, AtABCC1,2 and CAD1 genes in
the uptake and detoxification of As. While these genes have previously been identified and
studied, the methods employed were bulk methods familiar to biologists that are unable
to provide detailed information on the changes on As distribution in response to mutation.
NanoSIMS is a materials science method that presents an excellent opportunity to engage
in a cross-disciplinary study of ppm and ppb As concentrations in biological samples at a
micron scale, with the objective of measuring changes in concentration and distribution of

As and other key elements in response to mutation on these genes.
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Chapter 2

Experimental Methods

In this chapter I will outline the process by which samples were selected, produced and
prepared for analysis. I will also give an outline of the general operating principles of the
NanoSIMS and more specifically the operating conditions necessary to obtain consistent

results in the experiments described.

2.1 Sample selection

The competitive uptake of Si and As(III) in Oryza sativa suggests that silicate transporters
play an important role in the uptake of As. The functions of the previously identified
Si transporters, Lsil and Lsi2 have already been studied by Moore et al., following this
research we have chosen to study the less understood Lsi3 transporter. My collaborators at
Rothamsted Research were able to provide an Lsi3 transporter defective mutant of Oryza
Sativa, lsi3, grown in a nutrient solution amended with Si and As(III).

OsPHT1;8 (OsPT8) is a Pi transporter in rice plants thought to be responsible for
As(V) uptake. In order to investigate the function of OsPT8 we grew wild type (WT)
0. sativa alongside a PT8 overexpressing line PT8-Ov. Both strains were exposed to the
same growth medium and growing conditions. As(V) was added to the nutrient solution
towards the end of the growth period. The plants were removed from the solution for
analysis as the panicles were forming.

In order to better understand the role of phytochelatins (PCs) in the detoxification

49



2.2. PLANT MATERIALS CHAPTER 2. EXPERIMENTAL METHODS

pathways we looked at the recently identified PC synthesis and transporter genes in Ara-
bidopsis. This offered an exciting opportunity to study the detoxification and storage of As
as complexes. Mutants defective in these genes were grown in a nutrient solution amended
with As(V) alongside WT. All of these plants were grown alongside WT for comparison,

and are presented in Table 2.1.

Table 2.1: Biological samples used for analysis and associated additions to nutrient solu-

tion
Species Plant line Additions to nutrient solution
0. sativa Gl (WT) Si(OH)4, As(III)
G1 (Isi3) Si(OH)4, As(III)
G2 (WT) As(V)

G2 (PT8-Ov) As(V)
A. thaliana  G3 (Col-0) As(V)
(V)
(V)

G3 abccl-2 As
G3 cadl-3 As

2.2 Plant materials

Three rice (O. sativa) lines were used in this study; Nipponbare cultivar wild type, mu-
tant defective in Lsi3 transporter gene OsLsi3 (lsi3), and PT8 transporter gene OsPT8
overexpression line (PT8-0v). lsi8 and PT8-Ov have been described previously [102, 80].

Three Arabidopsis lines were also used; wild type Columbia-0 (Col-0), atabccl atabec2
double knockout mutant (abcc1-2), and a loss-of-function mutation in the Arabidopsis
AtPCS1 gene (cad1-3). The abcel-2 mutant is a double knockout of two ABCC-type
transporters that are believed to be “essential PC-metal(loid) transporters that sequester

toxic metal(loid)s in plant vacuoles” and is very sensitive to As [168]. Lastly cad1-3 is PC-
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synthase deficient mutant [95, 169] that showed no detectable PCs under Cd(II) stress [170].

2.3 Hydroponic culture

O. sativa lines were prepared by surface sterilising seedlings in 0.5% NaOCI for 15 min
and rinsing three times with deionised water. Seeds were arranged on a nylon net floating
on a solution of 0.5 mmol L~! CaCly. Once germinated the seedlings were transferred into
0.351 pots (four seedlings per pot) in a % strength Kimura solution, pH adjusted to 5.5
with NaOH. The composition of the nutrient solution is listed in table 2.2 and the solution
was renewed every 3d. The plants were grown with a 16h photoperiod, light intensity
500 pmol m~2 s~ !, day/night temperatures of 30 °C/25°C and a 70% relative humidity.

20d after germination Growth line 1 (G1) were transferred to a fresh nutrient so-
lution containing % Kimura nutrient solution amended with 1 mmol L™! silicic acid and
10 pmol L=t As(ITI) for 3d before harvesting. 20d after germination Growth line 2 (G2)
were transferred to a nutrient solution amended with 5 mol L= As(V), in the form NagHAsOy,
for 3d.

Arabidopsis lines were prepared by germinating seeds in vials with open bottoms con-
taining 0.5% agar. A one-tenth-strength Hoagland nutrient solution was added to the agar
medium and an additional 600 ml to an open container beneath the vials. The composition
of the nutrient solution is listed in table 2.2 and the solution was renewed every 3d. The
nutrient solution was pH buffered with 2mmol L~! MES adjusted to 5.5 with KOH. The
plants were grown with a 16 h photoperiod, light intensity 120 pmolm~2s~!, day/night tem-

peratures of 20°C/20°C and a 70% relative humidity. After 21 d seedlings were transferred
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to nutrient solution containing 10 pmol L1 As(V) in the form NagHAsOy.

Table 2.2: Composition of nutrient solutions

one-half-strength Kimura  one-tenth-strength Hoagland

Composition Concentration (mmoll~1) Concentration (mmoll~1)
KNO; 0.091 0.6

MgSO4 . 7H20 0.274 0.1

KH,PO, 0.1 -
(NH4)oHPO, - 0.4
(NH4)2S04 0.183 -
CuSOy4 - 0.06 x 1073
MnCl, - 4H,0 05 x1073 0.36 x 1073
H3BO; 3 x 1073 2 x 1073
(NH4)6M07024 -4H50 0.1 x 1073 -
NaMoO, - 0.04 x1073
ZnSOy - 7TH,0 04 x1073 01 x1073
CuSOy - 5H,0 02 x1073 0.06 x 1073
Fe-EDTA 40 x 1073 20 x 1073

2.4 High pressure freezing

The plant roots were rinsed with distilled water and wrapped in damp cloth once they
were removed from the growth chambers and nutrient solution. They were transported in
this condition to Oxford Brookes University in order to undergo the high pressure freezing
(HPF) process.

Sections of root up to 2mm long were cut from the plant at predetermined distances
from the root tip. As a precaution to maintain the ion distributions as close as possible to
the in vivo state these sections were cut under MES buffer solution. The sections were then
carefully placed into planchettes (maximum diameter 2 mm, maximum thickness 0.6 mm)

and surrounded by hexadecene. The planchettes were inserted into the high pressure freezer
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then immediately removed and stored under liquid nitrogen.

HPF was carried out in a BAL-TEC HPM 010 machine, it exposes the planchettes
to jets of liquid nitrogen under pressures of up to 210 MPa, suppressing the formation of
damaging ice crystals and allowing relatively thick biological material to be cryogenically

preserved with nearly complete vitrification [171].

2.5 Freeze substitution

Specimens were stored in liquid nitrogen after HPF then transferred to microporous pots
(agar G3767) under liquid nitrogen and covered with frozen acetone slush and capped. A
Leica AF'S freeze substitution unit (FSU) was cooled to —160 °C. The pots were transferred
to the FSU along with an equal number of aluminium carrier pots containing frozen 2%
osmium tetroxide in acetone (HPLC Grade).

The freeze substitution protocols are outlined in table 2.3. The AFS programme was
started at Protocol 1, when the acetone melted (around —85°C) the specimen containing
microporous pots were transferred into the thawed Osmium solution. The programme of
the AFS was then changed to Protocol 2 and subsequently to 3. Finally the pots were
transferred to a fridge as set out below.

After 24h in a fridge at 4 °C the specimens were transferred to a fume hood for 4h at
room temperature. They were washed in 100% acetone (HPLC grade) three times, each
wash lasting 20 min before being removed from the planchettes. They were then exposed to

increasing concentrations of TAAB low viscosity resin (medium)! in acetone as detailed in

'ERL 4206 (7-Oxabicyclo(4.1.0)heptane, 2-(epoxyethyl)-, homopolymer)
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Table 2.3: Freeze substitution protocols

FREEZE SUBSTITUTION PROTOCOL 1

Tinit  Tfinal Rate Duration

(°C)  (°C) (Khh) (h)
T1 —-160 —-160 0.5
S1  —160 -85 15 5.0
T2 -85 -85 24.0

FREEZE SUBSTITUTION PROTOCOL 2

Tinit  Trinal Rate Duration

(°C)  (°C) (Kb (h)
T1 -85 -85 26.0
S1 -85 —60 2 12.5
T2  —60 —60 8.0
52  —60 -30 2 15.0
T3 —30 —30 24.0

FREEZE SUBSTITUTION PROTOCOL 3

Tinit  Tfinal Rate Duration

(°C)  (°C) (Kh) (h)
T1 =30 —-30 0.5
S1 —-30 —20 1 10.0
T2 =20 —20 24.0

table 2.4. They remained in 100% TAAB low viscosity resin for a further 4 days, changing

to fresh resin every morning and evening before being polymerised at 70 °C for 24 h.

2.6 Microtomy

Once the preserved roots were removed from the resin moulds they were carefully prepared

for microtomy by shaping the resin blocks as to expose a cross section of the root towards
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Table 2.4: Concentrations of TAAB low viscosity resin in acetone used for sample preser-
vation.

TAAB conc. (%) Duration (h)

10 2
25 2
50 2
75 2
100 16
100 8

the cutting surface. Most of the microtomy was conducted on an RMC products PT-PC
PowerTome Ultramicrotome, with a regularly replaced glass knife as the cutting surface.
Some of the later sections were prepared using a Leica Reichert Jung UltraCut E microtome
with a 4mm dEYEmond diamond knife.

The microtomes were operated at a cutting speed of approximately 1.3 mms™! at a sec-
tion thickness of 1 pm. Sections were either dried onto aluminium stubs or onto thermanox
coverslips cut to 10 mm diameter discs that had been coated with 5nm of platinum (Pt).
Dried samples were then coated with a further 5nm of Pt and optically mapped with a

light microscope before being loaded into the NanoSIMS.

2.7 SIMS

SIMS analysis was conducted with a CAMECA NanoSIMS 50. This section will describe the
practical operation of the NanoSIMS used to collect data for this project. For a description

of the principles of SIMS techniques refer to Section 1.6 on page 39.
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Figure 2.1: NanoSIMS schematic

2.7.1 Primary ions

The CAMECA NanoSIMS 50 was operated using the CAMECA Microbeam Caesium

Source to produce a beam of Cs™. The source heats a pellet of caesium chromate or cae-

sium carbonate to 400 °C to produce a Cs vapour. The vapour diffuses through a reservoir

towards a tungsten plate heated to 1100 °C, contact with this plate ionises to the vapour

to form Cs™ ions. The ioniser and reservoir are charged to high voltages of 6kV to 10kV

and the Cs™ ions are accelerated by an extraction plate at 0'V.
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Source temperature is maintained by electron bombardment from annular rings. Dur-
ing the lifetime of the source a decrease in current density is typical [172] and can be
compensated for by an increase in reservoir current. Ageing is not always uniform and may
necessitate a later decrease in reservoir current.

The primary ion beam is directed down a vertical column, figure 2.1, that contains a
series of lenses and apertures. This section can used to vary the demagnification of the
source image, adjust primary source current and centre the beam. The beam is rotated
78° by an electrostatic sector (SS30) into the central column. The central column aligns
the beam for the coaxial section, and contains deflector plates for rastering the beam on
the sample surface and an octopole for correcting astigmatism. The maximum practical
raster size is 200 pm? x 200 pm?, but rasters over 50 pm suffer from defocussing effects of
the primary beam.

Deviating plates (P4 and P1) are used to rotate the beam a further 6° each to align
with the coaxial column. The coaxial column is a feature of the CAMECA NanoSIMS
that allows primary ions to be focussed and secondary ions to be collected by the same set
of lenses. This has advantages of smaller probe size, and higher yield and lower angular
distribution of secondary ions compared to other SIMS instruments where the primary ion
beam is focussed at an oblique angle to the sample surface. It consists of an immersion lens
consisting of several electrodes (EOW, EOP, EOS and L4) and an aperture (D1). EOP
is mainly used for focussing the primary ion beam, which should be defocussed to match
the beam size to the pixel size in order to avoid drilling small holes in the sample, such

as those imaged in figure 2.6. D1 limits the angular aperture of the primary ion beam,
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a smaller aperture allows a more focussed primary beam at the expense of beam current.
This can be seen in figure 2.2, where 2C*N~data for the same region was recorded four
times under identical conditions except with D1 set to different sizes of aperture; the mean
12C1N "~ counts decrease from 862 to 15 as the aperture is reduced from 750 pm to 150 pm.
The focus is improved but for my experiments a higher secondary ion signal is typically
more important than sub micron resolution as the experiments involve the detection of
very low concentrations of As”~. DI is near an image conjugate plane of the secondary
ion beam and acts as a field diaphragm, this can be seen in figure 2.2 (A) where a slight

misalignment caused D1 to limit the field of view in the bottom corners.

D1 =1 (750 pm) D1 = 2 (300 pm) D1 = 3 (250 pm) D1 =5 (150 pm)

i

mean = 862 mean = 359 mean = 131 mean = 15

median = 775 median = 313 median = 118 median = 13

Figure 2.2: The effect of different sized D1 apertures on ?C*N counts recorded from a wheat

cell. Scale bar 24 pm.

2.7.2 Jon matter interactions

The secondary ion yield depends on the chemistry near the sample surface. Since this
chemistry is altered by the implantation of primary ions, the most consistent results are

obtained after reaching steady state. Steady state was derived experimentally for these
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samples at the start of each week of analysis by depth profiling over a small area. An ex-
ample depth profile, figure 2.3, shows how some of the ion counts change quite dramatically
at low implantation doses, before becoming more stable. This stable region is marked by a
vertical line in figure 2.3, it can be considered to be the steady state region where the Cs™ is
removed by sputtering at the same rate that it is implanted, and the surface chemistry and
matrix effects are relatively constant. The "?As™ signal is a real signal even though it looks
like noise, it has very few counts because the concentration is very low, but NanoSIMS has

enough sensitivity to accurately measure extremely low concentrations of some elements.
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Figure 2.3: Depth profile of an arabidopsis section showing the transition from transient to steady
state after approximately 600s.

Results from a depth profile can be used to estimate the amount of ion implantation
required to reach steady state under different conditions, such as when implanting a larger
area or using a higher incident beam current. The ion dose is defined as the number of

ions implanted per square centimetre of sample surface, equation 2.1, and can be calculated
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from experimental results using equation 2.3. Beam current is determined by measuring
with Fc0 (fig. 2.1), the size of the depth profile is user defined, and the time in seconds to

reach steady state can be determined from the depth profile graph.

Dose = ions-cm ™ > (2.1)
= I-q-t-area (2.2)
= pA-s-pum?-6.24 x 10% (2.3)

An area to be used for analysis was then chosen, and implanted with enough primary
ions to reach the calculated steady state dose. To speed up the process D1 was set to 0
to allow maximum primary ion current to reach the sample, and a 64 x 64 pixel region
was rastered several times until required dose was achieved. The implantation also re-
moves material from the sample surface, to avoid drilling holes in the sample the beam was
defocussed by changing EOP, and to avoid damaging the detectors with high secondary
ion and secondary electron currents ES was closed and the SE detector voltage was de-
creased. A crater is formed during implantation, Jones et al. implanted approximately
2.6 x 10" primary ions cm ™2 40keV '2Cg™ into rat brain, creating a crater that was mea-
sured by atomic force microscopy at a depth of approximately 4 pm [173]. Therefore the
area for analysis smaller than the size of the crater was chosen from within the crater.
This is to avoid ‘crater edge effects’ that result from imaging the crater walls as they have

different geometry and chemistry to the bottom of the crater, and can adversely affect mass
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resolution [174].

An example of ion implantation without defocussing EOP or adjusting the the raster
size to avoid crater edges is shown in figure 2.4. A crater edge at the extreme left edge
of the image caused a much higher than expected 3°Cl™ signal as shown in the line profile
(B). Holes drilled into the sample surface by the primary ion beam created a grid of high
and low signal visible in both the false colour image (A) and the line profile.

A B
800 |- | 1

200 N

0 ) 10 15 20
Distance (pm)

Figure 2.4: Crater in a section of arabidopsis root created by a 64 x 64 pixel raster over a 50 pm
area using a too tightly focussed primary ion beam. (A) part of a false colour image of 35C1" counts
recorded over the same 50 pm area but using a 256 x 256 pixel raster. Grid pattern created by
implantation clearly visible. Red line denotes location of 20 pm line profile. (B) line profile of e
counts showing grid pattern created by 64x64 pixel raster

2.7.3 Secondary ions

Secondary ions produced in the NanoSIMS are collected by EOW (fig. 2.1) and pass back
through the coaxial lens system. They are deviated towards the mass spectrometer section
by a series of parallel plates (P1, P2, P3) and aligned by a deflector plate (Cy) and slit

lenses (LF2, LF3).
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At the entrance to the mass spectrometer is a rectangular slit assembly (ES) that limits
the width and lateral energy of the secondary ion beam, followed by a second slit assembly
(AS) that the limits angular extension of the beam. The effects of ES on the mass resolution

and transmission of secondary ions is demonstrated in figure 2.5.
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Figure 2.5: HMR scans with different entrance slit (ES) sizes. Detector tuned to 26.009 amu
with the primary ion beam focussed on a wheat cell. Left peak 2CMN~ (26.003074 amu), right
peak 12Co H,y ™ (26.015650 amu), dashed lines approximate shape of peaks, vertical line best tuning
position to avoid mass interference. Mass difference between peaks 0.012576 amu.

The mass spectrometer is a double focussing system with a spherical electrostatic sector
(SS100) and a magnetic sector separated by a series of lenses, deflectors and a quadrupole
that maintain focus and alignment of the beam. The effects of changing deflector voltages
in the horizontal plane can be seen in figure 2.6, under ideal conditions the peak count rates
from each detector will all be aligned. This secondary ion beam alignment was repeated

frequently in both vertical and horizontal planes to ensure good transmission.
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Figure 2.6: Data collected from an SIB scan in the horizontal plane on a section of Arabidopsis
root. Note the asymmetry of the ‘Mass = 31.968’ series (turquoise line), this is caused by the **S~
and %0, mass interference. Optimal tuning shown by vertical line.

The CAMECA NanoSIMS uses electron multipliers (EMs) to detect the secondary ions,
they have a gain of around 1 x 10% and are capable of detecting single ions. The instrument
has five detectors, one fixed and four on mobile trolleys. The B field of the magnetic sector
is first tuned to focus the heaviest ion of interest into the fixed detector (detector five), then
the four other detectors are moved along rails using stepper motors to the correct radius
to collect other ions of interest.

The ion detectors are fitted with deflector plates, across which the voltage can be
scanned. This changes the effective radius of the detector without physically moving it
allowing high mass resolution (HMR) scans to be produced that can be used for fine tuning
of the detector. An example of an HMR scan is shown in figure 2.5 and contains a mass

interference between '2C'N~ and '2Cy'H, . The approximate shapes of the peaks are
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drawn in dashed lines, in order to record only 2CN~ ions a deflector voltage of 28V
was selected. Note also that with the entrance slit adjusted so ES=0 it is not possible to
resolve this mass interference, at ES=1 the peaks are easily resolved but the ion count rate
is decreased by a factor of 15. Drift in the B field and thermal fluctuations can affect this
fine tuning of the detectors, therefore it was repeated frequently to ensure optimum tuning.

Each sample holder is able to hold eight 8 mm diameter samples. One of these positions
was always taken by a collection of standards that were mounted in resin, polished and
loaded onto the holder. These standards included electronic grade Si, electronic grade
gallium arsenide, stainless steel and gallium phosphide. Since As was the heaviest element

of interest the magnet was adjusted such that detector 5 was tuned to detect ">As~ ions.

2.7.4 Analytical parameters

Typical data acquisition therefore involved pre-implanting an area until it reached steady
state, then analysing an area slightly smaller than the implanted region in order to avoid
crater edge effects.

The five detectors of the mass spectrometer were fine tuned using standards by adjusting
deflector positions and voltages. Tuning was repeated on the sample to ensure optimum
transmission of the secondary ions. Some of the secondary ions that were tuned for are as

follows:

12C14N~ found in amino acids and proteins, these compounds are well preserved by cry-
ofixation and cryosubstitution. Detection of these ions can be used to provide histo-

logical [175] and morphological information of biological materials [176].
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288i~ believed to share a transport pathway with As(III), added to nutrient solution in O.
Sativa G1. This pathway was previously studied by Moore et al. [112] and that work

is continued here with the study of lsi3 mutants in chapter 4.

31P~ believed to share a transport pathway with As(V) [53] that includes the PT8 trans-

porters studied in chapter 6.

328~ present in PCs that are understood to be an important part of the detoxification

pathway of heavy metals in plants [95].

35C1™ present in the resin, detecting this element is useful for determining the condition of
the section and quality of preservation as well as providing useful data for histological

examination.

31p12C~ mostly analogous to 3'P~ but also has a mass interference with 27A1'0. On
sections that were mounted on Al stubs the mass interference allows the detection of

holes or tears in the section.

"SAs” the main element of interest in this thesis on account of its toxicity, and the heaviest

element of interest. Detector 5 was tuned to °As~ for all samples.

Through experimentation a combination of beam current, focus and ion yield that
produced a good compromise between spatial resolution and trace element detection was
found to be a 50 pm raster with D1 aperture set to position 2 and the ES and AS apertures
left open. An example of data acquired with these conditions is shown in figure 2.7, each

image represents data recorded from the different detectors, the black and white image
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showing the information recorded by the secondary electron (SE) detector.

Figure 2.7: Example of a set of typical NanoSIMS maps from O. sativa collected over a 50 pm
area. SE image in black and white, ion detectors using false colour scale (bottom) where black
represents low number of counts from that detector and white a high number.

These maps show the cross section through a section of O. Sativa root at 1 cm from the
root tip. Individual cells are clearly visible in the images produced by the SE detector and
some of the ion detectors. Cell walls and some cell interiors appear bright in the 2C1N~
image because carbon nitrogen bonds are found in many biological molecules including
proteins, and therefore indicate biological activity. The "As~ map looks like noise but
is a real signal with very few counts — most pixels in the >As™~ map contain only 0 or 1
counts despite the image taking over 1h to acquire. Repeated experiments have shown that
despite the very low concentration of As in these samples, it can be accurately mapped if

time and care is used to set up the NanoSIMS.
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I wrote a Scheme script for GNU image manipulation program (GIMP) to improve the
contrast of As” maps printed in this thesis. The script copies the pixels with more than
0 counts, blurs them, and layers them so that they appear bigger and brighter than the
original exported map. This was only done for the visual representation of the data to
make it easier to see in print, and did not affect the data used for data analysis. A portion

of the code is given below?.

(define (script-fu-sims-enhance inImage inLayer inBlurRadius)
(let*
(
; define local wvariables
(theImage inImage)
(botLayer inLayer)
(topLayer)
(topLayer
(car (gimp-layer-copy botLayer 1))
)
(midALayer
(car (gimp-layer-copy botLayer 1))
)
(midBLayer
(car (gimp-layer-copy botLayer 1))
)
) ;end of local wariables
; functions go here()
(gimp-image-add-layer theImage midBLayer 0)
(gimp-image-add-layer theImage midALayer O)
(gimp-image-add-layer thelmage topLayer 0)
(gimp-image-select-color theImage O topLayer '(0 0 0))
(gimp-edit-fill topLayer 3)
(gimp-edit-fill midALayer 3)
(gimp-edit-fill midBLayer 3)
(gimp-selection-all theImage)
(plug-in-pixelize 0 theImage midALayer inBlurRadius)
(plug-in-pixelize O theImage midBLayer inBlurRadius)

)
2full script can be found at https://gitlab.com/HughTaylor /nanosims-scripts
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2.8 Software

The data was analysed using the OpenMIMS plugin for ImageJ. OpenMIMS is free open
source software produced by the National Resource for Imaging Mass Spectrometry (NRIMS)3.
The software allows the data recorded from the NanoSIMS to be presented graphically, ex-
ported as raw data, or analysed with a selection of mathematical functions.

This tool allows a stack of images to be automatically corrected for beam drift, compiled
into one image for analysis, or exported as a table that can be used to generate a depth
profile.

I used this software to generate intensity maps from the different detectors to see rel-
ative distributions of the elements in each sample. As described in more detail in each
experimental chapter I then highlighted regions of interest from within each sample and
extracted the average counts from that area so that the data could be normalised and

statistical analysis could be carried out.

3http://www.nrims.hms.harvard.edu
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Chapter 3

Data Validation

Analysis of different regions within a cell could have a significant effect on the concentrations
of different elements measured by the NanoSIMS as a result of the unique chemistry of
different biological structures. Since my analysis will take place on 1 pm thick cross sections
through the root, I was concerned that it might be possible to cut a cross section through
a very specific feature that was not representative of the whole root. Such variations could
create outlier information that would make it difficult to make qualitative comparisons
between different roots. Testing this hypothesis is important in order to determine the
repeatability of the results.

The rate at which secondary ions are produced from a sample during SIMS analysis is
proportional to the primary ion beam current. The primary ions are produced by heating
a caesium chromate or carbonate pellet to produce a Cs vapour that is then ionised by a
heated tungsten plate. These pellets typically have a lifetime of around 18 months and the
rate at which they produce Cs vapour gradually decreases over this time. Although the
gradual fall in primary ion current can be compensated for by increasing the temperature
of the source reservoir, the source may not age uniformly and the ion current may exhibit
some instability. These instabilities can lead to systematic variations in the secondary ion
signal, therefore measurements made on different days could have uniformly higher or lower
signal and if not normalised correctly could incorrectly imply changes in concentration.

The NanoSIMS detectors are tuned to a very small mass range, therefore small changes
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in magnetic field can result in a significant change to the transmission of secondary ions
through the mass spectrometer. Changes in magnetic field may arise due to magnetic creep
and temperature fluctuations. This became an important consideration as a source of
systematic error during my experiments, as problems with the laboratory air conditioning
resulted in temperature variations over a 24 hour period.

NanoSIMS data is produced from a raster of the sample surface. It is typically presented
as false colour images of the sample where the colour of each pixel is determined by a lookup
table (LUT) scaled to best include all the values. This means that even if the analytical
parameters were identical different images cannot be directly compared because the colour
scale could have been shifted to higher or lower minimum and maximum values. For this
reason it is best to select regions on the image and the numerical values of ion counts from
the raw data representing that region.

Lastly the large number of cells with similar appearance in the root and small number
of very prominent features means that it can be difficult to compare the distribution of
elements between samples just from the images. It is better to extract numerical values for
the number of counts from specific parts of the root using regions of interest (ROIs), these
values can then be compared between samples. This way comparisons can be made with
much greater confidence that the same region (ie endodermis) is being compared across
two different samples, but requires regions of the root to be reproducibly identified, and
the data to be normalised.

Therefore finding a useful method of normalisation will be important because daily

variations in temperature and weekly or monthly changes in the Cs ion source can result in
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large systematic variations that should be accounted for before attempting any qualitative

analysis.

3.1 Aims

My first aim is to try to determine how representative one section of root is of the rest of
the surrounding root. Understanding how much biological variation might occur between
samples cut along the same length of a sample will help to determine the reliability of the
results.

Secondly, I wish to establish the consistency and repeatability of NanoSIMS analysis
and to propose a normalisation method that could be used for semi-quantitative analysis

in later experiments.

3.2 Method

For determining the repeatability of my results I devised an experiment with the primary
purpose being to understand how cross sections of the root varied over distances on the
order of several microns. In this experiment the preserved root would be microtomed in
such a way that consecutive 1 m sections could be placed in the same order that they were
cut onto substrates for NanoSIMS analysis.

The consecutive sections were prepared from the resin embedded roots by microtoming
1pm thick sections until sections of good quality (no obvious tears or folds) with well

preserved root were consistently produced. Then individual sections were cut one by one
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from the resin block, as illustrated schematically in figure 3.1, and transferred to a small
droplet of water on prepared substrates. Figure 3.2 shows a micrograph of one of these
sections on the substrate after it had been dried. Each consecutive section was placed in
one carefully placed droplet, a total of three to a substrate, arranging them in a clockwise
pattern to preserve the order in which they were cut from the resin block. After optical
mapping the substrates could then be arranged on the NanoSIMS sample holder again
being careful to preserve their order. Producing nine 1pm sections allowed me to record
any differences along a total distance of 9pm along the root between the first and last

section, in steps of 1 pm, effectively forming a stack of cross sections.

Resin Block —1+———

Preserved root — | / Microtomed section
Microtome knife

Figure 3.1: Schematic demonstrating the microtomy of preserved root cross-sections

The NanoSIMS was tuned to the signals ?C¥N~, 325~ 35C1~, 3'P12C~, and As™,
because these are elements of interest that will be used in later experiments. The importance
of this choice of signals is described in section 2.7.4. Data was gathered over a 50 pm area,
centred on the central xylem of the root, such that the same area would be analysed for
each of the sections. The NanoSIMS analysis took place over the course of approximately

one week and produced SE images and element maps of the stele of all nine sections.
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Pt coated substrate

Resin Block

Preserved root

Figure 3.2: A microtomed section (HPF 742 1¢) on a platinum coated substrate

3.3 Results

Data from the SE detector showed that root preservation was good and that NanoSIMS
was able to produce clear images of the cells under these conditions. It is not possible to
rotate the NanoSIMS stage, nor the sample holder, therefore although the same area of
root could be analysed for each section it was not possible to maintain the same physical
orientation for each of the samples. To better compare the samples I rotated all of the
images such that they shared the same orientation. This helps to realise the first aim of
determining biological variation of the root over short distances. The cropped and rotated
data for the secondary electron signal is presented in figure 3.3.

From these images we can see a large cell with thick cell walls at the centre right of
each section that is likely a xylem vessel (A). There are also some thick black lines in
the upper left corner of most images (B). These are probably areas where the cells have

become slightly separated from each other along the cells walls during the rapid changes in
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Figure 3.3: SE images from each of the nine consecutive images obtained during NanoSIMS
analysis numbered in ther order in which they were produced. (a) Central xylem, large cell with
thick cell walls, visible on all sections. (b) Black line indicating possible damage to structure of root
during preservation, visible on most sections.
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temperature and pressure required for HPF.

Visual comparisons between the SIMS data for these sections sections suggests very
little variation in cell shapes or root structure over the 9 pm of root covered between the
first and last image. The size and shape of the cells can be compared between sections by
taking measurements on the image. Signal strength can be compared between samples by
extracting SIMS data for individual cells and comparing the number of counts betweem
sections.

In addition to the SE detector are the five ion detectors. These produce intensity maps
of the ions they are tuned to. The colour of each pixel in the intensity map represents the
number of counts of the respective ion and is determined by comparing this value to a list
of colours in a lookup table. The LUT used in this thesis was “royal.lut” provided by fiji'.
The minimum and maximum values used for the LUTs were adjusted individually for each
detector to give the clearest images.

The full set of data for section 3 is shown in figure 3.4. The LUT is represented as
a colour bar to the right of the data with the minimum value at the bottom (black) and
maximum at the top (white). Some of the analytical conditions are listed underneath the
image.

The same xylem vessel (A) and crack in the sample (B) observed in the SE images can
be easily identified. The 3°C1~ counts are very uniform across the sample, including the
area where the crack was observed. Since the resin contains Cl this suggests that the gap

between cells was formed before resin embedding and that the microtomed section does not

"https://github.com /fiji/fiji/tree/master /luts
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HPF 742 1b s3.2 Dwell time (ms/xy): 60.000
Pixels: 256x256 Raster (nm) : 50000 Duration (s): 3938.000

Figure 3.4: Example NanoSIMS data from section number 4 cut for this experiment. Signals
presented from all five ion detectors and the SE detector. (a) Central xylem. (b) Possible damage to
root structure. (c,d) cells that produced high **S™ and "As™ signals. (e) Metaxylem or protoxylem
vessel.
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contain holes or tears, indicating good preservation of the sample.

The As™~ data is dark and grainy because the concentration of As in the sample was
so low that under the conditions used to record this data most of the pixels contained 0
counts of As, and the maximum was typically between 10 and 20.

Most of the cells in the stele contained 3'P12C~ with the exception of the xylem vessel
(A) and some of the cells adjacent to it (E). These are likely metaxylem or protoxylem, and
the lack of 3'P12C~ signal could be a characteristic of xylem that could be used to identify
them in other experiments.

Certain cells appear bright in some detectors, suggesting that those cells have a particu-
lar biological function that differs from the surrounding cells. A clear example is the strong
325~ and ™As” signal near the top centre (C) and bottom centre (D) of the respective
images in figure 3.4.

To determine that this data was accurate I re-analysed this area at a higher resolution.
It is evident from the higher resolution data (fig. 3.5) that these regions do indeed contain a
high concentration of S and As within the root, and that this is likely feature of the biology
of the root.

There was little variation between the ion intensities recorded from the different sections.
For example the 2S™ data from sections 3 and 7 clearly show an almost identical distribu-
tion of S (fig. 3.6). The repeatability of these results demonstrate that the NanoSIMS is
capable of accurately and reliably mapping element distributions in these samples despite
the low concentration of some of the elements.

This also shows that the shape and chemistry of the cells over the 9 pm distance observed
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Figure 3.5: Detail of ®?S™ and "As™ signals showing region of high concentration. Top: 50pm
rastor, 60ms/pixel dwell time. Bottom: 20pm rastor, 60ms/pixel dwell time

Figure 3.6: Comparison between the *2S™ signal from section 3 (left) and section 7 (right)
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in this experiment varies very little. We can be confident that on these scales we are unlikely
to microtome by chance a particularly unusual feature that is unrepresentative of the rest
of the sample.

The data was sufficiently clear that it is possible to compare it to diagrams of the
root structure and identify the type and function of some of the cells observed. The low
3Ip12C~ signal from protoxylem and metaxylem made identifying them trivial. Other cells
were deduced from their shapes and location relative to the xylem. An example of this
process, figure 3.7, shows the SE image from section 4 (a) a diagram of an A. Thaliana
root adapted from Miyashima et al. [177] (b), and the SE image again but this time colour

coded to match the diagram (c).

(©)

[ Lateral Root Cap B Pericycle (Pe)
Epidermis (Epi) 71 Protoxylem (Px)
[ Cortex/Endodermis Initial (Cei) B Metaxylem (Vix) Vascular |Stele

] Cortex (Co) Ground ] Phloem tissue (V1) | (st)
Bl Endodermis (En) J tissue (Gt) [ Procambium

Figure 3.7: (a), SE signal from same arabidopsis root shown in figure 3.3; (), diagram of cell types
in arabidopsis thaliana roots Reprinted with permission from Nomn-cell-autonomous microRNA165
acts in a dose-dependent manner to requlate multiple differentiation status in the Arabidopsis root,
S Miyashima et al., Development 138, 2303-2313. Copyright 2011 Company of Biolgists; (¢), SE
signal colour coded using the same key as a.
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3.4 Discussion

The similarities in the data suggests that NanoSIMS analysis of a specific cross section
is representative of surrounding root tissue on the order of £10pm. To check this is a
reasonable assumption I considered the size of the cells relative to the scale on which the
experiments take place. Root cells are typically several times longer than they are wide
and since the 50pm image is represented by 256x256 pixels, we can calculate the size of the

cells by measuring the width, in pixels, of the cells on the image:

50
lpr=—=0.1
px 956 0.195um

Using this scale for some simple measurements on the sample revealed that the typical
cells in the stele had a diameter of a few microns, a list of these measurements are provided
in table 3.1. These measurements suggest that the cells are likely to be longer than the
nine micrometers that were examined, and therefore provides additional evidence to suggest

that there is little biological variation along the length of root at this scale.

Table 3.1: A table of cell dimensions along their longest and shortest cross sectional axes,
all measurements in pm.

Cell
Axis A B C D E F

Axis-1 3.5 98 39 2.7 41 3.1
Axis-2 55 4.7 63 39 4.7 3.9

Mean 4.7
StDev 1.9

This same data also offers a very valuable opportunity to assess the repeatability of
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NanoSIMS analysis and consequently the suitability for quantitative analysis.

3.4.1 Normalisation

In this section I will describe the method by which I proposed and tested various methods
that could be used for normalising the NanoSIMS data in an attempt to correct some of
the systematic variations present in the results.

As the structure of the root was so similar from one section to the next, it was possible
to load the NanoSIMS data into the image analysis software, highlight a particular cell as
a region of interest (ROI) and save the average counts within that ROL In this way it is
possible to compare a cell to exactly the same cell in another section. Even though the
orientation of each image was slightly different, it was possible to identify each cell in all of

these consecutive sections and compare the measured chemical composition between them.

Figure 3.8: Example of how the root cells were identified and selected as regions of interest in the
OpenMIMS software.

Therefore a range of different cell types within the root were identified and numbered.
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In total 25 individual cells were labelled for this experiment, as shown in figure 3.8. The
same cell was then identified as a ROI and given the same number in all of the consecutive
sections. The mean ion intensity was then pulled from each of the numbered cells by high-
lighting them in the OpenMIMS software. This was repeated for each of the consecutively
microtomed section of root such that the signal from all five detectors was collected from
each numbered cell on each section.

I can then compare the mean ion intensity from each cell across all the sections. For
example a graph containing all the As~ data from the consecutive sections is shown in
figure 3.9, where ‘cell number’ refers to the same cell as identified across all of the consecutive

sections. The microtome sections from which the data was collected are identified in the

legend.
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Figure 3.9: Mean "As~ counts recorded from each cell. The section number is given in the legend.

Some of the cells of interest fell outside of the analysed region in some sections, therefore
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there are a few gaps in the data, for simplicity only the As signal recorded from cells 1 to
14 and in sections 1 to 6 are displayed in figure 3.9.

Cells 1-4 exhibited very low "As~ signal, and cells 7-10 recorded the highest. The
intensities were similar across all the sections with the exception of section 2 which has
a lower recorded values across almost all the cells. On further inspection of the data, it
appears that the tuning for ®As™ may have been slightly incorrect for this sample, and
much less signal was recorded than expected. As will be discussed later, the As and S
signals should be closely correlated in these samples, however in this particular case there
was a large disparity between the two.

Although the general trends are quite clear, the variations from one section to another
are quite large. In order to quantify these variations, the ion signals from each individual
cell were combined together to provide a mean and standard deviation for that cell as
recorded across all the different sections and plotted as a bar graph, figure 3.10.

If the recorded data was exactly the same we would expect to see very small standard
deviations, but this is not the case despite the samples and the analytical conditions being
as similar as reasonably possible from one section to the next. This demonstrates the
difficulty with quantitative NanoSIMS analysis of biological materials, and the need for a
normalisation method.

Even with the high variances the data still clearly shows some qualitative differences
in the As concentration from different cells. For example a Student’s t-test applied to the
mean "°As~ counts from cells 7-10 compared to the mean from cells 11-14 gave a probability

of 8.8 x 107! that they were from the same population. This makes a very strong case for
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Mean °As” counts
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Figure 3.10: Mean "°As~ counts recorded for each cell, averaged across all sections. Error bars

represent + one standard deviation

quantitative differences in As concentration in different parts of the root.

Normalisation methods

I proposed several methods of normalisation. The following list presents names of the

normalisation methods along with a description of the method:

Mean Data before normalisation.

SIB CN The secondary ion beam (SIB) alignment data was recorded before each analysis,
both on the sample and on a reference standard (typically GaAs). The signal from
each sample was divided by the maximum 2C*N" value from its corresponding SIB
graph.

SIB Cl Same as above but the 3°C1™ signal was used instead. Cl is present in large quan-

tities in the resin used to preserve the samples, so both CN and Cl should consistently
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be present in high concentrations with low variation in each sample.

Mean CN In this case the signal from each ROI was divided by the 2C*N" signal from

the same ROL.
Mean Cl Same as above but the 3°Cl~ signal was used instead.

Total CN This method involved dividing all the signals from each raster by the total

12CYMN~ signal recorded over the entire image.
Total Cl Same as above but the 3°C1™ signal was used instead.

Norm cx The signal from each sample was divided by the mean 2C¥N~ signal from the
central xylem of the respective sample. The central xylem is large and easily identifi-
able and we might assume that it contains approximately the same concentration of

CN in each sample.

The sample standard deviation gives us an absolute value for how far the observed
results fall from their mean, but it is not a useful tool for comparing how much spread
there is in the data when considering different data sets. The sample standard deviation,
s, divided by the sample mean, T, provides a much more useful tool called the ‘estimated

coefficient of variation.

ISR

This provides us with a unitless value that can be used to compare variance between

different samples. In order to assess the different normalisation methods listed on page 84,
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I generated a table that contained the mean ion intensity from all of the cells analysed, with
each column representing the measured intensity from a different ion detector. Additional
columns containing the same data after normalisation were then appended to the table. The
variances between cells from different sections were calculated for each of these columns,
such that there was a measured variance for each cell before and after each normalisation
was applied. The purpose of this was to establish how variance would be affected by the
normalisations. The effectiveness of normalisation was determined by the variance in the
data after the normalisation had been applied.

I then calculated the average variance for each of the ion detectors, repeating this for
each of the normalisation methods. The mean variances are represented as a column graph
in figure 3.11. In this graph the series titled “mean” is simply the mean of the variances
between similar cells in the analysed data. The other series are calculated in the same
fashion, but after the normalisation methods described on page 84 were applied.

Figure 3.11 shows that the data contains large variances between these sections on all
the detectors and with all the normalisation methods. In many cases the normalisation
increases the variance rather than decreases it. The elements of greatest interest for these
samples are 32S~ and "®As ™. For these elements it was typically the normalisation methods
based around the chlorine signal that were most effective at decreasing the variance. We
can expect that tuning to °Cl~ would provide a fairly strong and uniform signal across
the whole sample (like that shown in fig. 3.4) because of the Cl present in the resin and
therefore provide a useful standard against which to calibrate the rest of the associated

data.
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Figure 3.11: Mean variances of the cells analysed for each detector. Each series represents a
different normalisation method, labelled in the legend and described on page 84.

This data shows that the normalisation methods tested decreased variance better when
examining the data from some detectors than others. Averaging these variances across the
detectors will give an indication of which normalisation methods are the best over all of the
detectors. However for detectors tuned to 12C*N~ and 3°Cl~ some of the data is normalised
against itself. This causes very apparent low variances in detectors that are not of particular
importance for quantitative analysis, skewing the average variance downwards. Figure 3.12
contains the mean variances between samples after different normalisation methods had
been applied.

From these results we come to the unfortunate conclusion that only one of the normal-
isation methods were effective at decreasing the variance from the raw data. The “Total
C1” normalisation technique is the only one examined that decreased the variance. It does,

however, require tuning one of the detectors to a mass range that is not particularly relevant
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Figure 3.12: Mean variances in ion counts between sections after different normalisation methods
have been applied.

to the aims of my later experiments. “Norm cx” where the ?CN~ signal from the central
xylem is used to normalise the rest of the data in the same scan, was the next best method
and produced only a very small increase in variance.

The high variances and ineffective normalisation methods are likely to be due to the
difficulty accurately tuning and recording data with NanoSIMS, the ambiguity of the lo-
cation of cell boundaries when highlighting regions of interest, and the natural variation
of biological samples. Despite this I maintain that it is still very important to apply some
normalisation method. Changes in primary ion current, B-field, sputtering rate or dwell
time can result in significant systematic variations that can be eliminated by this normali-

sation. The Cs source is consumed during use, causing the primary ion current to decrease.
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In normal operation this can be corrected by increasing the heating current and extraction
voltage on the source. However depletion of the source, occasional adjustments to source
voltages and current, replacement of source once or twice a year, and source instability can
result in significant changes in primary ion current over the course of several months.

For this experiment data was collected within the space of a week with a relatively
stable source and with identical aperture and raster settings. There would have thus been
little systematic variation in the ion intensities collected and consequently normalisation
appeared to have very little effect. Despite this, from my experience with NanoSIMS
operation, the primary ion current can be up to four times greater at the start of a source’s
life than that at the end of its lifetime.

Even with accurate knowledge of the primary beam current selecting different raster
sizes, pixel size and dwell times could all contribute to two sets of data not being directly
comparable without some form of normalisation. Additionally different concentrations of
primary ion implantations prior to analysis is known to alter the work function and therefore
ion yield of the sample surface.

For these reasons I believe it is very important to employ some normalisation method
and for the psuedo-quantitative analysis in later chapters I will use the normalisation
method “Norm cx” described on page 85.

An alternative method is to measure the beam current for every D1 aperture position
at the start of each day of experiments using the faraday cup FcO and use this current
to normalise the data. My experience was that readings from FcO were inconsistent, as

evidenced by the 3.6% decrease in counts per second measured over an approximately
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15 min period, figure 3.13. Either this data is accurate and the beam is very unstable, or
this is not accurate and Fc0O measurements are unreliable. In both cases a method for more

reliably normalising the data is preferable.
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Figure 3.13: Beam stability data showing primary ion beam current as measured by FcO.
CT/Point: 1.000 s. Number of points: 1000

3.5 Conclusion

These experiments demonstrate that despite the NanoSIMS being able to detect very low
concentrations of specific elements, minor analytical differences can result in relatively large
varations in recorded ion concentrations between samples that should otherwise be almost
identical. A selection of normalisation protocols did not significantly decrease the variance
in this experiment, but one of the more successful and practical methods (Norm cx) will be
employed in later experiments in order to compare samples that may have been analysed

under different primary beam conditions.
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Chapter 4

Lsi3 mutation

4.1 Aims

The recently discovered gene Lsi8 is responsible for encoding a Si transporter that is sus-
pected to also permit movement of As(III) ions. The aim of this chapter is to study the
possible role of Lsi3 in the uptake of As. It is suspected that the expression of Lsi8 may
change along the length of the roots, so this experiment also aims to examine how the As

and Si distributions change at different distances along the root tip.

4.2 Method

Two plant lines were grown at Rothamsted Research, an RNAI line of Lsi3 transporter
defective O. Sativa (Isi3) and its respective wild type (WT). A description of the plant
lines and growth conditions are given in Sections 2.2 and 2.3.

Small sections of root were cut at distances of 1cm, 2cm and 5cm from the root tip,
and preserved using the high pressure freezing (HPF) and resin embedding methods as
described in Section 2.4.

The resin embedding process takes several days and does not always produce well pre-
served roots. The HPF process is also not always successful, but this process is relatively
fast and damaged samples can immediately be identified and discarded. I made sure that

for each of the samples listed in Table 4.1 four lengths of root, approximately 2 mm long,
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Table 4.1: Samples prepared for HPF, their plant line, and the distance from the root
tip from which they were harvested.

Preservation method Sample number Plant variant Distance (cm)

HPF 397 WT 1
HPF 398 WT 2
HPF 399 WT 5
HPF 400 lsi3 1
HPF 401 lsi3 2
HPF 402 lsi3 5

were successfully frozen and could be reliably passed into the resin embedding process.
This way I was able to maximise the chances of having several well preserved samples of
the same type.

Following the preservation processes, the samples were microtomed, mounted on sub-
strates, optically mapped, and loaded into the NanoSIMS.

The NanoSIMS was tuned to detect '2CYN-, 283i~, 325, 31P12C~ | ™As ™ ions as

described in section 2.7.4.

4.3 Results

4.3.1 Sample Preservation

Thanks to the efforts of my collaborators at Oxford Brookes University the preservation of
the samples was on the whole very good, as will be shown below. The preserved roots were
uniformly aligned along the length of their respective resin blocks such that it was possible
to microtome cross sections of the root.

The sections, once prepared on substrates ready for NanoSIMS, were first examined in an

optical microscope. In addition to providing optical maps useful for navigating the samples
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once in the NanoSIMS, this also allows easy to interpret micrographs to be recorded. Such
inspection can reveal scratches, unevenness, breaks, tears or other defects in the sections.

Some of the root sections appeared to contain very few cells and it is possible that some
biological material was lost during high pressure freezing because of the extreme physical
conditions exerted by the process.

Before the root sections could be microtomed it was necessary to trim off the excess
resin. Large microtome sections are difficult to handle, and it was possible to only cut a
maximum thickness of 1pm. Therefore I carefully removed as much resin as possible from
around the root with a clean razor blade. Furthermore I cut off a few micrometers from
the exposed end of the root, as it may have been damaged or contaminated when it was
removed from the plant.

During the cutting and shaping process some of the preserved roots were accidentally
damaged. Despite this, I still managed to prepare good quality cross sections from each
of the samples. An example of such a cross section is shown in figure 4.1, where we can
see four 1 pm thick microtomed samples of preserved root along with the resin medium in
which they were embedded.

The more mature sections of root, taken 5cm from the root tip, had a much larger
diameter. Despite trimming the resin very close to the root itself the size of these samples
meant that the microtome sections would frequently not lie flat on the substrate, and could
consequently contribute to a decrease in mass and spatial resolution. For example the
section shown in figure 4.2 is relatively large at 500pm and has not dried completely flat.

As evidenced by the change in focus there is a raised ridge running north to south directly
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through the middle of the root (A). Areas with poor adhesion to the substrate were avoided

for SIMS analysis.

4.3.2 Optical micrographs

Two examples of typical optical micrographs represent sections cut at 1 cm and 5cm from
the root tip can be seen in figures 4.1 and 4.2, respectively. The scale bars on these images
show that the sections from more mature root are considerably larger than those closer to

the root tip.

4.3.3 NanoSIMS data

In total 107 measurements were made in the NanoSIMS on these samples. An example of
some typical data can be seen in figure 4.3. It shows good preservation of the sample and
sharp clearly defined outlines to most of the cells. Similar to the A. thaliana sections in
chapter 3 a large cell with low 'P12C~ signal is visible in the centre of the root (A).

A ring of cells surrounded with a high ?8Si~ signal on their cell walls runs through
the centre of the analysed area (B). The 32S~ signal appears more evenly throughout the
sample, but has high concentrations in a few specific cells (C) adjacent to cells with relatively
low signal from most detectors, especially 3!P'2C~ (D). The As” signal is very low and
appears predominantly in the same cells that produced the highest 32S™~ signal (C).

Comparing the NanoSIMS images with published data on O. Sativa roots, figure 4.4,
we can confirm that the large central region is a metaxylem vessel. When studying Si

transport Sparks et al. [178] determined that Si is predominantly “localized in the suberized

94



4.3. RESULTS CHAPTER 4. LSI3 MUTATION

Figure 4.1: Optical micrograph of four preserved and microtomed sections of O. Sativa root,
harvested 1cm from root tip, mounted for analysis.

Figure 4.2: Optical micrograph of a preserved and microtomed section of O. Sativa root, harvested
5cm from root tip, mounted for analysis.
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HPF 397.12_2 Dwell time (ms/xy): 60.000
Pixels: 256x256 Raster (nm) : 50000 Duration (s): 3938.000

Figure 4.3: Typical NanoSIMS data set from one of the sections, showing signals from all five ion
detectors and from the SE detector. (a) Central xylem, (b) endodermal cell walls, (¢) regions in
stele with high ®'S™ signal, (d) regions in stele with low *'P'2C"~ signal.
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thick-walled region of endodermal cells [...] in close association to the Casparian strip.”
In addition to matching the shape and location of the cells I was therefore able to tune
one detector to measure 2®Si~ so that I can identify the endodermis as the ring of cells
surrounded by a strong 2%Si~ signal (see fig. 4.4 e). It follows that the layer of cells just
inside this band form the pericycle — a cylinder of parenchyma or sclerenchyma cells. The
very low 3'P'2C~ signal in the central xylem is also observed in other large cells with thick
cell walls in the stele, it is possible that these are protoxylem.

This distribution of elements has previously been identified by Moore et al. [112, 179] in
their study of lsi2 mutants using a very similar method. They identified As accumulation
“in the vacuoles of some xylem parenchyma cells and in some pericycle cells, particularly
in the wild-type mature root zone” and that Si “was localized in the cell walls of the
endodermal cells”. These observations are in good agreement with the data presented in

figure 4.3.

Comparing distances along the root

Figure 4.5 shows the data from three WT sections arranged in vertical columns, from left
to right, representing 1cm, 2cm and 5cm from the root tip. The central xylem vessel is
visible in the lower left corner of all three of the SE images, demonstrating that they were
taken in similar areas and with similar orientations. In the Si images at 1 cm and 2 cm the
ring of cells that have a strong Si signal in their cell walls is clearly visible. At 5cm this
feature appears less distinct and two of the cells appear to not have Si accumulation on the

cell walls.
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_—'._
(A) Published optical image (B) Published diagram
cmx mx pe en cmx mx pe en cmx mx pe en

(C) SE signal (D) 2C™Nsignal (E) 288i~ signal

Figure 4.4: Comparison of transverse sections of O. Sativa root with published data. (a) Labelled
optical image from Molecular Genetics of Rice Root Development, J. Rebouillat et al [180]. (b)
Labelled diagram of mature root section from Characteristics of Monocotyledonous Roots [181].
(c-€) NanoSIMS data as seen in figure 4.3. Scale bars 25um. me, mesodermis; en, endodermis; pe,
pericycle; cmx, central metaxylem; mx, metaxylem; ph, phloem; px, protoxylem.

98



4.3. RESULTS CHAPTER 4. LSI3 MUTATION

The sulphur (S) signal across all three sections suggests an accumulation of S to much
higher concentrations in specific cells, with proportionally much less appearing in the cen-
tral xylem and cortex. At 1cm, these differences in concentration are less obvious, and
appear predominantly close to the central xylem, with very little S signal outside the cells
that expressed higher Si concentration in their cell walls. At 2cm, high S concentrations
were detected in both the smaller cells near the central xylem and in distinct larger cells
immediately outside of the boundary of the cells outlined with Si (annotation A). At 5cm,
the S appears concentrated within specific areas inside of the cells within the Si boundary,
and more diffusely outside. The As concentrations, although very low, appear to follow a

very similar trend to that of S.

Comparing WT and lsi? mutant

The same data from the WT section is presented alongside data from one of the lsi3 sections
in figure 4.6; both samples were taken at 1cm from the root tip. Again the position and
orientation is such that the central xylem can be seen in the lower left region of the images,
with plenty of cells from the surrounding tissues visible.

The 28Si~ signal looks similar in both samples, surrounding a ring of cells that form a
boundary between smaller tightly packed cells on the inside and larger more diffuse cells on
the outside. The 32S™ signal, although appearing in very similar cell types in both samples,

seems more localised in lsi3. As, again, follows a very similar trend to S in both sections.
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Distance from root tip

Figure 4.5: Three different wild type samples, cut at different distances from the root tip. (a)
high 3?S~ signal containing regions in the cortex.
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Plant line
WT lsi3

Figure 4.6: Comparison between a WT and an [si3 section, both samples 1cm from root tip.
"As” signal contrast adjusted for visibility.
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4.4 Analysis

The data in figures 4.5 and 4.6 are arranged in such a way that direct comparisons can
be made between different distances along the root as well as between WT and [si3. The
observed differences were described in the results section, but these observations are only
very rudimentary and do not allow for a reliable comparison for two main reasons. Firstly,
the colour scales depicting ion intensity were calibrated individually for each image, so that
no two images share the same scale. Secondly they are not normalised for primary ion
current, or other factors that may cause systematic variation in the data.

Making visual comparisons of images in this way is only useful insofar as it can reveal
qualitative information on the relative distributions of elements within each sample. For a

more quantitative analysis, we must extract the data and attempt to normalise it.

4.4.1 Data analysis

Out of the 107 measurements made in the NanoSIMS, only 15 were chosen for quantita-
tive analysis because the process was very time consuming, required sections of the best
preservation, and also required the areas analysed to contain easily identifiable cell groups
that also appeared in other samples, such that comparisons could be made. These were
regions where expected to see changes in As distribution following the research conducted
by Moore et al. [179].

In order to minimise selection bias samples were selected only on the following criteria:

they contain the central xylem vessel, surrounding cells and cortex; they have no obvious
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beam damage or HPF damage and there was good tuning on all 5 detectors. Some par-
ticularly notable results were also included despite not fully meeting these criteria. The

sections that were selected are listed in table 4.2.

Table 4.2: Samples that were used for quantitative analysis.

Section name  Section type Dist. from root tip (cm)

397 2a f1 111 WT 1
397 2a f1 12 WT 1
39713111 WT 1
397122 WT 1
397152 WT 1
3982b f4 11 WT 2
398 4a 2112 WT 2
398_f4_11_6 WT 2
399 3b f1 12 WT 5
399.£2111 WT )
400_2ca_f1.11_6 lsis 1
400-f1.11_3 lsi3 1
401 f1.11_3 lsi3 2
4022111 lsi3 )
402 3111 lsi3 5

In order to make a semi-quantitative analysis of this experiment I had to extract the
NanoSIMS data in a format that would allow for comparisons to be made between samples.
First I examined the data and compared it to published data (such as that shown in
fig. 4.4) and chose several regions within the root that could easily be identified in all of
the samples. The exact type of each cell could not be accurately deduced, therefore cells
were instead identified by their position relative to prominent features. These regions are
listed in table 4.3 and are labelled in figure 4.7A.

I then used the OpenMIMS software to select ROIs on the NanoSIMS data such that a

few cells from each of the regions listed in table 4.3 were highlighted as ROIs. Figure 4.7B
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Table 4.3: Areas identified for quantitative analysis.

Region name Description Biological feature
CSW Cell walls containing high Si concentrations Casparian strip
CSV Vacuoles of cells surrounded by high Si Endodermis
ICS1 Cells just inside of the endodermis Stele\Pericycle
1CS2 Cells immediately inside the pericycle Stele

0CS Cells immediately outside the endodermis Cortex

cx Large central cell Central xylem

contains these ROIs highlighted in red. Data (such as pixel value) could then be extracted
from each of these ROIs by exporting it from OpenMIMS, and could be labelled according
to the region they were associated with. Since these pixel values represent the ion count
from their respective detector this gave me a table of relative ion intensities for each of the
highlighted regions. This process was relatively simple, but required patience and accuracy

to confidently identify and highlight cells of interest.

ICS1 CSW  CSV 0OCS

Figure 4.7: Selecting ROIs on a WT section at 1cm from the root tip, only SE detector image
shown. A, areas identified for quantitative analysis, each label points to a different layer of cells,
except “CSW” which refers to the walls of the silicon rich cells and “cx” which represents the
central xylem. B, NanoSIMS data from the sample after ROIs (marked in red) were selected in the
OpenMIMS.
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Carefully highlighting cell regions and labelling them was repeated for all of the samples
listed in table 4.2. The end result of this analysis is a large spreadsheet that can then be
used to compare normalised data between sections.

The first thing that I wanted to determine was how consistent the data was. Carbon-
nitrogen bonds are very prevalent in biology and should not be significantly effected by
knockout of Lsi3. These samples should therefore present relatively similar distributions
and normalised counts of >C'¥N"~. In order to test this theory, I averaged the normalised
201N~ data for each cell region on each sample and added it to a bar graph. I expect
that all the cells of the same type will have similar biology and therefore similar yield of
120N~ . Each column in the graph shown in figure 4.8 represents the mean 2C'*N~ signal
from one ROI group averaged across all the cells in the same group in the same sample.

My expectations were proved incorrect; there is quite a large difference in normalised
2CMN™ counts between samples. The data suggests two possible sources of these differ-
ences. Firstly, on some sections (398_2b_f2_11) the CN concentration recorded from the
central xylem was lower than the rest of the cells analysed. In this case the effect normalis-
ing against the counts from the central xylem caused the mean *>C*N~ counts from all the
other cell types to end up comparatively higher than from most other sections. Examining
the NanoSIMS maps of these sections reveals the second possible cause of these results —
differences in cell chemistry. This is not unexpected, as the cells were not identified by their
biological function but by their relative position with respect to consistently observable and
identifiable features. For example a cell labelled ICS1 or ICS2 could have been a phloem,

protoxylem or companion cell, and each would have quite distinct biological function and
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Mean 2C14N~counts from each ROI group

3+ |
00397 2a.f1.11.1
10397.£311.1
237 ) 11in397.12.2
E ) 397152
3 11398 4a 2112
> 2f | |ln398.2b_f4 11
2 1139814 11.6
g 18399_3b_f1.12
2 15 103992111
< | i 18400_2ca_f1.11.6
400_f1.11_3
10401 f1.11.3
1 In402.f211.1
0.5 |

0Cs CSW CSv ICS1 1CS2
Cell type

Figure 4.8: Average '2C' N signal from each of the different ROI groups, names of the sections

used are given in the legend.

therefore contain different proteins, hence different 2C*N~ yield.

While it is useful to label and group the cells based on their position in the root, this
demonstrates that cells from similar positions within the root should not be treated as
if they were all identical. I will therefore present each cell as an individual entry on the
column graphs, and the columns will be grouped by the cell’s position within the root.

After careful analysis of the normalised data for all the sections listed in table 4.2 1
chose to reject several of them. The rejected sections are listed in table 4.4 along with brief

comments about why they were excluded. In order to make the best comparisons between
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WT and Isi3, and between different distances from the root tip I was careful to only use the
most accurate and representative sections. Unfortunately this meant that the total number

of useful sets of data was very low.

Table 4.4: List showing whether sections were used or rejected for further quantitative
analysis based on preliminary analysis of normalised data. Section names, plant lines and
distance they were haravested from the root tip are also shown.

Section name  Plant line Dist. (cm) Used Notes

397 2a f1 111 WT 1 v’

397 2a f1 12 WT 1 v~ Epidermal region
397 £311_1 WT 1 X Close to lateral root
397122 WT 1 x  Low "™As” signal
397152 WT 1 X Close to lateral root
398.2b f4 11 WT 2 v’

398 4a 2112 WT 2 X Poor tuning

398 4116 WT 2 X Poor tuning

399 3b f1 12 WT 5 v’

3992111 WT 5 x  Low "™As™ signal
400-2ca_f111.6 lsi3 1 X Close to lateral root
400_f1.11_3 Isi3 1 v’

401-f111_3 lsi3 2 v’

4022111 lsi3 5 v’

402 f3 111 Isi3 5 v’

In the top left graph of figure 4.9 the 2C**N~ counts from each highlighted cell has been
plotted on a single bar graph for one section. Here it is possible to see quite significant
variation in average 2C'4N~counts from one cell to another, even within the same cell
regions. It can be difficult to determine if these differences were biological or caused by
analytical error, but since *2C'¥N~is a relatively easy mass to tune for in the NanoSIMS, it
is more likely to be and indication of different biological functions of selected cells. Close to
the root tip is a zone of cell division, at greater distances from the root tip there is a zone

of elongation and then of differentiation and finally maturation. Regions closer to the root
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tip therefore involve very high biological activity [180] and contain high concentrations of
CN because the active division of cells produces a lot of proteins and small cells with dense
protoplasts.

The 323~ signal (fig. 4.9 top right) and "As™ signal (fig. 4.9 bottom left) both show
more variation than the ?C'*Nsignal. They share a similar distribution with the largest

signal from CSV (annotations A and B), followed by a CSW and ICSI.

Figure 4.10: Arsenic and sulphur co-localisation, WT lcm from root tip. Left, 32S™ counts.
Right, ®As™ counts. (a) Pericycle cell with high S content, (b) the same region on the "’As~ image
showing high As content.

Plotting mean "As~ signal against mean 32S~ signal for each ROI (fig. 4.9 bottom
right) gives a correlation coefficient of 0.95, indicating a close relationship between these
two elements. To explore the co-localisation of As and S more closely we can look at how
they appear in the NanoSIMS ion intensity maps. Comparing °As~ and 32S~ signals (eg
fig. 4.10) it is quite easy to see that despite the much lower intensity and signal resolution
of the As the elements are distributed in a very similar fashion. We can also see that the
highest mean 32S~ (fig. 4.9 annotation A) and "®As~ (fig. 4.9 annotation B) both came
from the same region in the pericycle (fig. 4.10 annotations A and B).

The main focus of these experiments is to see how As and S distributions may change
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at different distances from the root tip, and if these trends are affected by knockout of Lsi3.
To meet this aim I repeated this process for roots sections taken at 2cm and 5cm from
the root tip. The normalised %2S~ and "As~ counts from one section at each distance are
shown in figure 4.11.

The As™ graphs, left column, all share a same y-axis scale of between 0 and 5.5 x 10~%.
The 328~ graphs, right column, have an axis range of 0 to 1. This normalised data is clearly
very similar in scale across all three sections. A high S~ and As™ concentration in one
particular CSV region at 1cm from the root tip (A and B) was not observed at 2cm
and 5cm. The overall counts of these ions within CSV regions decreased with increasing
distance from the root tip, most notably from 2cm to 5cm where the average counts of
these elements decreased by 78% and 63% respectively. Conversely, within regions closer to
the central xylem (ICS1 and ICS2), a slight increase in the concentration of these elements
were observed.

Since these ROIs do not cover the whole sample, and because the data can be quite
difficult to understand as column graphs, I have also included the NanoSIMS maps for 325~
and "As” in figure 4.12. These images are not normalised, so care should be taken when
comparing them.

The ion intensity maps show that while there was appreciable quantities of 328~ and
As™ measured in CSV at 1cm and 2 cm from the root tip, there is very little of either in
CSV at 5cm. To better quantify this I plotted average As~ counts from each ROI group
against distance from the root tip, figure 4.13. This graph suggests that on average the

concentration of As in the endodermis (CSV) decreases with increasing distance from the
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Figure 4.11: Normalised ion counts from WT sections at different distances along the root. Left
column; "®As~ counts, y-min 0, y-max 5.5 x 10~%. Right column; **S™ counts, y-min 0, y-max 1
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2 cm from root tip 1cm from root tip
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Figure 4.12: Maps of **S” and "As™ counts at different distances from the root tip, WT. cx,
central xylem; CSV, endodermis; OCS, cortex closest to endodermis.
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root tip, and that it increases in the pericycle (ICS1).

The SIMS maps also show that the 32S™ and "As~ signals are spread out over much
of the analysed region. There are many cells in the samples containing slightly elevated
concentrations of both elements. With the possible exception of one of the CSV regions at
1 cm, these elements do not appear to be hugely concentrated in any specific cells, but rather
spread fairly evenly over many cells. In order to try to quantify the degree of localisation of
As into specific cells I calculated the coefficient of variation, Cv, between the mean °As”
counts in different ROIs within the same group. Figure 4.13 also contains a plot of these
Cv values against distance from the root tip. It shows that because of the high degree of
localisation of As into one specific cell in CSV at 1cm (fig. 4.12 A), the Cv value for this
group is much higher at 1 cm than 2cm and 5cm. For most other groups Cv increases
from 1cm to 2cm before decreasing again at 5cm, with the exception of ICS2 where the

opposite is true.

lsi3 mutants

So far only WT sections have been considered, I will continue the same analysis using the
[si8 sections listed in table 4.4 to compare distributions of S and As at different distances
from the root tip. Just as before I have arranged graphs of mean °As”~ and 32S~ from each
ROI side by side for each distance from the root tip, figure 4.14.

For the Isi3 section at 1cm from the root tip the "?As™ signal appears quite low across
the CSV and CSW groups. It is comparatively higher in much of the ICS1 group and one

ROI in OCS and ICS2 groups. Although the As™ signals in ICS1 are on the whole higher
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Figure 4.13: Changes in mean "°As~ and coefficient of variation of mean "*As™ in WT ROIs vs
distance from root tip.

than in other regions there is still quite significant variation within that group; one region
(annotation A) has some of the lowest average "*As~ signal on that sample and could be a
protoxylem.

At 2cm from the root tip, there appears to be proportionately more ®As~ and 32S~
signal from the OCS, CSW and CSV groups. While the signals in ICS2 remain relatively
low in these elements, ICS1 still appears to contain regions with the highest concentrations
of them and again there is a lot of variation between different ROIs in the ICS1 group.

In section at 5cm from the root tip the ®As~ signal is more predominantly localised in
the ICS2 group. There is also a relatively high average ®As™ and 3?S™ signal two regions
within the ICS2 group (annotations B; and Bg). While the relative proportions of these

signals had been very similar for all other regions, these two specific regions had a much

higher ratio of 328~ to "As".
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Figure 4.14: As™ and %?S" signals from Isi3 sections cut at different distances from the root
tip. Left column mean "°As™ counts, right column mean *?S™ counts. (a) Unusually low As and S
containing region just inside endodermis, possibly protoxylem. (b) High As and S containing regions
in the ICS2 region. (¢) As and S highly localised to specific cells in stele and cortex.
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The differences in the scale bars in figure 4.14 show that there is a big increase in the
As™ and 32S” signals in the ICS1 group as the distance from the root increases and a
slight increase in these elements in ICS2. At 2cm, OCS, CSV and CSW seem to contain,
on average, higher concentrations of As and S than ROIs from the same groups at 1cm or
5 cm.

To help see these trends I have calculated the mean of the As™ counts from in each
ROI group and the coefficient of variation between ROIs within each group, figure 4.15.
The coefficient of variance was calculated to give an indication of how much variation there
was between ROIs in the same group, i.e. the degree to which As had been localised to

specific cells in that group.
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Figure 4.15: Changes in mean "°As  and coefficient of variation of mean "As” in Isi3 ROIs vs
distance from root tip.

The graph of mean "*As™ counts (fig. 4.15, left) shows that most of the groups contain

similar concentrations of As at different distances from the root tip. The exception is ICS1
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which sees a small increase in As concentration from 1cm to 2cm, then a proportionately
far greater increase from 2cm to 5cm, ending several times higher, on average, than any
other group.

The graph of coefficients of variation shows that there are quite large variations in "®As~
counts within most group, which suggests that As is localised to specific cells within that
group. The variation is especially the high for OCS and ICS2 at 1 cm from the root tip,
where a very high "As~ signal was recorded from one or two cells (fig. 4.14 C; and Cy)
while the adjacent cells produced a much lower signal.

Compared to WT, Isi8 appears to have a more obvious trend with the changes in As
and S concentration increasing in ICS1 with distance from the root tip. This becomes even
more apparent when directly comparing "As” signals from the three WT and three Isi3
sections on adjacent graphs, figure 4.16. These graphs all have the y-axis scales adjusted to
the same minimum (0) and maximum (9 x 10~3). They provide reasonable evidence that
Isi3 contains much greater concentrations of As in the pericycle than WT, and that this
concentration increases with distance from the root tip. These graphs also suggest a higher
degree of localisation of As to specific cells in Isi8 compared to WT, especially at greater
distances from the root tip.

Student’s t-tests on the average 32S~ and "°As” counts showed no significant increase
(p < 0.05) in 32S~ counts between WT and Isi3, but a significant increase of 5As” counts

(p = 0.012) in the ICS1 ROIs of Isi3 over WT.
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Figure 4.16: Mean "®As~ counts in WT (left column) and Isi3 (right column) at different distances

from root tip. All graphs share the same y-axis limit of 9 x 1073,
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4.4.2 Subcellular localisation

Correlating the high As containing regions (A, Bj, By) identified in figure 4.16 back to
the NanoSIMS ion intensity maps, figure 4.17, shows that the highest average 32S~ and
As” signals were recorded in Isi8 at 5cm from the root tip from relatively large cells in
the pericycle (e.g. fig. 4.17 A). These ions were also detected in high concentrations in a

handful of much smaller cells (fig. 4.17 By, Bg) just inside the pericycle.

Figure 4.17: Detail of arsenic and sulphur localisation in an Isi3 section at 5 cm from the root tip.

The intensity maps also show that these ions were not always detected uniformly within
individual cells but that in some cases they were present only in a specific area within the

cell (e.g. fig. 4.17 C).

4.5 Discussion

So far following trends have been identified for the sections listed in table 4.2:

1. As was localised to specific regions within cells

2. As and S concentrations were strongly correlated
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3. As concentrations were highest in specific cells in ICS1 and ICS2

4. ls18 contained more As than WT

5. As in [si3 was more localised than in WT

6. As in [si3 became more localised with increasing distance from root tip

In the next few pages I will attempt to explain some of these observations.

1. Why is arsenic localised to specific regions within cells

The detection of some of the measured secondary ions in only part of a cell could be an
artefact of the HPF process. If the cells were damaged during sample preparation it is
possible that biological material could have been removed from part of the roots and later
replaced with resin, resulting in lower than expected secondary ion counts in specific cells
or parts of specific cells.

Since plant cells have large central vacuoles, as long as the cells are well preserved, it
is possible that these regions are the vacuoles of these cells, where the As and S have been
transported by the plant for storage. Vacuoles typically take up 30-80% of the volume of a
cell, so it is not unreasonable, given the size of these features, to assume that they may be
vacuoles. The converse could also be true — that the vacuoles contain very little As, and
it is instead located within other organelles within the cytoplasm, or in the cytosol itself.

Both essential and non essential metal ions are potentially toxic to plants when present
above threshold values. Heavy metals are known to hinder plant growth and can disrupt

the function of enzymes and cause oxidative stress by replacing essential metals [182]. To
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overcome these effects plants have developed mechanisms to detoxify and compartmen-
talise heavy metals. Ramsay et al. [183] demonstrated the importance of vacuoles for the
detoxification of Co, Mn, Ni, Zn, by growing mutants devoid of vacuoles, resulting in in-
creased sensitivity and decreased accumulation of these elements. However, they also noted
that Cu, Cd, elements known to be mainly detoxified in the cytosol, were not significantly
affected.

Yang et al. [184] discovered that in the As hyperaccumulator, Pteris vittata, As was
strongly compartmentalised to vacuoles. By “isolating cell walls, protoplasts and vacuoles,
and determining arsenic concentrations” they were able to determine that of the total As
“about 94% was in the protoplast, and of that, 91% was present in the vacuoles, indicating
that vacuoles are a major storage site for As in P. vittata.”

More specifically, Song et al. [101] discovered a transporter, OsABCC1, responsible for
“sequestering As in the vacuoles of phloem companion cells of the nodes in rice.” They
observed that “knockout of OsABCC1 in rice resulted in decreased tolerance to As, but
did not affect cadmium toxicity.” Furthermore they found that OsABCC! was not only
expressed in nodes but also “in many organs, including the roots, leaves, [...] peduncle,
and rachis.”

Given this information, it seems most likely that the subcellular regions in which we have
observed the highest concentration of As are the vacuoles, where As is being sequestered

as part of the plant’s detoxification pathway.
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2. Why were arsenic and sulphur concentrations strongly correlated

PCs are believed to be responsible for detoxification of As in plants via the formation
of metal-peptide complexes. In their paper “Detoxification of arsenic by phytochelatins in
plants” Schmoger et al. [98] noted that “an approximately 3:1 ratio of the sulfhydryl groups
from PCs to As is compatible with reported As-glutathione complexes.” They also reported
the “unequivocal induction of PCs by As in vivo and in vitro and provide clear evidence for
the formation of As-PC complexes, in accordance with a detoxifying role for the peptides.”

Clemens [185] proposed that phytochelatin synthases (PCS) may have evolved specifi-
cally to help “cope with an excess of cadmium or arsenic ions.” PCs are a class of thiol-rich
peptides, which are able to chelate As by thiolate coordination [186]. As is therefore known
to be chelated by complexation by organosulphur compounds.

Scatter plots of 32S™ signal against °As” signal, figure 4.18, demonstrate a strong co-
localisation of As and S, as evidenced by Pearson product-moment correlation coefficients
of between 0.83 and 0.98. This co-localisation is in agreement with the current scientific
understanding of chelation by S containing complexes as part of the detoxification pathway.

Each element has different sputtering rates and electron affinity therefore in order to
calculate the actual ratio of 32S/ As in the sample we must adjust the recorded data to
account for this. Cameca have published relative sensitivity factors (RSF) for elements

embedded in a Si matrix. The RSF for an element is defined as follows:

B RSFp - L (4.1)
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Figure 4.18: Scatter graphs of average "°As~ counts against average >2S~ counts for WT and Isi3
sections at different distances from the root tip. (m) linear regression gradient given to two signifi-
cant figures, (r) Pearson product-moment correlation coefficient give to three significant figures.
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RSFg  Relative sensitivity factor for element E

Ig Secondary ion intensity for element E

I Secondary ion intensity for reference element R
Cg Concentration of E

Cr Concentration of R

“The major (or matrix) element is usually chosen as the reference.

(matrix) for R (reference) and rearranging gives the following equation.”

I
Cp = RSFy - 2CM
Ing
Cs = RSFg - IsCu
Ing
Cias = RSF,, - 201
Iy

Dividing equation 4.3 by 4.4 gives the As to S ratio:

Cs  RSFg-1sCu

Cas  RSFy, - 1asu

Iy

Which simplifies to:

Cs  RSFs Ig
CAS B RSFAS IAs

Substituting M

(4.3)

(4.4)

(4.5)

(4.6)

We can find the RSF values for As and S from published results. Wilson [187] published

SIMS relative sensitivity for elements embedded in Si, GaAs, and diamond. The RSF of S

in Si was 7 x 102!, while for As it was 4.6 x 10%3.
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This provides enough information to calculate the relative concentrations of As and S
in the vacuoles from the measured ion intensities. In the case of figure 4.17 the pericycle
cell vacuole with highest concentrations of As had an average of 9.5 x 10~! 328~ counts

and 8.5 x 1073 As~ counts.

Cs  7x10* 95x107!
Cus 4.6x102 85x 1073

(4.7)

Which gives us an approximate value of 1.7 for the S to As ratio for the subcellular
region measured in figure 4.17. We would expect a S to As ratio of 3 from PC coordination
with As alone, which puts this first attempt at quantification within a factor of 2 of the
expected value. Applying this method to the other sections provided figures of 32S / As
for each ROI. From this I have generated a graph, figure 4.19, which represents the data as
a set of box and whisker plots.

On the accuracy of this information, some of the RSF values published by Wilson
“are from one or two measurements and not the result of extended studies nor repeated
measurements” and they propose that the experimental error should be assumed to be “a
factor of 3 to 5.” Secondly RSF values were also for these elements in an Si matrix, which
may have very different relative RSFs compared to the organic matrix in these samples.
Lastly small variation in the relative tuning of the two detectors could lead to significant
systematic variation in the recorded ratios.

The median values across the [si3 sections in figure 4.19 varied from 3.3 to 10.7, which
is within one order of magnitude of the ratios expected due to thiol-coordination. Given

the possible errors this is close enough to provide evidence to support the theory that
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detoxification and storage or As is taking place in the vacuoles of these specific root cells.
The box-and-whisker plots show a higher median 32S/7®As in WT than Isi3 and the linear
regression lines on the scatter plots, figure 4.18, have lower gradients in W'T than Isi3.
Together this information suggests a fairly strong co-localisation of As and S in both WT
and [si8, with [si8 having a higher ratio of As to S compared to WT. The median ratios in
WT varied from 28 to 52, which suggests a larger proportion of S that exceeds the quantity

expected for thiol coordination with As alone.
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Figure 4.19: Box and whisker plots of estimated sulphur to arsenic ratios for different sections of
0. Sativa. Top and bottom whiskers are the furthest points from the median within 1.5 times the
inter quartile range. Outliers represented as points.

The Isi3 section at 1cm from the root tip had one ROI with a 329 / As far higher
than other ROIs from the same sample (fig. 4.19 A). This originated from a mesodermal
cell with very little As~ signal, the correspondingly high proportion of S~ signal may
have originated due to crater edge effects from the cell walls, which are known to sputter
at a different rate than cell interiors in SIMS analysis. This ROI has so little signal from
either detector that it is barely noticeable in the scatter plot (fig. 4.18 A), which leads me

to conclude that scatter plots are a more useful tool for analysing the relationship between
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two elements measured by SIMS in situations where the signal is so low that noise can

significantly alter the ratios.

3. Why are arsenic concentrations highest in ICS1 and 1CS2

The evidence so far, in agreement with previous research [98, 100], suggests detoxification
of As by coordination with induced PCs in the vacuoles of specific cells within the stele.
Now it is of interest to determine what the cells are and what their functions might be.

My experiments have demonstrated that As appears to be sequestered, along with S, in
specific cells within “ICS1” and “ICS2.” ICS1 refers to the pericycle, which forms a cylinder
of cells, some of which will be parenchyma cells that surround the vascular tissue and take
part in short distance transport and storage of nutrients. They have large central vacuoles
to allow them to store and regulate ions, waste products, food and water. The ROIs in
the group ICS2 were cells one layer inside of ICS1. The cells in this part of the root likely
include more parenchyma cells as well as sclerenchyma cells and vascular bundles.

In their study of As detoxification in O. sativa Song et al. [101] found that “a member of
the Oryza sativa C-type ATP-binding cassette transporter (OsABCC) family, OsABCC1”
played an important role in “vacuolar sequestration of As [...] reducing As accumulation
in rice grains.” Their study revealed that OsABCCI was expressed in the “exodermis
and pericycle of roots and in the phloem companion cells of both the [enlarged vascular
bundles] and [diffuse vascular bundles| at the basal node and node.” They determined
that “OsABCCI1 is mainly localized to the tonoplast of phloem companion cells” and that

their results indicate “that As was sequestered into the phloem cells before translocation

127



4.5. DISCUSSION CHAPTER 4. LSI3 MUTATION

to the grain.” They conclude that “Localization of OsABCC1 to these organs also likely
reduces As movement up to the grain by sequestering As into the vacuoles of the phloem
companion cells. This notion is supported by a previous report describing As accumulation
in the phloem region of these organs.”

Given this information it is likely that the vacuoles in which we find strong co-localisation
of As and S, as observed in figure 4.17 (B and Bg), are companion cells. These companion
cells could be regulating the flow of nutrients and ions into vascular tissue; in this case the
flow of As, where it is either stored in the companion cell or released into the vascular tissue

system to be translocated to different organelles at the nodes.

4. Why does lsi3 contain more As than WT

A study of Si hyperaccumulation in rice by Yamaji et al. [102] revealed some details on the
organisation of Si transport. Their study examined three transporters (Lsi2, Lsi3, Lsi6)
and their role in intravascular transfer of Si. The study focussed on the node, but their
results reveal useful information about these transporters, the Si pathway and by extension
the As pathway.

Their research proposed the subcellular localisation and function of Lsi3. They deter-
mined that “[s]imilar to Lsi2, Lsi3 also showed efflux transport activity for Si” and that
“Lsi3 is a plasma membrane-localized efflux transporter of silicic acid.”

In a paper published a few years earlier Yamaji et al. [188] wrote that “expression
of Lsi3 was mainly detected in the roots and upper nodes. Immunohistological staining

revealed that Lsi3 is localized at the pericycle cells of the roots. The Si uptake as well as Si
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concentration in the xylem sap was slightly increased in a Lsi3-enhanced line, suggesting
that Lsi3 is involved in the xylem loading of Si.”

They believe Lsi3 in the node to be responsible for efluxing Si from parenchyma cell
bridges between enlarged and diffuse vascular bundles. They also found Lsi3 expressed
in pericycle cells in the root, where it may be responsible for efluxing Si from pericycle
cells into vascular bundles. Since As(III) is thought to share the Si transport pathway,
knockout of Lsi8 may result in a reduced capacity for the parenchyma cells to effectively
efflux As, resulting in an accumulation of As in the parenchyma cells. This would explain
the higher concentrations of As found in the pericycle (ICS1) cells in the [si3 samples in

this experiment, compared to WT.

5. Why is As more localised in lsi3 than WT

This result may have also been caused by the lack of Lsi3 leaving specific cells unable to
efflux As. If Lsi8 is only expressed in a few specific cells it could have disproportionately
affected some cells over others, causing the observed increase in localisation of As in [si3

over WT.

6. Why did arsenic in lsi3 become more localised with increasing distance from

root tip

If Lsi3 is responsible for eflux of As into the xylem, then this could explain why in more
mature root sections [si8 demonstrates an increasing localisation and increasing concentra-

tion of As in small number of cell vacuoles. Disruption of Lsi8 could cause efflux to be
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reduced from parenchyma cells, but without slowing influx, resulting in accumulation of As
within these cells. The more mature the root section, the longer As influx has exceeded
efflux, and the greater the accumulation. In less mature root sections the cell differentiation
and influx of As into these cells may also be less pronounced, hence the lower concentration

of As observed.
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Chapter 5

Lateral Roots

While microtoming sections of rice root during the experiments detailed in the previous
chapter, I noticed that there were small lateral roots growing perpendicularly out of the
sides of the root. This presented me with the interesting possibility of sectioning through
the lateral root, along its direction of growth, and across the junction where the lateral
root met a higher order root.

I found that it was possible to cut such a cross section through a lateral root, as observed
in the optical micrograph shown in figure 5.1. While it was difficult to repeat this, and
required removing a lot of material, it presented a rare opportunity to study something of
potential significance that had not previously been analysed.

The role of lateral roots and the surrounding cells in the uptake of heavy metals is not
understood, and therefore this sample may provide useful information regarding the uptake
of heavy metals in this study and in future studies.

A lateral root is a root that grows out the side of an existing root. They form slightly
differently in dicots and monocots. Eudicots such as Arabidopsis thaliana form a primary
root, out of which lateral roots will begin to form, branching several more times into higher
order lateral roots. The mature root system of monocots such as rice are instead mainly
composed of adventitious roots - that is, roots that grow outwards from the base of the
stem rather than from a primary root. These adventitious roots then branch into several

further orders of lateral roots.
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Lateral root

Figure 5.1: Optical micrograph of a preserved and microtomed section of O. sativa root featuring
a prominent side root.

The growth of lateral roots is “regulated by nutrient and hormonal signals which act
locally to induce or inhibit root branching” [189, 190]. Once initiated by the necessary
stimuli, the lateral root will protrude from the side of a higher order root and begin to grow
in the same fashion as higher order roots, typically in the direction of water and nutrients.

The lateral roots increase the surface area of the root system, allowing greater potential
for nutrient uptake. They are able to grow in response to the availability of water; experi-
mental results demonstrate a suppression of lateral root growth in the absence of moisture.
Lateral root growth also increases the anchoring of the plant in the soil.

If lateral roots are an important pathway in the uptake of nutrients then examining
them in their early developmental stage may deliver some useful information on how the

transporters being examined are effecting the uptake through lateral roots.

132



5.1. AIMS CHAPTER 5. LATERAL ROOTS

5.1 Aims

There are several things that I wished to examine in this experiment.

1. The lateral roots that I examined were close to the root tip of a higher order root;
they were very small young roots approximately a few hundred microns in width.
Since they appear to be at an early stage of development, it could give insight into

development of lateral roots and transporters therein.

2. At the lateral root junction it might be possible to see the transfer of As from lateral
root into a lower order root. If there are cells responsible for storing or loading As
between transport vessels it may be possible to identify these cells by examining
the junction of a lateral root. The three dimensional nature of these features may,
however, make it challenging to identify such features in the two dimensional cross

sections prepared for SIMS analysis.

3. Disruption of Lsi3 transporters could result in some cells being unable to unload
As, resulting in high concentrations of As in affected cells. This could also show

sequestration of As to specific cells before being loaded into transport vessels.

Therefore, more simply, my aims were to determine if and where As appears in side
roots; whether there are higher concentrations of As in sections of roots near lateral roots
than sections not near lateral roots; and whether or not there is a difference in these trends

between WT and [si5.
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5.2 Method

The methodology for this experiment was very similar the other experiments on the rice
plants from G1 described in Chapter 4. The same samples were used, with the only differ-
ence to the sample preparation being during the microtomy where the resin block had to be
prepared in such a way as to include some of the lateral root in addition to the main root
cross section. As represented in the diagram in figure 5.2 the lateral roots only occurred
at a few intervals along the root. This meant that there was only a few depths at which it
was possible to get suitable sections. The sections would also have to be physically larger

in order to include both the main root and the lateral root.

Lateral roots Microtomed surface

N

\
Resin Block ———— \n \ %
/. — 0

Preserved root — |

Figure 5.2: Schematic of a preserved section of root embedded in resin. The resin is sculpted such
that sections can be microtomed from one of the cut ends of the root, in this example a lateral root
would also be included in the section.

5.3 Results

During the microtomy process I found that the larger section required to include all the
features of interest resulted in some difficulty in microtoming good quality sections. If the

block was not shaped carefully and the microtome appropriately adjusted it was possible to
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develop a rough surface, for the sections to fold up on themselves, for some of the biological
material to lose adhesion to the rest of the sample, or even for sections to break apart.
Furthermore when the sections were laid on a substrate they would sometimes dry with
wrinkles or folds in them, making NanoSIMS analysis difficult or impossible. The best
sections were obtained by carefully shaping the resin block around the main root slightly in
front of a lateral root, then microtoming back towards the lateral root, continually making
adjustments so that the best possible sections are obtained, then once the lateral root has
been reached it should be possible to continue cutting good quality sections.

In figure 5.3 I have demonstrated some of the typical results obtained from this experi-
ment. In the left hand column are regular sections of the main root of interest, in the right
hand column is another root but this time featuring a lateral root that extends to the top
right of each image. In the schematic images the layers represented from outside to inside;
epidermis, endodermis, and pericycle.

We can see from the optical images that the lateral root appears to extend from either
the endodermis or pericycle cells, with the stele at the centre of the root appearing mostly
unchanged relative to the sections without lateral roots. The lateral root then extends
through the cortex and penetrates through the outer layers of the root, leaving the structure
of the root disrupted only for the cells in the direction in which it extends. The distal side
of the root appears to be unchanged when compared to sections without lateral roots.

The large size of some of these sections made it difficult to conduct NanoSIMS analysis
on the whole root at once, as the apertures did not allow for a large enough area to be

rastered without a very significant decrease in resolution. The images at the bottom of
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Root cross section Cross section with lat. root

Diagram

Micrograph

SIMS

Figure 5.3: Diagrams, optical micrographs, and NanoSIMS 2CN~ ion maps demonstrating the
difference between a normal root section (left column) and one with a lateral root (right column).
In all the lateral root examples the lateral root extends to the top right of the image. Data from
WT. Diagrams from Péret et al., Lateral root emergence: a difficult birth, Journal of Experimental
Botany, 2009, 60, 3639, by permission of Oxford University Press [191].
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figure 5.3 demonstrate this phenomenon, with the left hand image having a size of 50 pm
and the right hand image having a size of 100 pm. While the latter allows us to see a greater
proportion of the cortex there is also a very evident drop in resolving power as a result of
large deflections in the beam required for a raster of this size causing a loss of focus towards
the edges. Such a phenomenon cannot be easily corrected, instead I opted, where necessary,
to take multiple smaller sized rasters of the sample and to stitch them together. Of course,
due to challenges with repeatability in the mass spectrometer and slow acquisition times
we may find systematic variations appear even if the analysis of one was done immediately
after the other.

The images in figure 5.3 are just small examples to demonstrate how samples with
lateral roots compare to other data in this set of experiments. Let us now look more closely
at a specific example. In figure 5.4 I have presented an optical micrograph of a cross section
through a WT root lem from the root tip that included a lateral root. I have annotated
the micrograph with boxes representing two of the regions of the sample that were analysed
with the NanoSIMS.

The NanoSIMS results from the larger area near the stele, figure 5.5, is generated by
a 100 pm raster, which is large enough to cause some aberrations towards the edges of the
image, as can be seen particularly clearly from the SE detector. Despite this the cell walls
are clear and distinct across most of the '2C'*N"~ map. We can see a quite sharply defined
dark region at the bottom right of the SE image that also appears dark in the 2CMN-
and 328~ data but very bright in the 28Si~, 3'P12C~ and "As~ data. This is likely a hole

in the sample where some biological material is missing and signal is being picked up from
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Figure 5.4: Optical micrograph of a root section that features a side root. Marked in red are two
of the areas that were analysed with SIMS. Top square, 100 pm; bottom square, 30 pm.

the substrate underneath.

Similar to the sections without lateral roots Si is strongly localised to the cell walls of
a ring of cells on the outer edge of the stele. But in this case appears more concentrated
on the cells closest to the direction in which lateral root extends.

The S and As signals exhibit strong co-localisation in a small number of specific cells
within the stele. These cells predominantly appear in parts of the stele closest to the lateral
root. This is a possible trend deserving of further investigation.

There also appears to be a strong S and As signal in the middle of the “hole” in the
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sample. Possibly a small amount of biological material remains with very high sequestration
of these elements, but it could be some dirt or other contaminant.

The smaller 30 pm region (fig. 5.6) was identified as a region of potential interest on
account of the high S and As observed in other low resolution scans. In this higher resolution
image we again see some regions with very high 3'P12C" signal that is likely being collected
from the substrate through holes in the sample. The SE image appears to show that some of
the cells have cracked, broken, or fallen apart. There are, however two regions of seemingly
intact biological material that are much higher in 2C™N~, 32S~ and "As~ than the rest
of their surroundings. While it is very common to see S and As in the same features, it
is unusual to also get a strong 2C'N~ signal from that same cell. These features are
relatively small (approximately 5 by 10 pm) and were found in the centre of the lateral root
approximately 200 pm away from the centre of the main root, just outside of the epidermis.

There is an apparent trend of higher S and As localisation in the parts of the stele closer
to the lateral root. In order to examine this more clearly I have produced a composite of
several NanoSIMS rasters that were taken across the stele, figure 5.7.

In figure 5.7 I have arranged the 325~ signal from the NanoSIMS data shown in figure 5.5
in a composite image with with two more scans, at slightly higher resolution, that include
other parts of the stele from this section. While we are primarily concerned with the ®As~
signal, the As~ tuning was too inconsistent between each of these scans to be useful.
Instead I have used the 32S™ signal, since as we have seen above that it is correlated closely
with As. The contrast of the images has been adjusted to be as consistent as possible in

order to most accurately represent the variation of 32S™ concentration across the three ion
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HPF 397_£3.11.1 Dwell time (ms/xy): 120.000
Pixels: 256x256 Raster (nm) : 100000 Duration (s): 7870.000

Figure 5.5: An example of NanoSIMS data from one of the sections containing a lateral root,
showing signal from all five ion detectors and the SE detector.
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A

HPF 397.17_3 Dwell time (ms/xy): 60.000
Pixels: 256x256 Raster (nm) : 30000 Duration (s): 3938.000

Figure 5.6: An example of NanoSIMS data from part of a lateral root, showing signal from all five
ion detectors and the SE detector.
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Figure 5.7: Three NanoSIMS maps of 32S™ stitched together, the stele is visible at the top of
the image, and a side root protrudes from the lower part of the image. A, direction of lateral root
growth; cz, central xylem; CSV, endodermis; OCS, mesodermis.

maps. Here we can see more clearly that, as suggested by figure 5.5, the S concentration
on the part of the stele adjacent to the side root (proximal side) is much higher than on

the opposite (distal) side.

5.3.1 Wild types, with and without lateral roots

In the WT sections at 1cm from the root tip regions without lateral roots appear to have
fairly diffuse S and As throughout the stele, with relatively low concentrations of both being

slightly elevated in a small number of the cells within the stele.
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NanoSIMS ion intensity maps, WT 1cm from root tip

DA™

Lateral root

No lateral root

Figure 5.8: The *2S™ and "°As signals recorded for two WT sections 1cm from the root tip, with
a lateral root (top) and without (bottom). A, direction of lateral root growth; B, region of high
329~ and "As” signals; cz, central xylem; CSV, endodermis; OCS, mesodermis.
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In the examples shown in figure 5.8 the WT section without a lateral root (bottom row)
appears to have one pericycle cell that contains a much higher S concentration (annotation
C) than the rest of the analysed region with the exception of some regions close to the
central xylem. There also seems to be an appreciable but much lower concentration in the
vacuoles of the endodermal and pericycle cells as well as many of the cells in the stele.
Because this region is only 50 um in size we can only see a small portion of the root.

The WT with a lateral root instead appears to have a cluster of cells (annotation
B) on the proximal side of the stele with greatly elevated concentrations of both As and
S. Normalised "As™ signal in the two most concentrated regions were 5.5 x 1073 and
4.8 x 1073, both were located in the pericycle on the proximal side of the root. This is
approximately ten times greater than the highest concentration of ®As™ signal (4.9 x 107%)
recorded from the section without a lateral root. The As seems to be almost exclusively
in these cells, with the exception of some appearing at lower concentrations along many of

the cell walls.

5.3.2 [si3, with and without lateral roots

The Isi3 sections, figure 5.9 show that whether a lateral root is present or not the 32S™ and
As” signals are predominantly localised to specific small cells in the stele. Elevated 328~
and As” signals were also recorded from larger cells in lateral root itself (annotation A)
but at lower concentration than found in the stele.

Visually comparing WT and [si8 ion maps suggests that regions of high S concentration

in the latter appeared mainly on the side proximal to the lateral root. However, in [si3
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NanoSIMS ion intensity maps, /si3 1cm from root tip

328 - 75Asf

Lateral root

No lateral root

Figure 5.9: The %S~ and "As signals recorded for two lsi3 sections lcm from the root tip, with
a lateral root (top) and without (bottom). A, direction of lateral root growth; cz, central xylem;
CSV, endodermis; OCS, mesodermis.
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such a correlation appears to not exist.
Since visual comparison between NanoSIMS ion intensity maps is limited to very basic
qualitative assessment it is necessary to extract and normalise numerical data from regions

of interest for a more robust analysis.

5.4 Discussion

Using the same method as the previous chapter, regions of interest were highlighted accord-
ing to groups named OCS, CSV, CSW, ICS1, ICS2 and cx. These groups corresponded to
areas within the root that could be easily and consistently identified from one sample to
the next. They are described in table 4.3 and the supporting images in figure 4.7.

These regions, such as those given as an example in figure 5.10, can then be used to
provide normalised mean data from different regions of the root, allowing for much more

reliable comparisons between samples.

Figure 5.10: Regions of interest highlighted on sample 397_f3_11_1, ready to be extracted by the
OpenMIMS software for further analysis.
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The process of data extraction and normalisation was repeated for one of each WT
and [si8 with and without lateral roots. This data was used to plot column graphs of As
concentration, figure 5.11, for each of these sections. These graphs have been scaled to the
same y-axis limits for easier comparison.

The top two graphs are from W'T sections, and the bottom two for the lsi sections.
The graphs very clearly show that sections with a lateral root contain regions with vastly
more concentrated As than sections without lateral roots.

The WT sample with the lateral root had on average across all the ROIs over five
times more As than the sample without a lateral root. The most notable increase was in
the ICS1 group, where the lateral root containing sample had an average of more than
sixteen times higher As concentration than the non-lateral root counterpart. The highest
As concentration in the lateral root was also eleven times higher than that in the non-lateral
root sample. Therefore it was not only greater on average across the sample, but was much
more highly concentrated into specific regions within the root.

While in the non-lateral root section, the As had been measured as fairly diffuse through-
out the sample, in the lateral root section it seems to be highly concentrated into specific
cells within the stele, as well as there being some elevated concentrations on the cell walls
at the edge of the stele.

Despite lsi3 sections typically containing higher As than WT, the average °As™ in the
lateral root containing section was 3.6 times higher and the maximum "®As™ in the lateral
root section was 10.9 times higher. In the case of the [si3 section, the localisation was also

more severe. Most of the cells identified in the stele contained relatively low As, it was only
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Figure 5.11: Arsenic concentration of both WT (top) and lsi8 (bottom) with and without lateral
roots.
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two cells with markedly increased As, and one further with hugely increased concentration
of the element. It contains such a greater quantity of As that it exceeds the y boundary of
the graph by more than two and a half times.

The trend observed was therefore an increase of As in the lateral root containing sections,
particularly in some of the cells in the stele. In the Isi3 samples the increase was much

larger but also more specifically occurring only in a small number of ROIs in the stele.

Distal vs. proximal side of lateral roots

While normalising the data, a slightly less obvious trend began to emerge; a trend of higher
As and S concentrations in the ROIs closer to the lateral root.

In order to examine this further, I selected and ordered the ROIs within each group
in increasing distance from the lateral root. This was done by first selecting the ROIs of
each group that were closest to the lateral root, then selecting the next closest, and so on,
until the furthest one was selected. After normalising the data using the ‘norm cx’ method
(described in section 3.4.1) I can then graph the mean ion counts from each ROI against
distance from the lateral root.

The results of this, figure 5.12, are quite interesting. For easier comparison both the
Isi3 (top) and WT (bottom) samples are drawn with the same y-axis range.

The trend of decreasing mean As concentration with increasing distance from the lateral
root can clearly be seen in WT from the graph of ®As ™ signal against distance from the
lateral root. The ICS1 and ICS2 regions that contained the higher ™As~ signal were close

to the lateral root. Even the ICS1 cells with the lowest "®As™~ signal were higher than their
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Arsenic vs. distance from lateral root
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Figure 5.12: Average arsenic counts in cells in lsi8 and wild type vs. distance from the lateral
root.
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counterparts on the distal side of the root.

Conversely the results from [si3, top graph, show no such trend. The cells in both the
ICS1 and ICS2 groups that had high "As™ signal are quite uniformly arranged around
the stele. The normalised data shows that compared to WT, Isi3 had a greater number of
regions with high "*As™ signal, and several of those regions contained higher mean signal
than any region in WT.

The data used here for Isi8 was taken from a large raster that included most of the stele.
This allowed the ROIs to be selected from the regions closest to the lateral root all the way
around to the opposite side of the stele. For WT the raster was centred slightly away from
the middle of the stele, so such a comprehensive set of data could not be recorded; hence
the smaller number of data points on the graph.

There is more data available from W'T, but it is segmented into different rasters that
were combined together in figure 5.7. Such a composite image allows us to see that, for the
most part, the trend observed for this particular sample continues — with fewer regions of
localised As and S occurring on the distal side of the root.

Because of the way data was selected, the ROIs used for these graphs were only from
the first two or three rows of cells within the stele. Regions closer to the central xylem
were not used. As seen in the NanoSIMS composite, figure 5.7, there are some regions of
elevated S (and also As) close to the central xylem. This is something worth investigating,
along with the relationship between S and As concentrations in these regions.

For this purpose I have created a new ROI group called “nearcx” that contains regions

close to the central xylem. Adding this to the existing groups, I am able to plot a column
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graph of mean S from some of these groups together, figure 5.13. Also included, on a
separate scale (right), is the normalised mean "As” signal from the same ROIs. The mean
"As™ and *2S” signals in CSV, CSW and OCS were uniformly quite low in comparison to

the cells closer to the centre of the root and have therefore been omitted for the sake of

simplicity.
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Figure 5.13: Mean normalised **S™ (left axis) and "®As ™ (right axis) counts in the root cells near
a side root. Wild type sample, taken lcm from the root tip; 397 £3 11 1.

The graph shows that 32S™ and "As™ signals from some cells near the central xylem
(19-21) were much higher than average and comparable to the ICS1 cells that were also
high in these signals (4,7). ICS2 regions were on average much lower and did not contain

a cell with similarly elevated concentration of 32S™ or "As™. The ratio of 32S~ to ™As~
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signal appears lowest in the regions with the highest As concentrations.

Since I used the same method for highlighting ROIs as in the previous chapter (also
on the roots of O. sativa) it is fairly straightforward to identify the types of cells that
were examined. The endodermis (CSV) is very easy to identify because of the band of Si
surrounding it (see fig. 5.5). Just inside of the endodermis is a cylinder of parenchyma or
sclerenchyma cells forming the pericycle (ICS1) and just outside of the endodermis is the
mesodermis (OCS). These features are labelled on the NanoSIMS maps in figure 5.14. The
cells inside the pericycle (ICS2 and nearcx) are a mixture of sclerenchyma, parenchyma and
vascular tissues, making it much harder to determine the exact function of specific cells in
these regions.

It is also very difficult to determine how far through the lateral root junction these
sections were microtomed. Since a lateral root junction is likely a fairly complex three
dimensional structure, it is possible that taking cross sections through different planes of the
junction could reveal quite different information, this possibility was not explored in these
experiments. The results do, however, show strong evidence of very highly concentrated As
and S in the lateral root junction in both the WT and [si3.

The high concentrations of As and S in specific cells could be related to the loading of
these elements into xylem, as proposed in the previous chapter. Ma et al. grew rice O.
sativa defective in the formation of lateral roots (RM109) and found that Si uptake in the
mature zone (1-4 cm from the root tip) was “significantly lower in RM109 than in WT.”
They concluded that lateral roots likely contain a specific transport system for Si [68].

Since lateral roots are understood to originate from the pericycle cells, is possible that
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.

Central Xylem (cx)

Pericycle (ICS1)

Endodermis (CSV)

Mesodermis (OCS)

Lateral root

Figure 5.14: The Secondary election (a), sulphur (b), and arsenic (¢) NanoSIMS results from 397
13 f1 1. A wild type sample with a lateral root, lecm from the root tip. The raster was 100pm in
size.

As is taken up by the same transport system as Si and transported along the lateral root
towards the pericycle cells of a higher order root where they form As-PC complexes. My
data suggest that this process may be disrupted in [si3, if Lsi3 is an efflux transporter used
by As, then Isi8 may not be able to load As into the pericycle cells of higher order roots,
which could explain the observed result that there was no increase in As concentration in

pericycle cells near lateral roots. The higher observed concentrations of As in Isi3 could
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again be explained by an inability of the plant to effectively efflux As from the pericycle
of the higher order root into xylem, in agreement with the conclusion from the previous

chapter.
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Chapter 6

PT8-0v mutation

In aqueous solutions As, as discussed earlier in section 1.2.1, typically exists as either As(III)
or As(V) [38, 39]. The exact chemistry taking place in the rhizosphere is an area of ongoing
study and not fully understood. It is complicated further in the case of O. sativa by the
ability of rice to grow in flooded soils by transporting oxygen to root tissue by internal
gas channels [192] causing a change in oxidative environment near the roots. Rhizosphere
chemistry can also be altered by the presence of bacteria, an iron plaque [86], variations
in soil aeration between the two growing seasons and changes in farming practices such
as the relatively recent phenomenon of boro rice cultivation in the Bengal lowlands [193].
“Boro” refers to rice planted during the dry season (December-February) in Bangladesh
and north eastern India, typically requiring groundwater irrigation. The different forms of
As, which are believed to be taken up by different mechanisms, can therefore be present in
the rhizosphere in different proportions depending on these variables.

Consequently in order to understand the uptake of As, not only is it important to study
As(IIT) (arsenite) uptake pathways, as in the previous chapter, but to also examine possible
pathways for the uptake of As(V) (arsenate).

Inorganic phosphate (Pi) competes with As(V) for uptake, leading to the Pi pathway
being identified as a potential mechanism for the uptake of As(V) [53].

A rice mutant “defective in OsPHF1 (for phosphate transporter traffic facilitatorl)”

was shown by Wu et al. [80] to lose much of its ability to uptake and translocate both
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Pi and As(V). As part of these experiments Wu et al. also prepared a transgenic rice
overexpressing the Pi transporter OsPht1;8 (OsPT8). They found OsPT8 “to have a high
affinity for both Pi and As(V), and its overexpression increased the maximum influx by 3-
to 5-fold.” Their experiments also included the use of HPLC-ICP-MS to measure speciation
in xylem sap, revealing that As(V) was rapidly reduced to As(III) in the roots and shoots.

Analysis of 26 potential phosphate transporter (PT) genes by Liu et al. [194] showed
that “Most PHT1 genes are strongly expressed in roots”, and identified OsPT8 as one of
fifteen OsPT genes with “high or detectable expression simultaneously in root” in each
of the three genotypes studied; Minghui 63, Zhenshan 97, and Shanyou 63. They used
microarrays to assess expression of these PTs and found the average signal values of OsPT§
genes in seedlings at the two-tillers stage were approximately six times higher in the root
than the shoot.

Wang et al. [82] discovered that the japonica variety of rice Nipponbare took up more Pi
and As(V) than the aus variety Kasalath, the former having more than twice the expression
of Pi transporter genes OsPT2 and OsPTS8. Aus type rice are known to be highly tolerant to
environmental stresses, they are typically sown in the summer along with the pre-monsoonal
showers and harvested in autumn. Wang et al. isolated ospt8 mutants in Nipponbare and
Kasalath, and found that in hydroponic conditions the mutation “decreased As(V) uptake

by 33-57%” in both backgrounds, concluding that “OsPT8 plays a key role in As(V) uptake”
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6.1 Aims

Since Pi is an important nutrient for plants, the interaction of Pi and As uptake in As
contaminated soils is an important area of study. Varieties of rice with a higher OsPT8
expression could inadvertently take up more As at a higher rate, potentially allowing more
As to be translocated to the grain. Alternatively, As(V) could be reduced to As(III) in
the roots, then transported not by the phosphate pathway but instead via the silicic acid
pathway.

In order to study this process we have grown and treated an OsPT8-overexpressing
line (PT8-0v) along with a WT counterpart for NanoSIMS analysis. This analysis aims
to determine cellular and subcellular localisation of P and As, and how they are affected
by overexpression of PT8. Since we are only interested in P and As transport in this

experiment, Si was not included in the nutrient solution.

6.2 Method

The PT8-Owv lines (G2) were prepared in mostly the same way as the [si3 lines (G1) which
are described in section 2.3, using the same half strength Kimura nutrient solution described
in table 2.2. After 20d they were exposed to 5 pmol L=! As(V) (in the form NagHAsO,)
for 3d instead of the 10 umol L=! As(III) used for G1. The lower concentration of As was
necessary because cadl-3 were particularly sensitive to As.

The plants were then rinsed in deionised water and preserved using HPF and the freeze

substitution protocols detailed in section 2.4. Sections 1 pm in thickness were microtomed
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from the preserved root and allowed to dry onto a Pt coated substrate, and coated with a
further 5 pm Pt.

The NanoSIMS was tuned to detect 2CMN~, 28Si~, 3P, 328~ and As™ ions as
described in section 2.7.4. Detector 4 was tuned to the 28Si~ signal for comparison with
G1 despite Si not being present in the G2 nutrient solution. Both the endodermis and
exodermis were expected to be affected by PT8-Ov8 therefore NanoSIMS data was taken
for parts of the stele that included the endodermis and central xylem, and for regions that

included part of the epidermis including some of the exodermis, sclerenchyma and cortex.

6.3 Results

6.3.1 Sample preservation

The high pressure freezing and resin substitution was largely successful. Five root cuttings
from PT8-Ov and five from W'T were taken so that if any were damaged during HPF there
would still be plenty of remaining samples. At the end of the resin embedding most samples
appeared well preserved. Some of the roots had a large diameter, making them difficult
to microtome without tearing. The large microtomed sections also frequently folded or
wrinkled when deposited onto the substrates.

Some optical micrographs of typical sections of PT8-Ov and the corresponding WT
are shown in figure 6.1 and figure 6.2 respectively, after they have been microtomed and
deposited on platinum coated discs. The micrographs reveal good preservation of the root

structure was achieved from HPF and resin embedding. There are some large scratches
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Figure 6.1: Optical micrograph of a preserved and microtomed section of mature root, WT.

Figure 6.2: Optical micrograph of preserved and microtomed sections, PT8§-Ouv.
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visible across the sections, they are especially prominent in figure 6.1. Previous damage to
the diamond microtomy knife was responsible for these scratches. Care was taken in later
samples to avoid the damaged sections of the diamond blade. Also visible in figure 6.1 are
some lighter regions. These are areas where the sample is not sitting flat on the substrate.
The risk of this occurring was reduced by making sure that the sections produced from
microtomy were as small as possible while maintaining a suitable shape and structure to
produce good sections. This could be achieved by very carefully using a razor blade to trim

away excess resin.

6.3.2 NanoSIMS maps

I have provided two examples of some typical NanoSIMS data, one focussed on the stele,
figure 6.3, and one focussed on the exodermis, figure 6.4. Both of these examples are from
the same WT sample and the same growth line (G2). Some features are similiar to those
observed in the WT from the Isi3 growth line (G1) (see fig. 4.3); a diffuse As™ signal
present in the stele roughly correlated with the 32S™ signal. The nutrient solution in G2 did
not include Si, and therefore the very localised Si accumulation seen in G1 is not present
in this sample.

The data for the 3'P~ signal suggests that the phosphorus is predominantly present
within the stele (fig. 6.3) and sclerenchyma (fig. 6.4), with relatively little present in the
cortex. In the sclerenchyma it appears to be distributed in a very similar fashion to both
328~ and As~. While in the stele these elements also appear to share a similar distribution,

the signal from 2SS~ and "?As~ appears to have some concentration in regions within specific
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395_3 f5 12 Dwell time (ms/xy): 10.000 Frames: 10
Pixels: 256x256 Raster (am) : 60000 Duration (s) : 6559.000

Figure 6.3: Example of SIMS data from a region in the stele, G2 WT. A, region of elevated **S~
and “®As” but not *'P"; ¢z, central xylem; CSV, endodermis; OCS, mesodermis.
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395_3 f5 13.2 Dwell time (ms/xy): 10.000 Frames: 10
Pixels: 256x256 Raster (nm) : 60000 Duration (s) : 6559.000

Figure 6.4: Example of SIMS data from a region around the exodermis, G2 WT, showing co-
localisation of 328, 3P~ and TSAs . c1, outermost cortex cells; scl, sclerenchyma; exo, exodermis.
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cells that are not shown by the 3'P~ signal. For example, towards the bottom centre of the
323~ and "As~ maps, there is a region of higher ion intensity that is not associated with
a higher 3P~ signal (see fig. 6.3 annotation A).

This gives an idea of what some of the typical NanoSIMS data looks for WT sections
from G2. To better compare WT and PT8-Ov I have arranged some PT8-Ov data side by
side with the already seen WT data both for the stele (fig. 6.5) and the exodermis (fig. 6.6).

In both cases the similarity between detectors tuned to 32S~ and "®As™~ suggests a co-
localisation of S and As within the stele despite the low and diffuse signal. The endodermis
(CSV), mesodermis (OCS) and central cortex (cx) are labelled on the image. The data
suggests that most of the P, S and As is found within the endodermis, mesodermis, and
specific cells with in the stele. There are a few regions that appear to contain very little of
any of the elements displayed here. One of these is the central xylem (cx), and it is possible
that the other such regions are metaxylem or protoxylem vessels, such as annotation B,
fig. 6.5. This labelled region is neighboured by two cells that appear to have unusually
high concentrations of both As and S. It is possible that these are xylem parenchyma cells,
responsible for loading and unloading nutrients from the xylem vessel.

In the exodermal regions, figure 6.6, the outermost part of the root is to the right on
the WT data and to the top right of PT8-Ov. The structure of these regions look very
similar between the SE images for WT and PT8-Ov. In the former, the cells in the cortex
are perhaps slightly larger and irregular, with what appears to be some damage to the cell
walls, likely as result of the HPF process.

At first glance in both WT and PT8-Owv the concentrations of S and As again appear
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Endodermal region
WT PT8-Ov

Figure 6.5: NanoSIMS ion maps of WT and PT8-Ov sections near the stele, both rasters 60pm in
size and had a duration of 6559s, "°As ™ contrast increased. A, region of elevated 2S™ and As~
but not *'P~; B, region low in all ions, adjacent to regions high in *'P~, *S™ and "As ", possibly
metaxylem; cz, central xylem; CSV, endodermis; OCS, mesodermis.
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Epidermal region
WT PT8-0Ov

Figure 6.6: NanoSIMS ion maps of WT and PTS8-Ov sections near the exodermis, both 60pm
in size and had a duration of 6559s, "°As~ contrast increased. cI, outermost layer of cortex; scl,
sclerenchyma; exo, exodermis; epi, epidermis.
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to be similarly distributed; both appearing in the thin distinct strip of small cells that form
the sclerenchyma. The PTS§-Ov data, for the ions measured here, demonstrates a possible
trend of phosphorus being more localised to subcellular regions than is observed for WT.
Additionally As appears to be not just predominantly in the sclerenchyma (as is the case
with WT) but also extending fairly significantly either side of it in a manner that more

closely resembles the phosphorus distribution.

6.3.3 Data analysis

Since the data in these images is not normalised and the images only show relative propor-
tions of signal from each detector, it is not possible to make straightforward comparisons
between WT and PT8-Ov. For example, one image appearing brighter in the NanoSIMS
data does not necessarily mean more of that element was present. It can also be challenging
to compare information from several images as they will be in different orientation and it
is easy to confuse different regions from different roots. In order to make semi-quantitative
analysis I chose to use a technique similar to geostatics; I first identified the samples of
best quality, then selected regions of interest within these samples based on their rela-
tive positions within the root and normalised them using the normcx method determined
in Chapter 3. This method allowed me to compare the recorded number of counts from
different parts of the root between different samples.

For the NanoSIMS data centred around the stele, I used the same methods as described
in section 4.3.3 and figure 4.4. This involved identifying and highlighting individual cells

within concentric rings as the regions of interest. It had been relatively trivial in the case of
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the previous growth line, G1, to identify the same type of cells in each sample, because the
endodermis was surrounded in a very distinct layer of Si decorating the cell walls. These
Si surrounded cells were then selected as ROIs belonging to the group labelled “CSV,” and
the other groups were identified based on their position relative to this, as demonstrated in

figure 6.7.

OCS CSV ICS1 ICS2 cx OCS CSV ICS1 ICS2 cx OCS CSV ICS1 ICS2 cx

Figure 6.7: The regions of interest for the Isi3 growth line (G1). SIMS images from left to right;
SE, 28Si~, 2CMN . “CSV” can be easily identified by the strong Si accumulation on the cell walls.

In G2 such a feature was not present, as the nutrient solution did not contain Si, and
therefore the plants could not deposit any on the endodermis. Instead I had to carefully
observe the relative shapes of the cells, and compare them to samples from G1 in order
to positively identify the cell types. For example figure 6.8 shows some data from the G2
growth line, marked and labelled with the same ROI group names. The middle of the three
images contains the data from the detector tuned to 2Si~. In this case there is no visible
deposition of Si present on the endodermis.

I found it useful to use both the 2C™N~ and the SE data to determine the areas of
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OCS CSV ICS1 1ICS2 «cx OCS CSV ICS1 1ICS2 cx OCS CSV ICS1 1ICS2 cx

o

Figure 6.8: The regions of interest for the PT8-Ov growth line (G2). SIMS images from left

to right; SE, 28Si~, 2CMN". No strong Si accumulation was present on the cell walls, making
identification of “CSV” more challenging.

each cell, since using just one detector on its own often did not provide enough information
to accurately select individual cells. In most cases the shapes of the features were sufficient
to confidently mark the ROI groups the same as in the previous chapter.

For the epidermal regions I identified the outermost layer of cells, highlighted them as
individual ROIs, and labelled them as belonging to the ROI group “epi.” I repeated this for
the next layer of cells, and so on, labelling them “exo,” “scl,” “c1” and “c2” respectively,
as shown in figure 6.9. These abbreviations were chosen to refer to the root epidermis
(rhizodermis), exodermis, sclerenchyma, and the two outermost layers of the cortex. This
reflects the conventions used by Tabuchi et al. [195], Ranathunge et al. [196], Syu et al. [197]
and others in their respective studies of uptake of ammonium ions, water, and As in O.
sativa.

Once all the ROIs had been identified on a particular data set, the mean counts over

each ROI could be extracted by the OpenMIMs software for each detector. This was done
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epi  exo scl cl c2

Figure 6.9: Regions of interest around the epidermis, each layer of cells is assigned to an ROI
group as labelled in this example.

for all of the samples and added to a spreadsheet. In order to normalise the data, the “norm
cx” method, detailed in section 3.4.1, was applied. This involved simply dividing all the
data for each sample by the mean >CN~ counts from the central xylem. This effectively
normalised changes in primary ion intensity, secondary ion transmission, and dwell time.
Normalised ion counts can then be extracted from the NanoSIMS data, allowing com-
parisons to be made between the compositions of different cells. An illustrative example
of how some data was mapped from images to numerical values is shown in figure 6.10
using the same PT8-Ov data that was shown in figure 6.5. Handling the data in this way
allows numerical values to be produced that can then be used to compare between cells in
different regions of the root and between different samples. For example in figure 6.10 we
can see not only that the As is found predominantly in the stele (OCS, CSV, ICS1 and
ICS2) as opposed to the cortex (OCS2) but that the most As rich regions were found in the

pericycle (ICS1). Less obviously it shows that the pericycle contains regions regions highly

170



6.3. RESULTS CHAPTER 6. PT8-OV MUTATION

Table 6.1: Samples that were used for quantitative analysis

Sample name Sample type Analysed region

3953 1512 WT Stele
3953 f6 11_1 WT Stele
3953 {7 11 WT Stele
3954 7 2 WT Stele
3954 18 1 WT Stele
395 f4 111 WT Stele
3953 f5 132 WT Epidermis
3953 16 12_1 WT Epidermis
3954 {8 4.2 WT Epidermis
3954 1.2 WT Epidermis
39634 4 PT8-Ov Stele
396_3 £5_3 PT8-Ov Stele
3963 f7 16 PT8-Ov Stele
396_3 {7 13 PT8-Ov Epidermis
396_3 f7 12 PTS8-Ov Epidermis
396_3 {7 15 PT8-Ov Epidermis

concentrated in As (annotation A) and also containing relatively little As (B), suggesting
different cell types in this part of the root.

Not all of the data collected was suitable for quantitative analysis. This could be due
to improper calibration of the machine, incorrect settings, or insufficient useful data in
the rastered area. Out 41 sets of data collected, the 14 NanoSIMS acquisitions used for
quantitative analysis are listed in table 6.1. In order to minimise selection bias I only
omitted samples that contained too few cells of interest or suffered from poor preservation
or beam damage.

The method of mapping of NanoSIMS data from regions of interest to numerical values
as illustrated in figure 6.10 was carried out for the samples in table 6.1. This produced a

large quantity of data that is given in appendix A for reference.
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Figure 6.10: Diagram showing relationship between ion counts from a small number of ROIs and
the respective numerical data for °As~ signals in the stele of PT8-Ov root. Highest counts were
recorded in ICS1. OCS, mesodermis; CSV, endodermis; ICS1, pericycle; A pericycle cells with high
average "°As  signal; B pericycle cells with low average °As  signal.
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Average signals in different root regions

In order to make overall comparisons between distributions of 32S™, 32P~ and As™ in
these samples I calculated averages and standard deviations of these signals for all OCS
regions across all WT samples, and then for all CSV regions, and so on. Repeating this
again for PT8-Ov allows rudimentary comparisons to be made in the distributions of these
signals, figure 6.11.

The averages counts from the endodermal regions (left column, fig. 6.11) suggest that for
both WT and PT8-Ov P and As are slightly more concentrated in the stele than the cortex,
whereas S is more uniformly distributed. Data from the epidermal regions (right column,
fig. 6.11) suggest P and As are predominantly localised to the sclerenchyma whereas S is
again more uniformly distributed. Lastly it appears that in almost all regions P and S
concentrations are higher in PT8-Ov than W'T, and for As distributions in the stele, but
near the outer edges of the root As concentrations were higher in WT.

Student’s ¢-tests between these populations indicate a significant (p < 0.05) increase in
31p~ . 329~ and "As™ signal for PT8-Ov over WT for all regions near the stele except the
central xylem. Near the outer edge of the roots a significant increase in >'P~ was recorded
in the epidermis, exodermis, and sclerenchyma for WT over PT8-Owv, whereas there was a

significant decrease (p = 0.04) in "*As~ counts from the epidermis.

Cells with high concentrations of particular elements

While these trends appear quite strongly in figure 6.11, the large standard deviations (indi-

cated by the error bars) are evidence of the large variations not only between samples but
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Figure 6.11: Average normalised counts recorded from different cells averaged across all WT
(purple) and PT8-Ov (teal) samples for areas near the endodermis (left column) and epidermis
(right column). Error bars represent one standard deviation in the mean counts between cells in
the same region. OCS, mesodermis; CSV, endodermis; ICS1, pericycle; ICS2, cells just inside of
pericycle; OCS2, cells just outside of mesodermis; cz, central xylem; epi, epidermis; exo, exodermis;
scl, sclerenchyma; c1, cells just inside sclerenchyma; c¢2, cells just inside cl.
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also between different cells within the same region of the same sample. For example, within
the stele it is not possible to accurately determine the type of each individual cell using
NanoSIMS data alone. I selected cells just inside the endodermis as a region of interest
because they could be easily identified and some of them produced relative high ®As™~ sig-
nals, but some of these cells appear to contain very little of any of the elements of interest
(e.g. fig. 6.5 annotation A), while others were highly concentrated in As and S. It is likely
the "ICS1” contains an average of data from several different types of cells such as phloem,
metaxylem, and companion cells. By taking an average information on the localisation of
signal to these specific cells is lost.

Averaging the data also hides large variances between samples of the tame type. There-
fore it might be more accurate to try to quantify the relative localisation of elements within
each sample, since this would not require normalisation. This would provide an indication
of the distributions of key elements and could help quantify any changes distribution of
these elements resulting from overexpression of PT8.

In order to achieve this I calculated the number of cells in each sample that contained
50% more 3P~ 32S™ or ™As” counts than the average for the rest of the sample. This
provides an absolute number of cells highly concentrated in P, S and As. Dividing this by
the number of cells in each region within the sample gives a relative number of concentrated
cells per root region, which can then be used to compare WT to PT8-Ov. Such a comparison
is made in figure 6.12 and gives an idea of where the cells with the greatest concentrations
of P, S and As are most likely to be found.

In combination with the data from figure 6.11 this suggests that cells in the pericycle and
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Average ROIs per sample exceeding 50% above mean concentration
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Figure 6.12: Average number of ROIs root region containing more than 50% higher than the mean
concentration of each respective element. Left column regions near stele. Right column regions near
epidermis. OCS, mesodermis; CSV, endodermis; ICS1, pericycle; ICS2, cells just inside of pericycle;
0CS2, cells just outside of mesodermis; cz, central xylem; epi, epidermis; exo, exodermis; scl,
sclerenchyma; c1, cells just inside sclerenchyma; c2, cells just inside cl.
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Table 6.2: p-values from Student’s t-tests for different ions between WT and PTS§-Ov
sections for high "As™ signal regions near the Stele and Epidermis.

Detector
Region 3P~ 329~ BAs™

Epi 0.0981 0.1223 0.4281
Stele 0.2515 0.0004 0.0260

sclerenchyma contain both the highest average concentration of all three of these elements
and the greatest number of cells containing high concentrations of these elements.

To determine if there was a significant difference in high As containing regions between
WT and PT8-Ov I conducted Student’s t-tests on the three ROIs from each section with
the highest As™ signal, associated p-values are given in table 6.2. There was no significant
difference (p < 0.05) between WT and PT8-Ov for the epidermal regions, but there was
significant difference between WT and PT8-Ov in the distributions of high 2S™ and "As~
signal producing cells near the stele.

This data suggests no difference between WT and PT§-Ow in the relative distribution
of elements near the edge of the root, but that overexpression of PT§ may have caused S

and As to be more highly localised to the pericycle.

Arsenic sulphur and arsenic phosphorus ratios

Examining the relative ratios between these elements could shed some more light on how
PT8 affects transport and detoxification of As. In order to do this I used the normalised
average signals from all the ROISs to plot scatter graphs of °As~ against 32S™, some typical
examples are given in figure 6.13. This figure only contains one example of WT and PT8-Ov

sections for near the epidermis and stele, the rest of the data can be found in appendix B.
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Figure 6.13: Scatter graphs of mean normalised "°As™ counts against mean normalised 22S~
counts from each region of interest, ROI groups are plotted in seperate colours as indicated in the
legend. Data from one example of WT and PTS8-Ov sections recorded near the stele and near
the epidermis. (m) linear regression gradient given to two significant figures, (r) Pearson product-
moment correlation coefficient give to three significant figures.
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The ratios between ion counts will depend on the relative tuning on the detectors.
As already demonstrated in figure 4.18 there are large errors in this tuning that is not
accounted for by the normalisation method used. This error is evident again here by the
different scales on the scatter plots in figure 6.13. I calculated the Pearson product-moment
correlation coefficient (PPMCC) and the gradients of the line of best fit using the linear
regression method (least squares), the results of each are shown in the top left of the scatter
plots.

The process of calculating gradients and correlation coeflicients was repeated for As~
signal against 32S~ signal and °As~ against 3'P . The results are presented as bar graphs
in figures 6.15 and 6.14 respectively. One of the correlation coefficients was negative so the
modulus was used, and the gradients varied to such a degree that they are plotted on a
logarithmic axis.

The graphs in figure 6.14 show that the correlation between 32S™ and "As™ signals is
quite good (r > 0.8) for most sections but very poor in two of the sections. The highest

gradients were from the two sections with the worst correlation.

6.4 Discussion

The average 3'P~, 328~ and "As™ signals, figure 6.10, indicate that these elements are
predominantly located in the stele and sclerenchyma of both WT and PT8-Ov. This data
suggests more of all of these elements in PT8-Ov compared to WT for all regions with the
exception of the epidermal regions where lower "°As™ signals were recorded.

When analysing just the regions with highest concentrations of P, S and As PT8-Ov

179



6.4. DISCUSSION CHAPTER 6. PT8-OV MUTATION

had significantly higher average normalised ""As™ (p = 0.0260) and 32S~ (p = 0.0004)
counts, suggesting that PT§-Ov had taken up more As and P. This agrees with previous
observations made by Chen et al. [198] and Nussaume et al. [199] that OsPT8 plays an
important role in Pi uptake; and observations by Wu et al. [80] and Wang et al. [82] that
As(V) uptake increases along with Pi uptake with overexpression of OsPT8. Higher S
concentration could be caused by increased production of PCs as part of the detoxification
mechanism in response to the higher As uptake.

The approximately 5x increase in root As in PT8-Owv recorded by Wu et al. in rice
grown in similar conditions was not observed in this thesis. Taking this discrepancy, as
well as the large variance between samples (see appendix A) and small sample size into
consideration, suggests that these results wholly conclusive. The high variances could be
caused by changes in the relative tuning between detectors, creating systematic error which
would persist despite normalisation as the method used only normalises against data from
the first detector, tuned to *>C*N~. However the results were close to agreement and only
a relatively small quantity of additional data could allow a much more definitive conclusion
to be drawn.

Jia et al. [81] used green fluorescent protein markers to show that OsPT$ is strongly
expressed in both the epidermis and endodermis. These results showed that As and P were
present in relatively low concentrations in the epidermis, and in elevated concentrations in
the sclerenchyma. Lower As concentrations in PT8-Ov near the edge of the root could have
been caused by increased rate of translocation of As away from the epidermis.

Similar to G1 sections, high proportions of ®As~ signal were observed in smaller cells
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adjacent to larger cells with much lower signal from all detectors (figure 6.5 annotation B).
This could represent protoxylem or metaxylem surrounded by parenchyma cells, where the
parenchyma are used for storage and loading of ions into xylem vessels. The similar ratios
of As to S counts between WT and PTS§-Ov suggest that As is being rapidly reduced from
As(V) to As(IIT) and detoxified by PCs in the roots of both lines. It is possible that As(V)
is being reduced in the sclerenchyma, and chelated in the stele. This would explain the
strong correlation of As and P near the edge of the root as As(V) and Pi share transport
a transport pathway, once As is reduced to As(III) it would likely move via a different
transport pathway, and therefore correlate less well with P, as seen in the stele. It would
also explain and the strong correlation of As and S near the centre of the root, where as

As(IIT) can be readily detoxified by chelation with thiol containing PCs.
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Figure 6.14: Pearson product-moment correlation coefficients (r) and gradient of line of best fit
(m) for the mean normalised *2S™~ and "As™ counts in each ROT from different sections. Gradients
calculated using the linear regression “least squares” method.
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Figure 6.15: Pearson product-moment correlation coeflicients (r) and gradient of line of best fit
(m) for the mean normalised *2S™~ and "As™ counts in each ROT from different sections. Gradients
calculated using the linear regression “least squares” method.
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Chapter 7

Arabidopsis

Detoxification of heavy metals in plants is believed to involve chelation by phytochelatins
(PCs) followed by the transport of metal-PC complexes into vacuoles. PCs are thiol con-
taining peptides that are known to be synthesised from glutathione in plants exposed to
heavy metals [200]. More specifically, they are synthesised “from glutathione by a specific
~v-glutamylcysteine dipeptidyl transpeptidase” named PC synthase [201]. In Arabidopsis
mutation in the CAD1 gene confers cadmium (Cd) sensitivity, investigation into the func-
tion of this gene suggested that it encodes PC synthase [170]. Further experiments by
Ha et al. demonstrated this to be the case; they observed that cadl-3 lacked detectable
PCs, even when exposed to cadmium and were “highly sensitive” to the element [95]. The
cad1-8 mutation was brought about by “a G-CtoC-G transversion generated by 1,2:3,4-
diepoxybutane.”

C-type ATP-binding cassette (ABC) transporters are believed to be involved in detox-
ification of As. Song et al. showed that “in the absence of two ABCC-type transporters,
AtABCC1 and AtABCC2, Arabidopsis thaliana is extremely sensitive to arsenic and arsenic-
based herbicides [168].” Their further experiments connected these transporters to PCs
transport activity. They concluded that these were the “long-sought and major vacuolar
PC transporters” and that “the sequestration of PCAs complexes into vacuoles is as critical
for the detoxification of arsenic as the synthesis of PCs.”

Later research identified that OsABCC1 expressed in rice roots is able to “mediate
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2

ASITI-PC sequestration, thus reducing As accumulation in the rice grains [101].” Despite
not decreasing root As, knockout of OsABCC1 resulted in several times more As in the
grain compared to WT [101]. Ueno et al. suggested that selective sequestration of heavy
metals to root vacuoles could limit root to shoot transmission [202]. Using this information

Deng et al. were able to reduce grain As in rice by overexpression of OsABCC1, ScYCF1

and y-glutamylcysteine synthetase [203].

7.1 Aims

The exact role that these transporters take in the uptake of As is not fully understood.
Here I use NanoSIMS analysis to map the distribution of key elements in the roots of
Arabidopsis thaliana mutants at both high spatial resolution and high sensitivity. The aim
is to observe changes in the transport and chelation of As as a result of disrupting key
genes (ABCC1, ABCC2 and CAD1) identified as being relevant to important stages of

heavy metal detoxification.

7.2 Method

Arabidopsis WT and mutants (Columbia ecoline) were grown to flowering stage, 16-h
light/8-h dark cycle at 22°C/18°C, appended with 10 pumol L1 As(V) for 5 days before
harvesting as described in section 2.3. The growth line consisted of WT (Col-0), cad1-3
(PC synthase deficient mutant) and abcc1-2 (double knockout mutant where ABCC1 and

ABCC2 transporters were non functional and cannot transport PC-As(III) complexes into
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Table 7.1: List of root sections cut for this experiment

Name Mutant Distance from root tip

742 Col-0 2cm from tip
743 Col-0 5cm from tip
744 cadl-3 2cm from tip
745  abccl-2 2 cm from tip

vacuole).

Small lengths of root were cut from near the root tip and preserved according to the
HPF and resin substitution methods described in section 2.4. Based on research by Blum et
al. [204] regions 2 cm from the root tip were expected to have high PC activity and therefore
be of interest in this study. Lengths of root were cut 2cm from the root tip for all plant
lines, and additional lengths 5 cm from the root tip were cut for Col-0 in order to examine
any changes in As and S distributions at different distances from the root tip. The difficulty
and time intensive nature of both the sample preparation and NanoSIMS analysis meant
that only a limited number of samples could reasonably be chosen, and therefore lengths of
mutant root were only taken at one distance from the root tip. A list of the plant lines are
shown in table 7.1, a minimum of four lengths of root were cut for HPF from each plant
line.

The NanoSIMS was tuned to detect 2C1N~, 32§~ 35C1~, 3'P12C~ and ™As™ ions as

described in section 2.7.4.
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7.3 Results

7.3.1 Optical micrographs

Some example micrographs of the preserved and microtomed sections of root are shown in
figure 7.1. They give an indication of the condition and quality of the samples prior to SIMS
analysis. The sections are very large, and contain only a small quantity of biological material
relative to the size of the section. It may have been possible to obtain better sections by
trimming away more of the resin with a razor blade. Smaller sections are typically less
likely to have folds or tears in them, increasing the proportion of usable samples.

The first example, Col-0, taken at 2cm from the root tip, figure 7.1A, contains two
different roots that were preserved together in the same resin. There seem to be two visible
steles (red arrows), with some irregularities in the formation of the cortex and some of the
cells appearing very distorted.

Two of these samples, figures 7.1B and 7.1C, don’t contain a whole cross section of the
root. It is hard to tell if the sample was damaged during HPF or when the root was cut
from the plant. It is possible that taking sections from further into the resin block would
yield better preserved sample, and that this may not have been done owing to a lack of
microtomy experience.

These two also have some folds or bubbles in the section, which could result in incon-
sistent SIMS data. It looks as though there are some small lenticular shapes in the regions
where the section is raised from the substrate. This may be small bits of the sample that

have broken loose and become deposited underneath the sections.
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(C) cad1-3 2cm from root tip (D) abecl-2 2cm from root tip

Figure 7.1: Optical micrograph of preserved and microtomed sections. a,b, two different roots
preserved in the same resin block; ¢ part of the cortex missing from the section.

The best section, figure 7.1D, contains two well preserved root sections with very little
surrounding resin and appears to have dried flat on the substrate with very little contami-
nation. Despite these issues almost all samples had well preserved and sectioned steles that

could be analysed.

7.3.2 NanoSIMS data

Some typical NanoSIMS data, figure 7.2, demonstrates the general appearance of these

samples. In this case, the sample is the same Col-0 section cut 2cm from the root tip
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shown in the first optical micrograph, figure 7.1A. The data reveals clear and distinct cells
throughout most of the stele. The *2S™ and As™ signals reveal strong localisation of these
elements to specific cells. The uniformity of the 3°Cl™~ signal indicates the the sample is
mostly flat and well preserved with perhaps the exception of the spaces in between some of
the cells.

Towards the edges the image becomes out of focus, and the definition between cells is
slightly lost. This sample was identified in the optical micrographs as having a ‘squashed’
appearance with the cells being distorted. These distortions are also evident in the NanoSIMS
data and could make it difficult to accurately identify the cell types.

In this example As and S appear to be predominantly located within a handful of cells
around the edges of the stele. To get an idea of how other samples compared I have arranged
into one image, figure 7.3, the data collected from ion detectors tuned to 32S~ and As",
and the S.E. detector from this sample and one example from each of the other samples
listed in table 7.1.

Col-0 sections at 2cm and 5cm from the root tip appear similar in both shape and
distribution of elements. Signals for *As”~ and *2S~ predominantly came from a small
number of cells near the edge of the stele in both samples with the localisation of these
elements appearing slightly stronger from the latter.

These elements were typically not found uniformly across whole cells but within a part
of the cell. This can perhaps be seen most clearly in the region highlighted in red in Col-
0 at 5cm from the root tip (fig. 7.3). I re-imaged this area in the NanoSIMS at a higher

magnification, figure 7.4. This clearly shows that the area responsible for the highest counts
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742 s5 2 Dwell time (ms/xy): 60.000 Frames: 5
Pixels: 256x256 Raster (nm) : 50000 Duration (s): 19666.000

Figure 7.2: Typical SIMS data from an arabidopsis sample. Col-0, 2cm from root tip, showing
strong "°As” and *2S” signals from pericycle cells on the xylem pole. A, preservation damage;
xylem; px, protoxylem; p, pericycle.
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As

Figure 7.3: Secondary electron, %S~ and "As~ data collected from one of each of the arabidopsis
mutants, all rasters 50 um. >2S™ and "°As~ signals strongly localised to specific pericycle cells in
Col-0, all pericycle cells in abecl-2 and diffusely localised in cad-3. A, region analysed at higher
resolution; B, perservation damage; z, xylem; px, protoxylem; p, pericycle.
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of 32S™ and "As” is a region within the cell that extends to some of the edges of cell, but
appears pulled away from some sections of the cell wall. This feature could be a vacuole, or

the cytoplasm if the cell became plasmolysed during one of the sample preparation steps.

(A) 12014N— (B) SQS— - (C) 75AS—

Figure 7.4: Col-0 at 5 cm from the root tip, higher resolution image of area identified in figure 7.3.
Data acquired over a 30 pm raster with a 3938 s duration.

Data from the cadi-8 section also suggests a concentration of As and S in cells towards
the edge of the stele, but in this case it seems more diffuse and much less localised. A crack
can be seen in the upper right quadrant of the sample (red arrow), suggesting damage was
sustained during HPF. It appears as a faint grey line in the SE image and a black line in
the 328~ data.

For the abec1-2 section S and As appear highly localised similar to the Col-0 sections,

but this time not just in one or two cells but in a whole ring of cells at the edge of the stele.

7.3.3 Cell types

I attempted to identify the high As containing cells observed in the high resolution scan,
figure 7.4, and several other cell types within the root. To do this I compared my data to

published information on the structure of Arabidopsis roots using both optical micrographs
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taken prior to SIMS analysis in addition to the SIMS data to best identify the cell types

present in each scan. Some of this data and an example of this process is shown in figure 7.5.

‘ B Phloem
" ." Z Procambium
, / B Metaxylem
/ )‘ D Stele B Protoxylem
‘ B Pericycle
/ T Endodermis B Casparian strips
' B Cortex
E Epidermis

(A) Root structure of Arabidopsis Thaliana

(B) SE (C) 31PZC’ (D) PAs”

Figure 7.5: Identifying cell types. A, Diagram of cell types in Arabidopsis root from Petricka et
al. [205] reprinted with permission Copyright 2012 Annual Reviews; B-D, NanoSIMS data from a
cross section of arabidopsis root, Col-0, 5cm from the root tip. ¢, endodermis; i, pericycle; i,
protoxylem; iv, metaxylem; v, central xylem.

In this way I was able to quite consistently identify five cell types, labelled i-v in fig-
ure 7.5, that could be used to compare data between different sections. Starting from the
centre of the image (v) was a large cell with thick walls and low counts from most detectors
that is likely a xylem vessel. Similar cells (iv) appear either side of it that I identified as
metaxylem. Adjacent to these are much smaller cells (iii) also with thick walls and low

counts from most detectors I believe are protoxylem. This suggests that the cells in the
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next layer out (ii) were pericycle cells. Further out again are longer thinner cells (i) which
I deduced were likely endodermal cells. Beyond this the cells became much larger and
probably form the cortex.

The diagram also showed the position of the phloem, but there were no obvious dif-
ferences between procambium and phloem cells in most of the NanoSIMS data, so I was
unable to determine with much certainty which cells these were. A. thaliana roots have
radial vascular bundles with one protoxylem pole (diarch) [206], therefore I assumed that

the phloem were 90° opposite the xylem pole even though I couldn’t directly identify them.

7.3.4 Regions of interest

Using this information I deduced a method for analysing the data by highlighting ROIs
based on the cell types and their position in the root. First I highlighted the xylem vessels,
including the metaxylem and protoxylem. This provides a very consistent and easily identi-
fiable feature across all the samples that can be used, as in previous chapters, to normalise
the data. Since the central xylem varied from one sample to another I created the ROI
groups c¢x, mx, and px for the central xylem, metaxylem and protoxylem respectively.

In the Col-0 samples the regions with the highest ®As™ and 32S™ signals often originated
from the pericycle cells, specifically the ones closest to the protoxylem as seen clearly in
figure 7.5D (ii). The high resolution image, fig 7.4, showed these elements not in the whole
cell, but a part of it — which could be a vacuole or a cell that has plasmolysed. Therefore
when selecting ROIs I used my best judgement to include these features with as little of the

empty space around them. Following this observation I also separated the pericycle cells
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into three separate groups; those near the protoxylem (pex), those near phloem (pep) and
those in between (pef).

These formed the main ROIs used for analysis. There were one or two examples of high
concentrations of As in other places within the roots, such as the endodermis, which were
also selected for analysis. Additionally some samples contained some unusual or interesting
features that were highlighted on a case by case basis. Highlighted regions within a sample
typically looked like those given in figure 7.6. To the left and right of the image (regions
6 and 7) are the high As™ signals from near the xylem poles. At the top and bottom of
the image (regions 9-11) are the regions near the phloem poles.

This process was repeated for all the samples listed in table 7.2 and the average counts

from each detector in the ROIs were saved to a spreadsheet and normalised.

(B) "PAs™

Figure 7.6: A Col-0 sample with the ROIs used for analysis displayed in red.
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Table 7.2: List of sets of NanoSIMS data collected for this experiment, the associated
plant line, and the distance they were recorded from the root tip.

Sample name Plant line Dist. (cm)
742 4a f1 1 Col-0 2
742 1d 3 Col-0 2
742 85 2 Col-0 2
743 1b f1 1 Col-0 5
743 1b f1 2 Col-0 5
743 1b f1 3 Col-0 5
743 1a 5 11 Col-0 5
743 1a {7 12 Col-0 5
743 2a 13 13 Col-0 5
743 2a {4 11 Col-0 5
743 2a 1412 2 Col-0 5
744 1b 13 2 cadl-3 2
744 _4a_13_1 cadl-3 2
744 5a_f1.5 cadl-8 2
745 2¢ 14 01 abccl-2 2
745_1b_f4_5 abec1-2 2
745_4b_15_1 abccl-2 2
745_6a_f1_5 abec1-2 2
745 _6a_11_7 abccl-2 2
745_6a_f1_8 abec1-2 2
745_7a_f5_1 abccl-2 2
745 _7a_f5_4 abec1-2 2
745 2b f1_1 abcel-2 2

7.3.5 Arsenic localisation

Plotting the normalised average "®As~ counts from each ROI demonstrated similar trends

to that observed initially in figure 7.3. Looking at just one example from each mutant,

figure 7.7, we can see that in Col-0 at 2cm and 5cm the pericycle cells near the xylem

pole (pex) contain the highest concentrations of As, with very little in other cells. cad1-3

additionally had high As concentrations in cells between the xylem and phloem poles (pef)

as well as nearby cells in the cortex (cortf), but similar to Col-0 most of the As was in
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pericycle cells near the xylem pole. The As in abccl-2 appeared evenly distributed across
all pericycle cells (pex, pep and pef) and not just concentrated in those nearest the xylem

pole. Data from the rest of the samples is given in Appendix C.
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Figure 7.7: Average °As™ signals recorded from some arabidopsis ROIs. Data from 742 1d 3, 743
2a f4 11, 744 4a 3.1, 745 _6a_f1_7

Taking an average of the "®As™ counts for the main ROI groups within each sample set,
fig 7.8, further illustrates this trend. This suggests that As concentrations were higher in

cad1-8 than Col-0, and higher still in abcc1-2. Only three cadi1-3 samples were used for
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analysis and the "?As™ counts varied in these samples by more than one order of magnitude.
Students’ t-tests revealed that significantly (P < 0.05) higher proportions of "*As™ and 32S~

signal were found in pericycle cells near the phloem pole in abcc1-2 compared to WT.
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Figure 7.8: Average °As™ signal recorded from each ROI group.

The distributions of elements between the ROI groups within each plant line are quite
consistent, but as seen in previous chapters there are large systematic variations causing an
upwards or downwards shift in the signals recorded from some samples. This has caused

very large error bars in figure 7.8 and makes it difficult to accurately quantify the differ-
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ences in °As” signal between different sections. Therefore I decided to look instead at
the relative distributions of ®As~ signals between ROIs within each sample. Most sam-
ples demonstrated a high concentration of As in the pericycle cells near the xylem pole,
which were ROIs referred to in the data as “pex”. Using the pex ROI with the highest
average '°As~ counts in each section as a reference point (pexmax) I calculated the relative
proportion of "?As~ found in the other pericycle cells in that section.

This gave an indication of how much higher the As concentration was in pericycle cells
near the xylem pole (pex) were than pericycle cells near the phloem pole (pef) or between
the two poles (pef) that could be compared reliably between samples. The proportion of
As~ signal recorded from pericycle cells relative to pexmax is represented as a box and
whisker plot, figure 7.9. This shows how As was very highly localised to pericycle cells near
the xylem pole in Col-0 at 2cm; slightly less at 5cm, and with greater variance between
samples. cadl-3 had higher variance again and a higher proportion of As in the pericycle
cells near the phloem. abccl-2 contained even greater variance and, as the data in figure 7.8
showed, only about 50% less "®As™ counts measured in pericycle cells (compared to a six
fold decrease in Col-0 at 2cm). Suggesting that As is highly localised to pericycle cells
on the xylem pole in Col-0, and much more evenly distributed across all pericycle cells in

abccl-2.

7.3.6 Arsenic sulphur ratios

In order to investigate the co-localisation of S and As in these samples I decided to plot

scatter graphs of the counts from the 32S™ detector against the "®As~ detector. This could

199



7.3. RESULTS

CHAPTER 7. ARABIDOPSIS

pex } } col—P Hcm

pex } ‘ Hadl—B
i .
pex abccl-2
pep
pef

0 0.2 0.4 0.6 0.8 1

Figure 7.9: "As  counts in pericycle cells relative to the highest mean counts of °As ™ in a
pericycle cell on the xylem pole. Data presented as a box and whisker plots where lower and upper
whiskers represent minimum and maximum values, and the box represent interquartile ranges.

be done using the ROIs but only a small number were selected for most of these samples,

meaning there would be very few data points. All of my NanoSIMS data was collected over

256x256 rasters, so plotting the ratio of 328~ to ">As~ for every pixel in a scan was possible

but would have required over 65,000 data points. In addition to being cumbersome there

was the issue that the As~ counts were so low that most pixels contained zero counts and

was too low to make useful correlations.

To overcome this I used OpenMIMS to batch export drift corrected NanoSIMS files as
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nearly raw raster data (nrrd) binaries. I wrote a program in c! to split the data into 8x8
pixel “blocks” (figure 7.10) and sum up all counts in each block. The program is also able
to add together counts across multiple frames where necessary. Data was exported as CSV
files containing a list of sum counts from every block, the most relevant sections of the code
is given in Appendix D. This allows the sampling of 1024 equally sized areas within each

image from which ratios between As~ and *2S™ counts can be calculated.

32 blocks

8 x 8 pixel block

32 blocks

Figure 7.10: SIMS data with grid showing how image was split into sample sections

A typical example from each sample type, figure 7.11, reveals 32S~ "™As™ ratios were
similar for Col-0 at 2cm and 5 cm with the correlations at 2 cm appearing slightly stronger
than those at 5cm. Most of the cadi-3 data shows low but closely correlated counts, but

in regions with higher counts of 32S~ or ™As™ the data appears to split into two separate

1Scripts available online at gitlab.com/HughTaylor /nanosims-scripts
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lines, one of proportionately much higher As™ (red circle) and one of much higher 329~

(green circle). Most of abccI-2 had the same

analysed samples can be found in Appendix C.

shape as Col-0. Data from the rest of the
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Figure 7.11: "As™ /??S™ detector ratios for four different sections

Applying linear regression statistical analysis to the data corroborates these observed

trends. I calculated the Pearson product-moment correlation coefficients (PPMCCs), and
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gradients of the regression lines (assuming axis intercept at y = 0) and plotted them,
figure 7.12. As expected from looking at the scatter plots, cadi-3 sections had lower
correlation than the other samples. The gradients don’t reveal an obvious trend, but the
relative tuning of the detectors and other changes in analytical parameters can result in very

large systematic changes in the count ratios making it hard to compare between samples.

Correlation coefficients 10-3 Gradients

|

Sample Sample
00 col-0 2cm 10 col-0 5em 10 cad1-3 abccl-2

Figure 7.12: Sample correlation coeflicients (left) and sample gradients of SAs~ regressed on 328~
(right) showing strong correlation of As and S in Col-0 and abccI-2 but not cadl-3; and higher As
to S ratios at greater distances from root tip.

For example, the gradient of the second Col-0 sample in these graphs far exceeds the
boundaries of the chart, implying a much higher proportion of S to As in this one sample.
The map of 328~ counts was also very different to the other samples. A possible explanation
is that Detector 2 could have been accidentally tuned to measure superoxide anions (1605 ™)
instead of 32S™, the former having a yield approximately five times greater than the latter

in these samples. An HMR scan taken just before this data was collected is shown in
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appendix F, with the peaks for 105~ and 32S™ clearly visible.

To see where the higher proportion of As™ counts in the cadl-3 data (red circle,
fig. 7.11) originated from I wrote a script that found blocks that contained greater than a
specific number of total >As~ counts (75 in this case, grey dashed line, fig. 7.11). The script
provided Cartesian coordinates for the regions that met this criteria. I used PGF/TikZ to
overlay rectangles with these coordinates on the original 32S™ and "As™ maps. This shows
that the high As to S regions (red squares, fig. 7.13) were from the high As containing

pericycle cells.

Figure 7.13: 8x8 pixel regions from the cadl-3 sample, 744 _4a_f3_1, that contained greater than
75 total "®As” counts (red squares), and regions that contained both more than 22000 *2S™ counts
and less than 50 "®As~ counts (green squares).

This suggests a marked increase in proportion of As to S in the vacuoles of high As
containing cadi1-3 cells near the edge of the stele. I recalculated the regression lines for
this sample for only the data either above or below 75 As™ counts (grey line, fig. 7.11)
and found them to have gradients of 0.00716 and 0.00116 respectively, with correlation

coefficients of 0.8949 and 0.5852 (compared to 0.5763 for the whole data set).
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I applied this same method to the high 32S™ part of the graph (green circle, fig. 7.11),
this time filtering for regions that exceeded 22000 32S™ counts and also had fewer than 50
As~ counts. I drew the corresponding regions on the NanoSIMS image (green squares,
fig. 7.13). These appear in scattered locations throughout the stele, mainly on cell walls.
They could be caused by high S containing features on the cell walls or they could be false
counts caused by crater edge effects due to the different rate of sputtering for cell walls and
vacuoles.

I repeated this process for the other cadi-3 data; splitting the scatter graphs into
regions of different As~ /32S™ ratios and calculating corresponding correlation coefficients
and linear regression gradients. The data, figure 7.14, suggests that the As rich regions
typically have a higher correlation between As and S, and that the proportion of As to S
is much higher. The exception, 744_5a_f1_5, exhibited no correlation between As”~ and
329~ the most concentrated "®As~ regions did not see any increase in 32S".

Excluding this result, the averages of the gradients of regression lines, figure 7.15, suggest
an increase in As to sulphur ratios from 2 cm to 5 cm from the root tip in Col-0 and a much
higher ratio in cad1-3. The ratios in abcc1-2 (at 2cm from the root tip) were comparable
to those observed in Col-0 at 2cm. The error bars on this graph represent one sample
standard deviation from the mean.

This implies that the ratio of As concentration to S concentration in the root increases
with increasing distance from the root tip in Col-0, and with mutation of CAD1. Increased

As concentration in abcc1-2 was matched by a proportional increase in S concentration.
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Figure 7.14: cad1-3 correlation coefficients and gradients for high and low As:S regions

7.4 Discussion

The strong correlation observed between As and S in WT agree with the previously un-
derstood mechanism of As detoxification by complexation with thiol containing PCs. The
highest concentration of these elements were observed in pericycle cells near the xylem
poles. These are possibly parenchyma cells that are involved in loading the xylem vessels.

A modification in localisation and decrease in the correlation of As and S in cad?-3
mutants agrees with research by Ha et al. [95] into CAD1. cad1-3 is unable to produce PCs,
resulting in the observed regions with very high As that lack the corresponding increase in
S expected from complexation with thiol containing PCs. Despite this, the As still appears
to be partially localised to the pericycle cells near the xylem pole as in WT, which could be

due to transport of uncomplexed As into these cells. High concentrations of uncomplexed
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Figure 7.15: Average linear regression gradients from arabidopsis samples

As in the root pericycle could have significant toxic effects on the plant which may explain
the sensitivity of cad1-3 to As.

Geisler et al. used membrane fractionation to determine that ABC transporters were
localised “to the central vacuolar membrane” [207], and Park et al. used “microscopic
analysis using a Cd-sensitive probe” to demonstrate that in abcc1-2 double mutants exposed
to cadmium (Cd) the Cd was mostly located in “the cytosol of protoplasts” while in WT
it was mainly found in vacuoles [208].

This strongly suggests that As(III)PCy complexes in abccl-2 exist outside of vacuoles.
While my data has clearly demonstrated the cells where As can be found, it is not possible
to corroborate these findings as with NanoSIMS alone it is difficult to determine exactly
what subcellular structures contain the As.

Song et al. found that abccl-2 “exhibited a very low residual As(III)PCy transport

activity” and produced less PC when exposed to As compared to WT [168]. My results
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demonstrate that high concentrations of both As and S are found in most of the pericycle
cells in the roots of abec1-2 mutants. It is possible that abccl-2 mutants are chelating As
in the pericycle but are unable to transport As(III)PCs complexes towards the xylem pole.
This supports data showing increased As concentration in roots of abec1-2 over WT [168]
and immunostaining data of the similar OsABCC1 transporter in rice where signal was

“observed in the exodermis and pericycle of roots” [101].
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Conclusions

This thesis supports previously observed results that NanoSIMS is a powerful tool for mea-
suring the distribution of trace elements and is capable of mapping them at high resolution
in preserved sections of biological material. By attempting to better quantify NanoSIMS
data I have shown that systematic variations can be very large, even when good care is
used to check and maintain tuning of the detectors. The different normalisation methods I
proposed were unable to decrease the variance between similar sections that were measured
while conditions were kept as identical as possible. Under differing analytical conditions
the normalisation method used can correct for changes in primary ion current and dwell
time. The long time required to gather good quality data meant that only a small number
of ion maps were used for analysis, and therefore it was difficult to draw strong conclusions
on quantitative changes between samples. Even though it is difficult to quantify absolute
concentrations using SIMS, the relative distributions of elements can be measured quite
reliably.

The distributions of As and S suggest a co-localisation of these elements particularly
in specific regions of the cortex that appear to be the vacuoles of parenchyma cells. This
agrees with published results and current theoretical understanding of As detoxification by
complexation with thiol containing phytochelatins (PCs). Knockout of Lsi3 resulted in a
significant increase the "?As™ signal recorded from pericycle cells, which could have been

caused by a decreased ability for the pericycle to efflux As in the absence of LSi3. High
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concentrations of As found in lateral root junctions agrees with literature that suggests
lateral roots are an important part of the As uptake pathway.

Comparisons between WT and PT8-Ov suggest that there is a higher concentration of
As in the latter, but that the differences between these plant lines were quite small compared
to the experimental error. A small number of additional samples could have made a much
stronger case for the observed trends. Near the edge of the root lower concentrations of As
was recorded in PT8-Ov compared to WT, and lower colocalisation of As and S was seen
compared to regions near the centre of the root. This suggests that despite faster uptake
of As(V) and Pi by PT8-Ov As is rapidly translocated away from the epidermis, reduced
to As(III) and bound to PCs in the stele.

Strong localisation of As and S to the pericycle was observed in A. thaliana. In WT
these elements were almost entirely localised to only the pericycle cells closest to the xylem
pole. Mutants defective in PC transporters ABCC1 and ABCC2, abccl-2, also had high
As concentrations in these cells but additionally had high As in the rest of the pericycle
cells. It is possible that As is detoxified by chelation with PCs in all of the pericycle cells
and transported to the xylem pole for xylem loading but that in abcci-2 this transport
is disrupted and the As-PC complexes accumulate in pericycle cells away from the xylem
pole. A PC-synthase deficient mutant, cadl-3, was very sensitive to As, and both a sig-
nificantly lower correlation and a higher ratio of ™As~ to 32S™ signals from across all of
the areas measured. Throughout the cortex of cadi-8 mutants As was measured in higher

concentrations than WT.

This information provides a better understanding of the mechanisms of As uptake and
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detoxification. A good understanding of the interactions between Si, P and As pathways
could be used to help develop As mitigation stategies such as breeding low accumulating
cultivars that are still able to uptake sufficient Si and P, or cultivars that are detoxify and

store As in the roots without translocation to the straw and grain.

Further work

The difficulty making quantitative comparisons between samples could be overcome slightly
by using larger sample sizes. While this thesis has provided useful information about
function of several genes in relation to the detoxification of As, additional studies on this
topic would be useful to provide corroborative evidence to strengthen or challenge the
observations I have presented and the conclusions that I have drawn from them.

An important challenge I found during this research is the difficulty to reliably identify
biological structures within the samples. There was some ambiguity over the type of cells
being measured and their function, a more precise knowledge of which would be very useful
to better determine the function of the genes studied. Compartmentalisation of elements to
specific regions within cells was demonstrated, but again it was not possible to determine
the subcellular features observed. It may be possible to further this work by marking specific
cells or features within the cells (such as the vacuole) using immunostaining with fluorescent
protein markers and comparing the NanoSIMS data to fluorescent light micrographs of
the same region. This method has been demonstrated successfully in cultured cells by
Lau et al. [209] using the same instrument. Alternatively immunostaining with isotopes or

nanoparticles could produce protein markers that are directly measurable with SIMS. This
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has very recently been tested using fluorinated nanobodies and is able “to target proteins
with subcellular resolution” [210]. These techniques could be combined to provide strong
evidence of the localisation of heavy metals to specific cells or organelles and how these

associations change under different conditions.
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Appendix A

Oryza Sativa G2 detector counts

12C14N~ graphs, epi, PT8-Ov
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Figure A.1: Normalised mean 2C'N " counts from the epidermal region, PT8-Ov. All y-axis

limits are from 0 to 2.5
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12C4N~graphs, stele, WT
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Figure A.2: Normalised mean *C*N " counts from the stele, WT. All y-axis limits are from 0 to
8.
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124N~ graphs, stele, PT8-Ov
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Figure A.3: Normalised mean "2C'N " counts from the stele, PT8-Ov. All y-axis limits are from
0 to 6.
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12C14N~ graphs, epi, wt
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Figure A.4: Normalised mean >CN"counts from the epidermal region, WT. All y-axis limits
are from 0 to 2.5.
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31p~ graphs, stele, WT
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Figure A.5: 3'P signals from the stele, WT. ymax=0.0043
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Mean 3P~ counts

31p~ graphs, stele, PT8-Ov
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Figure A.6: *'P signals from the stele, PT8-Ov. ymax=0.0043
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31p~ graphs, epidermal region, WT
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Figure A.7: 3P~ signals from the epidermal region, WT.
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31p~ graphs, epidermal region, PT8-Ov
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Figure A.8: 3P~ signals from the epidermal region, PT8-Ouw.
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328~ graphs, stele, WT

3953 5 12 3953 f6 11_1

z

=)

j=}

Q

(5]

0
o

=)

<

[

=

3953 f7 11 395 4 7 2

z

=)

3 |
(5]

. |
N

o

=

<

[}

=

_lm_-iﬂ_‘tl:i_dli- I

3954 f8 1
&
:
s 1|
%
&
g
®
G.)
=
L 2 oz @ @ ¢
N
S 3 & & 8

Figure A.9: *2S signals from the stele, WT. ymax=0.045
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328~ graphs, stele, PT8-0Ov
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328~ graphs, epidermal region, WT
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Figure A.11: 32S™ signals from the epidermal region, WT.
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328~ graphs, epidermal region, PT8-Ov
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Figure A.12: 32S" signals from the epidermal region, PT8-Ouv.
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"5As~ graphs, stele, WT
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Figure A.13: "As signals from the stele, WT. ymax=0.00032
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Mean ®As” counts
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Figure A.16: "°As  signals from the epidermal region, PT8-Ouv.
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Appendix B

Oryza Sativa G2 sulphur arsenic ratios
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Figure B.1: Scatter graphs of average "°As~ counts against average **S™ counts for WT sections,
data recorded near the epidermis. (m) linear regression gradient given to two significant figures, (r)
Pearson product-moment correlation coefficient give to three significant figures.
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Figure B.2: Scatter graphs of average "°As~ counts against average >2S~ counts for WT sections,
data recorded near the stele. (m) linear regression gradient given to two significant figures, (r)
Pearson product-moment correlation coefficient give to three significant figures.
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Figure B.3: Scatter graphs of average "°As~ counts against average >2S~ counts for pt8 sections,
data recorded near the stele. (m) linear regression gradient given to two significant figures, (r)
Pearson product-moment correlation coeflicient give to three significant figures.
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Figure B.4: Scatter graphs of average "°As~ counts against average >2S~ counts for WT sections,
data recorded near the epidermis. (m) linear regression gradient given to two significant figures, (r)
Pearson product-moment correlation coefficient give to three significant figures.
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Appendix C

Arabidopsis ROI arsenic counts

As graphs, col-0 2cm
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Figure C.1: As signals from the col-0 2cm
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As graphs, col-0 5cm (continued)
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Figure C.3: As signals from col-0 5cm
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As graphs cad1-3
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Figure C.4: As signals from the cadl-3 2cm
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Figure C.5: As signals from abcci-2
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Figure C.6: As signals from the abbcl-2 2cm
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Appendix D

c program source code

// write detector names to file
printf ("Writing to file\n");

for (int d = 0; d < detectors; d++)

{
fprintf (outptr,"%s, ",detnames([d]);
if (d == detectors - 1)
{
fprintf (outptr,"\n");
}
}

// write sum of blocks to file
uint64_t currentblock;
// iterate over rows of blocks

for (int 1 = 0; 1 < BlocksHigh; 1++)

{

// iterate over blocks within the rows
for (int k = 0; k < BlocksWide; k++)

{

// iterate over the detectors
for (int d = 0; d < detectors; d++)

{

// set sum of pizels in the currentblock to 0

currentblock = 0;

// iterate over rows and columns within block

for (int j = 0; j < BlockHeight; j++)

currentblock += image[0][d][j + (BlockHeight * 1)]

i < BlockWidth;

{
for (int i = 0;
{
[i + (BlockWidth * k)];
}
}

i++)

fprintf (outptr,"’1li, ",currentblock);

if (d == detectors - 1)
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APPENDIX D. C PROGRAM SOURCE CODE

fprintf (outptr,"\n");

Lines 1-11 output the names of the detectors to the filestream. Lines 17-21 considers
the NanoSIMS data as a grid of equal sized blocks, and iterates over the blocks. Line 24
iterates over the detectors. Lines 27-34 iterates over the pixels in each block and sums
them. Line 37 outputs the result of this sum to a filestream and lines 39-41 adds a new
line character every time a the result of the sum of the same block has been conducted for

each of the detectors.
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Appendix E

Arabidopsis sulphur arsenic ratios

Sulphur Arsenic ratios, Col-0, 2cm from root tip

As

742 4a f1 1

742 4b 2 1

As

742 1d 3

As

742 85 2

Figure E.1: PAs  32S™ detector ratios
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APPENDIX E. ARABIDOPSIS SULPHUR ARSENIC RATIOS

Sulphur Arsenic ratios, Col-0, 5cm from root tip

743-1b f1 1 743 1b f1 2

743 1b {1 3 HPF 743 1a f5 11

As

S
HPF 743 2a f4 11 HPF 743 2a 412 2
n n
< < ,
.'i'-{‘;, .;..: v St
S S

Figure E.2: As 32S" detector ratios
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APPENDIX E. ARABIDOPSIS SULPHUR ARSENIC RATIOS

Sulphur Arsenic ratios, cad1-3, 2cm from root tip

744 4a £31 744 4a £3_1

As
As

744 4a £3 2 744 ba f1 5

As
As

S

Figure E.3: As™ 32S~ detector ratios
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APPENDIX E. ARABIDOPSIS SULPHUR ARSENIC RATIOS

Sulphur Arsenic ratios, abcc1-2, 2cm from root tip

745 2c 4 01

As

As

745 2c {4 02

745 4b 15 1

As

As

745 6a f1 5

745 6a f1 7

As

Figure E.4: PAs 32S™ detector ratios
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Appendix F
Arabidopsis mass 32 HMR scan

102

Counts

10!

15 20 25 30 35 40
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Figure F.1: HMR scan of Detector 2 tuned to mass 32, showing mass interference of %0,
(31.998u) and *2S~ (31.972u). Detector 5 tuned to "°As”.
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