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Abstract

Heavy metal (HM) accumulator plants possess the ability to actively
hyperaccumulate and detoxify exceptionally high concentrations of metals in
their aboveground tissues, without exhibiting any apparent signs of toxicity.
Despite nickel (Ni) hyperaccumulator plants representing the largest percentage
of known metal accumulator taxa (over 75%), the underlying genetic and
molecular basis of Ni accumulation remains unclear. A prominent difficulty in
understanding Ni hyperaccumulation has been the severe lack of intraspecific
variation in the trait. Hence, the study of a single species exhibiting a significant
degree of variation is highly desirable, as it avoids the use of inter-species
comparative studies mostly utilized to date. The Ni hyperaccumulator Senecio
coronatus (Asteraceae) has been reported to contain a significant degree of
phenotypic plasticity with respect to the amount accumulated and subsequent
cellular distribution of Ni. This apparent intraspecific variation means that S.
coronatus may represent a useful system in which to study Ni
hyperaccumulation. No population genetics study has been carried out to date on
this species, and the evolutionary relationships between hyper and non-
accumulator populations were unknown. Here, results are presented from a
genetic analysis of 15 naturally occurring S. coronatus populations. Analysis of
molecular variance (AMOVA) and phylogenetic analysis (based on non-coding
nuclear and plastid markers) suggest that Ni accumulation may have evolved
twice within S. coronatus, as hyperaccumulator plants from site Kaapsehoop,
cluster with non-accumulating serpentine populations and demonstrate distinct
genetic differentiation from other accumulator populations. Four populations
were selected for a preliminary comparative shoot proteome analysis by means
of two-dimensional SDS-polyacrylamide gel electrophoresis (2D SDS-PAGE) to
identify proteins potentially involved in Ni hyperaccumulation. This analysis
identified nine chloroplastic proteins involved in plant energy production and
metabolism as overexpressed in hyperaccumulator plants from Agnus Mine and
Kaapsehoop, compared to hypertolerant non-accumulator and non-serpentine
plants from Galaxy Mine and Pullen Farm, respectively. However, no difference
in photosynthetic efficiency, as determined by chlorophyll fluorescence

measurements, was detected between these populations.
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Chapter 1

Introduction

1.1 What constitutes plant heavy metal hyperaccumulation?

The vast majority of plant species worldwide are sensitive to elevated
concentrations of trace elements, in particular heavy metals (HM) (Mithofer et
al, 2004). From an elemental viewpoint heavy metals are defined as any
transition metal with an atomic mass over 20 and a specific gravity greater than
five (Parker, 1989; Lozet & Mathieu, 1991; Rascio & Navari-lzzo, 2011). In a
biological context however, the use of the term HM has been both inaccurate as
well as inconsistent. A prominent drawback with the term ‘heavy metal’ is that
the physical properties (such as density) of a given metal have little or no
bearing on the toxicity of the final compound formed after chemical
transformation to a plant accessible nutrient (such as a salt). Nonetheless, many
essential elements required for plant growth are often termed ‘heavy metals’.
Elements such as Co, Cu, Fe, Mn, Mo, Ni, and Zn are known to be essential
micronutrients for proper plant growth and development. However, once the
internal concentration of a micronutrient exceeds a certain threshold, said

micronutrient is then considered toxic (Duffus, 2002; Appenroth, 2010).

Abiotic stress associated with excessive plant-metal uptake, often causes an
accelerated production of reactive oxygen species (ROS) (Mithofer et al, 2004;
Zhang & Qiu, 2007). The resulting oxidative damage to the plant’s photosynthetic
machinery and macromolecules such as DNA, proteins and lipids, disrupts
regular tissue growth and cell maintenance (Cho & Seo, 2005; Cramer et al,
2011). A relatively small number of plant species however, possess the ability to
accumulate and detoxify exceptionally high concentrations of heavy metals in

their aboveground organs, without exhibiting any apparent signs of toxicity



(Milner & Kochian, 2008). This group of extraordinary plants is known as heavy

metal hypertolerant hyperaccumulators or simply hyperaccumulators.

1.2 Metal-rich soils provide an evolutionary pressure on local plant

occurrences

Endemic hyperaccumulator occurrence on metal-rich soils has been documented
for many decades, with hyperaccumulators predominantly restricted to natural
metalliferous outcrops or sites enriched with HM due to anthropogenic activities

such as mining (Lefébvre & Vernet, 1990).

Naturally occurring metal-rich soils include serpentine soils derived from
ultramafic rock types that are characterized by high divalent metal content (in
particular Co, Cr, Ni), a low nutrient content (specifically K, P, N) and a high
Mg/Ca ratio (Chiarucci & Baker, 2007; Galardi et al., 2007). Calcareous soils are
similarly characterized by high divalent metal content (in particular Cd, Pb, Zn)
and a low nutrient content, but differ to serpentine soils in that calcareous soils
display a low Mg/Ca, and are often of an alkaline pH (Pawlowska et al, 1996;
Murphy, 2002). Due to the extreme cytotoxic potential of HM ions coupled with
inadequate mineral content, metalliferous outcrops are hostile environments for
most vascular plant taxa. Consequently, metalliferous outcrops seemingly
provide a significant selective pressure on the evolution of hypertolerant species
and further, appear to present restricted naturally occurring ‘ecological islands’,
which could provide further insight into possible plant speciation mechanisms

(Wild & Bradshaw, 1977; Lefebvre & Vernet, 1990; Mengoni et al,, 2003).

Sources of anthropogenic metal contamination are both varied and globally
widespread. The major cause of anthropogenic metal emission however, comes
from mining activities together with downstream mineral processing techniques.
For example, cadmium is often released as a by-product of zinc refining (Hutton
& Symon, 1986; Nriagu, 1989). Mining processes can also result in metal
emissions persisting in the environment for years after mining activity has
ceased. Hard rock mines which usually take 5-15 years to deplete mineral

sources, are reported to release metal contaminates for hundreds of years after

2



all mining has been stopped. A compounding problem with mining associated
metal emission is that often the metals released leach into underground
waterways or simply run-off into surface waters, resulting in rapid and
widespread distribution of metal contaminants. This persistent metal emission
consequently allows for HM hypertolerant plant colonization. Other activities
connected to environmental metal emission include, disposal of cosmetics and
manufacture of sodium hydroxide (mercury), smelting of metals, automobile

exhaust fumes as well as paint degradation (lead-based) (Duruibe et al, 2007).

1.3 A concentration criterion for defining heavy metal hyperaccumulation

The first instance of HM hyperaccumulation was described in 1865 (Sachs, 1865;
Baumann, 1885) in the cadmium/zinc hyperaccumulator Thlaspi caerulescens ].
& C. Presl [or Noccaea caerulescens (J. & C. Presl) F. K. Mey]. Sometime later
(1948), nickel hyperaccumulation was discovered in Alyssum bertolonii, which
together with Thlaspi caerulescens belongs to the family Brassicaceae (Minguzzi
& Vergnano, 1948; Reeves & Baker, 2000). Currently, in the order of 400 - 500
plant species have been identified as hyperaccumulators, accounting for
approximately 0.2% of all angiosperms (Verbruggen et al, 2009). With respect to
phylogenetic relatedness, evolution towards HM hyperaccumulation has
occurred independently multiple times with the greatest occurrence within the
Brassicaceae. The majority of Cd/Zn hyperaccumulators belong to Brassicaceae,
and together with the Euphorbiaceae family contain approximately half of all

know Ni hyperaccumulators (Kramer, 2010).

Markedly, Ni hyperaccumulating plant taxa account for approximately 80% of all
hyperaccumulating species (table 1.1), which is likely a reflection of the global
distribution and prevalence of Ni serpentine outcrops (Brooks et al, 1974;
Brooks, 1983; Reeves et al.,, 1983). However, while Ni hyperaccumulators are the
most common group, relatively little is known about the molecular basis of Ni
hyperaccumulation. In contrast, a number of key genes underpinning Cd/Zn

hyperaccumulation have been identified in recent years (sections 1.7 & 1.9).



The concentration criterion used to define HM hyperaccumulation reflects the
abundance and toxicity of the metal ion concerned, and typically ranges from
100 - 10 000 parts per million (on a dry biomass basis) in aboveground tissues
(table 1.1). For example, less toxic metal ions such as Zn?* are considered to be
hyperaccumulated at concentrations exceeding 10 000 ppm, whereas a
considerably more toxic metal ion such as Cd?* is considered hyperaccumulated
at concentrations as low as 100 ppm. Table 1.1 summarizes the concentration
criterion for some of the more commonly accumulated metals. Only metals are
shown in table 1.1, however, metalloids such as arsenic are classed under the
same criterion. For example, in the case of arsenic, a concentration of 100 ppm in
aboveground plant tissue is considered hyperaccumulated (summarised from
Jaffré et al., 1976; Brooks et al, 1977; Baker & Brooks, 1989; Baker & Walker,
1990).

Table 1.1: Concentration criterion presently used to define plant HM
hyperaccumulation with respect to metal abundance and toxicity. Metal ion
concentration in aboveground tissue types is shown in parts per million (ppm), where
1000 ppm is equivalent to 0.1 % total dry biomass.

(Adapted from Verbruggen et al, 2009)



1.4 Hypertolerance without hyperaccumulation

In addition to HM hyperaccumulators, another distinct group of plants is able to
inhabit metalliferous outcrops without exhibiting the hyperaccumulation
phenotype. Plant species found on metalliferous outcrops which do not contain
elevated concentrations of metal ions in their aboveground tissues, are described
as heavy metal hypertolerant non-accumulator plants (Pollard et al, 2002;
Verbruggen et al, 2009). Although by definition HM hyperaccumulator plants are
hypertolerant, hyperaccumulators and hypertolerant non-accumulator plants
have adopted different physiological strategies to achieve HM homeostasis. An
outline of the major mechanistic differences between hyperaccumulators and
hypertolerant non-accumulators is shown in figure 1.1. The mechanisms
involved in metal homeostasis within hyperaccumulators and hypertolerant
non-accumulators work in somewhat of an opposite manner, as is reflected by

different metal ion distribution and final storage sites between the two groups.

Hypertolerant plants are often termed ‘excluders’ owing to their ability to
restrict metal ions from entering aboveground metabolically active tissue types.
This group of plants exhibits an extreme metal-associated abiotic stress
resistance by immobilizing metals into the root organ, in this way preventing
metal ion movement into the shoot transpiration stream (Maestri et al, 2010).
While hypertolerant non-accumulators do show elevated concentrations of
metals in their root organs, aboveground tissue metal concentration remains
significantly below the surrounding substrate. Conversely, hyperaccumulating
taxa typically display higher metal concentrations in their aboveground tissues
compared to their root organs and surrounding substrate. The
hyperaccumulation mechanism therefore centers on active metal ion movement
towards aboveground organs against the concentration gradient, and
hyperaccumulators typically display a shoot:root ratio in excess of 1 for the

metal ion concerned (Pollard et al, 2002).
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Figure 1.1: An outline of the different metal homeostasis strategies observed between
HM hyperaccumulators (left of xylem) and HM hypertolerant non-accumulators (right of

xylem). Black arrows indicate metal ion (MI) movement. Coloured spots indicate the
locality of known physiological processes involved in MI homeostasis within the plant,
and spot size indicates the relative degree of incidence of a specified process between
hyperaccumulator and hypertolerant non-accumulator plants. Spot colour key: yellow -
enhanced root uptake, red - HM ligand chelation into the cytosol and/or vacuole
sequestration, green - enhanced rate of root-to-shoot loading for long-distance MI
translocation, blue - HM binding to cell wall and/or intracellular antioxidants. Vacuoles
within root, shoot and leaf cells are coloured to indicate presence of metal ions. Purple -
moderate too high MI levels and light blue - low MI levels.



1.5 Ecological significance of heavy metal hyperaccumulation

The evolutionary fitness gain associated with plant HM hyperaccumulation
remains unclear. Currently the most supported hypothesis centres around a
proposed defense mechanism against intensive herbivory and/or pathogen
attack (Behmer et al,, 2005; Jhee et al, 2005; Noret et al., 2005; Palomino et al.,
2007; Fones et al, 2010).

A choice feeding experiment utilizing the general herbivore Helix aspersa (brown
garden snail) illustrates the ‘elemental defense’ hypothesis. Leaves from Ni
hyperaccumulator and Ni hypertolerant non-accumulator Senecio coronatus
(Asteraceae) ecotypes were given concurrently to H. aspersa snails as a sole food
source. The study showed significantly more snails fed on hypertolerant non-
accumulator leaves compared to hyperaccumulator leaves. Furthermore, H.
aspersa species feeding on Ni amended cornmeal, displayed greater reduced
body mass and/or mortality rates compared to snails on a control diet (Boyd et

al,, 2002).

It should however be noted, despite laboratory experimentation suggesting that
HM accumulation is involved in defense against herbivory, no evidence has been
found in the field to support laboratory findings (Noret et al, 2007).
Furthermore, although some evidence has shown that elevated metal
concentrations within plant-tissue types reduces a plants susceptibility to
pathogen attack, no studies to date have shown that the hyperaccumulated
metal(s) themselves are directly responsible for the perceived resistance to
pathogenesis (Fones et al, 2010). A recent paper published by Fones et al,
(2010) attempted to tie laboratory experimentation, in planta experimentation
and fieldwork studies together. The study utilized the polymetallic (Cd, Ni and
Zn) hyperaccumulator Thlaspi caerulescens and the pathogen Pseudomonas
syringae pv. maculicola M4. The first strategy employed P. syringae infection of T.
caerulescens plants treated with different concentrations of metal ions. As P.
syringae proliferates in the apoplastic spaces between plant cells, the metal
concentration within the apoplastic phase was determined in order to determine

the effects of elevated metal levels on the growth of P. syringae. These



experiments supported the ‘elemental defense’ hypothesis in vitro. Secondly, by
means of transposon insertion, mutants of P. syringae were created to have
either increased or decreased Zn tolerance, and were subsequently shown to
have an improved or reduced ability, respectively, to proliferate in high-Zn T.
caerulescens plants. These experiments suggest that accumulated metals are
indeed directly involved in pathogen reduction. Lastly, the Zn tolerance of
naturally occurring endophytic bacteria (found on the leaves of T. caerulescens in
the field) was tested to ascertain whether the elemental pathogen defense is
effective under field conditions. The authors found that naturally occurring
bacteria on leaves of hyperaccumulating T. caerulescens plants (from a site close
to a former Pb-Zn mine) have a higher tolerance to Zn, as when compared to
naturally occurring bacteria colonizing the leaves of non-accumulating T.
caerulescens plants. This experiment has shown that high metal tolerance is
required for bacteria colonizing hyperaccumulator T. caerulescens plants. These
results support the ‘elemental defense’ hypothesis, and further, strengthen the

hypothesis in the context of a natural environment (Fones et al, 2010).

An alternative hypothesis proposes that hyperaccumulation can be used as a
form of extreme allelopathy (Boyd & Jaffré, 2001; Pollard et al, 2002). For
example, Ni hyperaccumulating taxa may increase Ni?* ion phytoavailability in
the surrounding soil through the decomposition of Ni-rich leaves. The
‘allelopathy hypothesis’ is supported by evidence of significantly elevated Ni%*
ion levels in surface soil surrounding Ni hyperaccumulator Sebertia acuminata
(Sapotaceae) trees, compared to adjacent soil sites where most Ni is locked

within ultramafic rocks (Boyd & Martens, 1998; Boyd & Jaffré, 2001).

1.6 A future geared towards engineered plants: the promise of

phytoremediation

Plant HM hyperaccumulation has gained growing interest over the last decade
for a number of reasons. Hyperaccumulator plants provide valuable genetic
material to further develop our understanding of plant metal homeostasis and

further our insight into plant adaptation to extreme environments. The practical



implications of the study of hyperaccumulation are focused on developing
environmental phytoremediation, and to a lesser extent phytoextraction and
food crop biofortification (Garbisu & Alkorta, 2001). Phytoremediation is defined
as the use of vascular plants for in situ removal of toxic metal and/or metalloids

contaminating soil outcrops (Chaney et al., 1997; Whiting et al,, 2004).

A number of hyperaccumulator taxa have been documented to not only
accumulate HM to exceptionally high concentrations, but also grow to attain a
relatively large final biomass. Most prominent is the constitutive Ni
hyperaccumulating tree species endemic to the Pacific island of New Caledonia,
Sebertia acuminata (Sapotaceae). This species can grow to a substantial size (15
meters) and total nickel content of a single mature tree is estimated at 37
kilograms (Sagner et al, 1998). The Ni hyperaccumulator Berkheya coddii
(Asteraceae) is also of particular interest as it is capable of reaching heights in
excess of 1.5 meters, and is observed growing in large assemblages.
Experimental plantations of B. coddii have demonstrated a substantial capacity
for aboveground biomass production, producing up to 22 tons per hectare
(Robinson et al, 1997, 2003; Boyd et al,, 2006). Most metalliferous taxa however,
are simply too diminutive in size for efficient soil decontamination. A full
appreciation for the genetic and mechanistic physiology behind HM
hyperaccumulation is therefore essential to the ultimate goal of transferring the

hyperaccumulation trait to a suitable candidate plant species.

1.7 ‘Model plants’ give first insight into molecular basis of heavy metal

hyperaccumulation

Whilst biologists have been aware of the HM hyperaccumulation phenomenon
for over a century, we still do not fully understand the underlying genetic and
physiological bases. A major limitation in past studies has been the relatively low
level of intraspecific variation in this trait displayed within hyperaccumulating
taxa, making intra-species comparative studies problematic. All populations of a
given hyperaccumulator species will typically accumulate a specified metal ion if

it occurs in the surrounding substrate/soil, indicating the constitutive (or



species-wide) nature of HM hyperaccumulation. It should be noted however, that
despite the constitutive nature of HM hyperaccumulation, some variation in
whole-plant metal status has been observed within groups of hyperaccumulator
plants of the same taxon. Berkheya coddii for example, is a constitutive Ni
hyperaccumulator endemic to South African serpentine sites, and does display
some variation in metal-status between groups on different Ni-rich outcrops.
Although members of a B. coddii assemblage will always accumulate Ni if it
occurs in the surrounding substrate, populations have been recorded
accumulating Ni anywhere between 0.1 - 3.6 % (w/w) on a dry biomass basis
(Mesjasz-Przybytowicz et al, 2001), where variation appears to correlate with
soil Ni concentration (Anderson et al, 1999; Robinson et al, 2003). Nonetheless,
the generally low levels of intraspecific variation observed in hyperaccumulator
plants, has necessitated the use of comparative molecular approaches, often

utilizing distantly related non-accumulator species.

As such, despite Ni hyperaccumulators accounting for the majority of all
hyperaccumulator taxa, it is two Cd/Zn polymetallic hyperaccumulator species of
Brassicaceae, Arabidopsis halleri and Thlaspi caerulescens that have been the
focus of most HM hyperaccumulation studies. This is due to their relatively close
evolutionary relationship to the model plant organism Arabidopsis thaliana,
allowing for the use of many diverse molecular tools and genetic manipulations

developed for this model organism (Roosens et al., 2008).

Arabidopsis halleri last shared a common ancestor with the non-accumulator
sister species A. lyrata approximately 2 million years ago (MYA) and with A.
thaliana approximately 3 - 5.8 MYA (Clauss & Koch, 2006). A. halleri shares 94%
nucleotide sequence identity (within coding regions) to A. thaliana (Clauss &
Koch, 2006) and as is the case with most hyperaccumulator taxa displays
constitutive Cd/Zn hyperaccumulation. All populations of A. halleri exhibit Cd/Zn
hyperaccumulation irrespective of whether the surrounding substrate contains
elevated or normal Cd/Zn soil levels; however, a significant degree of between-
individual variation in Zn and Cd content has been reported (Bert et al., 2002). T.
caerulescens which last shared a common ancestor with A. thaliana

approximately 20 MYA, shares 88% nucleotide sequence (coding regions)

10



similarity to A. thaliana (Deniau et al, 2006; Rigola et al, 2006). As with A.
halleri, Zn hyperaccumulation is exhibited constitutively amongst T. caerulescens
populations (Martinez, et al, 2006). However, in contrast to A. halleri, T.
caerulescens displays greater between-population phenotypic variation with
respect to whole-plant metal status, and demonstrates less metal-specific
hyperaccumulation compared to A. halleri. The observed variation is shown to
correlate with soil metal concentration and composition. For instance, T.
caerulescens occurring on ultramafic outcrops will either hyperaccumulate Ni
and Zn or Ni only. T. caerulescens will always hyperaccumulate Ni if present in
the surrounding substrate, but does show a preference for Zn, suggesting Ni and
Zn are accumulated through similar molecular systems (Reeves et al, 2001; Koch

& Al-Shehbaz, 2004; Assuncdo et al, 2008; Kramer, 2010).

1.8 Comparative molecular studies - a starting place not without difficulties

Most molecular research on hyperaccumulator plants to date has mostly been
carried out at a nucleic acid level (DNA/RNA). Specifically, interspecific variation
between hypertolerant species has been elucidated predominately by homology
studies, where the genetic profile of hyperaccumulator and distantly related non-
accumulator species are compared to reveal any underlying differences. In
particular, comparative microarray analysis has been extensively used to date
(for example, Pence et al., 2000; Peer et al., 2003; Weber et al., 2004; Talke et al,
2006). Given the constitutive nature of hyperaccumulation, microarray analysis
has aided in identifying differentially expressed genes between
hyperaccumulator and non-accumulator species. Consequently, expression
profile comparisons between hyperaccumulator T. caerulescens and distantly
related non-accumulators such as T. arvense have identified numerous genes
constitutively overexpressed in the hyperaccumulator species compared to their
non-accumulator counterparts (Filatov et al, 2006; van de Mortel et al, 2008;
Kipper & Kochian, 2010). Similarly, comparisons between A. halleri and A.
thaliana have identified numerous differentially expressed genes between the

two species, however a number of factors complicate the identification of
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potential candidate genes involved in hyperaccumulation (Becher et al, 2004;

Talke et al, 2006; Weber et al, 2006).

Complications associated with such comparative approaches arise, as differential
gene expression between distantly related plant taxa does not necessarily
implicate the genes involvement in HM hyperaccumulation. It is therefore
difficult to ascertain which differences between the two plant species expression
profiles are indeed attributed to an adaptive response to HM homeostasis or
simply are a consequence of evolutionary divergence over time (Roosens et al,
2008). Nevertheless, these comparative studies do provide support for the
hypothesis that genes assumed to be involved in HM hyperaccumulation are not
species-specific, but are rather under different regulation and control compared
to non-accumulator taxa. The evolution towards HM hyperaccumulation
therefore most likely involves the magnification or enhancement (such as metal-
transporter gene multiplication or enhanced promoter activity) of a pre-existing

function (section 1.9.2.1).

1.9 Metal-transport proteins identified highlight specific physiological

processes

The key processes of HM hyperaccumulation involve proteins that facilitate
enhanced metal ion root uptake, stimulated metal mobility from root-to-shoot
tissue for long-distance translocation, and efficient metal ion cellular distribution
and detoxification (Clemens et al, 2002 and figure 1.1). Examples of extensively
studied metal-transporter proteins described to date (figure 1.2) are discussed

after each relevant physiological process.
1.9.1 Enhanced heavy metal root uptake

Metal transporter proteins facilitate metal influx from the surrounding soil
substrate into the root cell plasma membrane. Both hyperaccumulator and non-
accumulator taxa appear to regulate their cation-uptake rates with respect to
whole-plant status, but differ in the manner and function of the regulation. For

example the hypertolerant non-accumulator T. arvense increases its Zn-uptake as
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the plant is subjected to conditions of sufficient to deficient Zn concentrations. In
contrast the hyperaccumulator T. caerulescens maintains a consistent uptake
rate, and only at very high Zn concentrations, does root Zn-uptake decrease
(Klein et al, 2008). This implies that within non-accumulating plant taxa HM
uptake is regulated by differential gene expression under the control of whole-
plant metal ion status. Significantly, this differs in hyperaccumulator taxa, which
display constitutive gene expression with respect to whole-plant metal ion
status. A recent study however, has shown that within the hyperaccumulating
taxon, A. halleri, increased Zn accumulation is achieved by an upregulation of
specific Zn transport proteins (compared to non-accumulator A. thaliana),
apparently in response to constitutively high HMA4 activity [HMA4 has a high
affinity for Zn loading into the xylem (see below)] that in essence starves the root

organ of Zn (Hanikenne et al,, 2008; Klein et al, 2008).

Molecular comparisons of HM hyperaccumulator and hypertolerant non-
accumulator taxa have demonstrated overexpression of root transport proteins,
in particular members of the ZIP family (see below), appear to be partly
responsible for enhanced metal ion root uptake in the hyperaccumulator species
(figure 1.1). A concentration-dependent root Zn-uptake kinetics study,
demonstrated similar Zn-uptake efficiencies for T. caerulescens and T. arvense,
which display Kn values of 6 uM and 8 uM, respectively. A considerable
difference is observed in Zn-Vmax, with T. caerulescens having approximately a
six-fold greater Zn-Vmax compared to T. arvense. As enhanced HM root uptake in
hyperaccumulator taxa is driven by an increase in Vmax, where Kn remains
constant, this implies that transporters involved in HM uptake share a large
degree of homology within non-accumulator and hyperaccumulator taxa, but are
likely to be present in greater densities in the latter (Pence et al, 2000; Weber et
al, 2004; Verbruggen et al, 2009). T. caerulescens which demonstrates
significantly greater whole-plant Zn levels compared to T. arvense, and
subsequently displays a higher degree of radial metal movement from root-to-
shoot tissue types, may explain the observation that T. caerulescens minimizes
the amount of Zn chelation and subsequent root sequestration [possibly through

enhanced HMA4 activity (Hanikenne et al, 2008)]. Indeed a comparison of Zn ion
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concentration in the root organs of T. caerulescens and T. arvense show the latter
to contain up to two-fold more Zn within cellular vacuoles, highlighting T.
arvense inability to translocate Zn away from the root organ (figure 1.1) (Lasat et
al, 1996, 1998, 2000; Pence et al, 2000; Hammond et al, 2006; Kramer et al,
2007; Milner & Kochian, 2008).

1.9.1.1 ZNT1 - Zn Transporter

The ZNT1 or Zn transporter protein belongs to a large family of polypeptides,
called ZIP (Zinc-regulated transporter, Iron-regulated transporter - related
Protein). The ZIP Protein Family name is derived from the first members
identified, ZRT and IRT-like Protein. ZRT1 and ZRT2 (zinc-regulated transporter)
are high- and low-affinity zinc ion transporters, respectively, originally identified
in yeast cells. Whereas, IRT1 (iron-regulated transporter) is a cation transporter
expressed in the root cells of iron-deficient Arabidopsis plant species (Assunc¢do
et al, 2001; Papoyan et al, 2007; Hanikenne et al., 2008). ZNT1 encodes for a
putative Zn/Cd membrane transporter protein, and TcZNT1 was first identified
due to the relative abundance of transcript levels in T. caerulescens compared to
a related non-accumulator species, T. arvense. TcZNT1 displays the greatest
homology with AtZIP4. Microarray analysis has since exposed several highly
expressed genes encoding ZIP Family members (such as ZIP3, ZIP6, ZIP9, ZIP10)
within both A. halleri and T. caerulescens plants, while in the steady-state under
Zn-sufficient growing conditions, as when compared to A. thaliana (Weber et al,
2004). The majority of ZIP Family genes discovered thus far, are classified as part
of the transcriptional Zn-deficiency response in A. thaliana and active in the

effective uptake of metal ions (figure 1.2).

1.9.2 Root-to-shoot loading for long-distance metal ion translocation

An effective system for radial metal ion movement within the root symplasm
towards active xylem loading is vital for HM hyperaccumulation. An efficient
metal ion translocation mechanism is necessary in order to prevent HM ion build
up in the root organ, which would lead to toxicity (Clemens, 2006). This is

achieved by greatly enhanced rates of metal loading from the root symplasm into
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the apoplastic xylem tissues. Metal ions are loaded into xylem vessels through an
increased loading from xylem parenchyma tissue for long-distance translocation

by means of the transpiration stream (Verbruggen et al,, 2009).

Several metal transporters have been implicated in enhanced xylem metal
loading. FRD3, an antiporter protein of the multi-drug and toxic compound
extrusion (MATE) membrane proteins is thought to facilitate citrate efflux into
root tissue. Citrate is known to be required for iron (Fe) and possibly Zn cellular
transport from root to shoot tissue types (Talke et al, 2006). Microarray analysis
has shown FRD3 to be constitutively overexpressed in both A. halleri and T.
caerulescens compared to A. thaliana, implicating FRD3 in Zn hypertolerance and
cellular transport. HMAs (see below) form part of a P-type ATPases family of
plasma membrane proteins capable of transporting specified HM ions against
any electro-potential gradient using the energy provided by ATP hydrolysis
(Garrett & Grisham, 2005). Expression of AtHMA4 in A. thaliana appears to be
restricted to xylem parenchyma tissues within the shoot. Whereas in A. halleri
and T. caerulescens HMA4 is seen highly expressed in xylem parenchyma tissues
as well as root tissue types and has been shown to be involved in enhanced
loading of HM into xylem vessels (figure 1.2) (Mills et al., 2003; Bernard et al.,
2004; Hussain et al, 2004; Verret et al, 2004; Klein et al, 2008).
Hyperaccumulators have been shown to contain elevated levels of metals in their
xylem sap, likely as a consequence of enhanced xylem loading. X-ray absorption
spectra analysis has demonstrated both elevated levels of Zn and Cd are
predominately present in the free hydrated ionic form (Cd?*/Zn?*) within the
xylem sap of T. caerulescens and A. halleri plants, respectively. Currently
however, no clear system as to how metal ions are chaperoned from the root
organ to a final storage site of hyperaccumulator taxa has been established (see
sections 1.9.3 and 1.9.4 and sub-sections therein). In light of the apparent
complexity associated with metal ion chelation and translocation, only a few

examples will be discussed in the following text.
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1.9.2.1 HMA - Heavy Metal ATPase

Gene knockout studies and molecular analysis of A. thaliana have shown
AtHMA4 is involved in metal xylem loading and unloading, facilitating metal
translocation from xylem parenchyma cells into the shoot xylem vessels (figure
1.2), and further is required for normal Zn homeostasis and Cd detoxification
processes (Papoyan et al, 2007). AhHMA4 has been implicated in Zn
hyperaccumulation and normal levels of Cd accumulation in A. halleri plants, and
the silencing of AhHMA4 through RNAI interference demonstrated that AhHMA4
is required for complete Cd hypertolerance, and to a lesser extent Zn
hypertolerance (Ueno et al, 2011). Similarly to TcZNT1, AhHMA4 has also been
shown to confer increased Cd/Zn tolerance to transgenic metal-sensitive
Saccharomyces cerevisiae yeast cells. Within the root organ of A. halleri plants, Zn
concentrations are low compared to whole-plant status, highlighting a high
degree of metal flux from the root organ to shoot tissues. This is in contrast to
the root organs of HMA4 RNAIi A. halleri plants, which demonstrate between 49
to 134-fold higher Zn concentrations, (similar to non-accumulator A. thaliana)
compared to wild-type A. halleri plants (figure 1.1). Currently there is no
evidence to suggest any difference in protein function between AhHMA4 and
AtHMA4. However, between a 6 and 53-fold increase in transcript number of
AhHMA4 has been observed in comparison to AtHMA4 transcript abundance in A.
halleri and A. thaliana, respectively (Talke et al, 2006). Similarly, expression
levels of TcHMA4 in both root and shoot cells of T. caerulescens are significantly
increased compared to AtHMA4 expression in A. thaliana. The observed increase
in transcript number is brought about as a result of gene triplication of HMA4 in
A. halleri, with three almost identical AhHMA4 gene copies present in the genome
compared to A. thaliana. Increased gene copy number is paired with an enhanced
promoter activity brought about by cis-regulatory mutations in A. halleri
lineages. Recent transgenic studies have shown that when any of the AhHMA4
promoters are introduced into A. thaliana or A. halleri, a corresponding increase
in transcript expression levels is observed, compared to reporter genes under
control of the AtHMA4 promoter (Hanikenne et al, 2008; Kramer, 2010). This

therefore further advocates a crucial step towards the evolution of HM
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hyperaccumulation involves the enhancement of gene function activity of an

already existing process in a recent ancestor.

1.9.3 Aboveground tissue metal ion movement and subsequent

detoxification

Cellular metal uptake rates are increased in aboveground tissue types, allowing
for an effective system for cell-to-cell metal distribution. An active metal influx
occurs across shoot/leaf plasma membranes, moving metal ions into the cell.
Further, an increased efficiency in metal ion detoxification is achieved by ligand
chelation, and subsequent vacuolar sequestration of reduced divalent metal ions

(Kramer et al, 1996; Lasat et al,, 1996, 1998; Verbruggen et al,, 2009).
1.9.3.1 MTP - Metal Transport/Tolerance Protein

Metal Transporter Proteins (MTPs, formerly known as ZAT or Zinc Transporter
of Arabidopsis thaliana) are also referred to as Cation Diffusion Facilitators
(CDFs). CDFs are a family of proteins involved in the transport of numerous
metal ions including, Cd?*, Co?*, Fe?*, Mn?* and Zn?*. As such, CDFs have been
implicated in metal ion movement across a wide range of biological membranes
including within root tissues, demonstrated by greater Zn tolerance and root
accumulation in transgenic A. thaliana plants overproducing ZAT (Van der Zaal
et al, 1999). Significantly however, AtMTP1 was the first of these transporters to
have been shown to facilitate both cytoplasm to organelle metal ion movement
(apoplast transport), as well as metal ion transport from cytoplasm to the
endoplasmic reticulum (Kim et al, 2004; Peiter et al, 2007). Accordingly, CDFs

are observed primarily in metal partitioning within aboveground tissue cells

types.

CDFs such as those identified in both the Ni/Zn hyperaccumulator T. goesingense
(TgMTPs) and non-accumulator A. thaliana, have been suggested to facilitate
metal translocation to the shoot and leaf cells for subsequent vacuolar
sequestration (figure 1.2). Further, the capacity of T. goesingense to

hyperaccumulate Ni seems to be in part dependent on the plants ability to
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sequester Ni?* ions into leaf vacuoles. Within T. goesingense, TgMTP1t1 and
TgMTP1t2 (two variants which differ in a histidine-rich metal-binding domain)
are proposed to be involved in metal ion vacuolar sequestration. Heterologous
expression of TgMTPI1t]l and TgMTP1t2, within mutant yeast cells (deficient in
the TgMTP1 orthologues; COT1 and ZR(1, respectively), show complementation
in metal-sensitive yeast cells, where TgMTP1t1 expression conferred greatest
tolerance to Cd and Zn, and TgMTPI1t2 expression conferred the greatest
tolerance towards Ni (Persans et al, 1999, 2001). This is further supported by
heterologous expression of either AhMTP1 or AtMTP1 in yeast cells (Kim et al,
2004) and expression of either AWMTP1 or TgMTP1 in A. thaliana, which resulted
in an increased Zn tolerance in both yeast cells and A. thaliana plants (Kim et al,
2004; Kramer, 2005). Similarly, an overproduction of AtMTP1 in transgenic
metal-sensitive A. thaliana plants was shown to increase Zn accumulation and
tolerance (Kobae et al, 2004). Furthermore, transcript levels of other genes
encoding for vacuolar Cd/Zn/H* antiporter MTP-like proteins, are approximately
20-fold higher in leaf tissue types of A. halleri compared to A. thaliana, further
implicating MTP-like proteins in leaf metal ion vacuolar sequestration (figure
1.2). In support of the proposed function of MTPs, T. caerulescens plants were
shown to possess an AtMTP1 homolog; TcZTP1. TcZTP1 has subsequently been
observed highly expressed ectopically in the leaf tissue of T. caerulescens plants
(compared to expression in A. thaliana). Additionally, TgMTP1 appears to be
localized at the plasma membrane in T. goesingense plants, suggesting a role in

both Ni and Zn efflux from the cytoplasm (Assuncao et al.,, 2001).
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Figure 1.2: [dentified metal-transport proteins involved in facilitating plant HM
hyperaccumulation. Metal transport proteins are shown at the appropriate locality of
function within the plant body. Black arrows indicate metal ion movement.
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To further investigate whether the transport of metal cations (Ni in this case) by
at least some CDF proteins [coupled to the movement of counter-ions, such as
protons (Kramer, 2005)], Ingle et al. (2008) investigated the mechanism of Ni
uptake into leaf vacuoles of the Ni hyperaccumulator Alyssum lesbiacum.
Protoplast isolates from leaf tissue were used to monitor Ni uptake into
individual vacuoles and visualization of cellular Ni was achieved with the metal-
sensitive fluorescent dye, Newport Green. The vacuolar Ni uptake rate was
accelerated through the stimulated energisation of vacuolar H*-ATPase (V-
ATPase) by addition of Mg/ATP. The ATP-induced Ni uptake was then
successfully eliminated by addition of a V-ATPase inhibitor, bafilomycin, and
dissipation of the trans-membrane pH gradient with the uncoupler ammonium
sulphate. By illustrating the energetically active transport of Ni?* into leaf cell
vacuoles these experiments suggested a potential mechanism for metal ion

vacuolar sequestration in plants (Ingle et al, 2008).
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1.9.4 Metal ion detoxification
1.9.4.1 Nicotianamine and mugineic acid

The capacity for mugineic acid (MA) to chaperone metals into a plants root organ
has been reported in graminaceous plant species, such as barley, accumulating
iron (Fe). MA is enzymatically synthesized in a step-wise process. The first step
requires the condensation of three S-adenosyl-methionine (SAM) molecules,
producing nicotianamine (NA), NA is then converted to a 3”-Oxo intermediate via
the enzyme NA aminotransferase. The final step involves the conversion of the
3”-0xo intermediate to MA with the use of deoxymugineic acid synthase (Haydon
& Cobbett, 2007). Once produced, MA is then secreted from the root organ to
bind Fe3* ions in the rhizosphere. The metal-ligand complex is then moved into
the root organ with the use of a specified metal-transporter. The first Fe-MA
transporter was identified in mutant maize plants deficient in Fe-MA uptake, and
was branded as yellow-stripe 1 or YS1 (Curie et al, 2001, 2009). Nicotianamine
is a non-proteinaceous amino acid synthesized by the condensation of three SAM
molecules, via the enzyme nicotianamine synthase (NAS). NA is present in all
plants. Unlike MA however, NA is not secreted into the root rhizosphere, and

functions rather within the plant as a ligand (Haydon & Cobbett, 2007).

Microarray analysis between hyperaccumulator A. halleri and non-accumulator
Arabidopsis accessions, has identified greater NAS transcript abundance within
the hyperaccumulator species (in root and shoot tissue types) compared to non-
accumulators, suggesting an overexpression of genes involved in NA
biosynthesis is required for enhanced metal ion accumulation (Talke et al,
2006). Additionally, the heterologous expression of AhNASZ and AhNAS3 in yeast
cells (Schizosaccharomyces pombe and Saccharomyces cerevisiae, respectively)
confers an increased tolerance to Zn, suggesting a prominent role of NA in Zn
tolerance in vivo (Becher et al, 2004; Weber et al, 2004; Haydon & Cobbett,
2007). NA has also been linked to an increased ability to tolerant Ni in accessions
of T. caerulescens. The transgenic overexpression of TcNAS genes in either
Arabidopsis or tobacco plants results in an increased resistance to Ni, whereby, a

2-fold increase in root NA pools is observed, compared to control A. thaliana
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plants (Pianelli et al, 2005). This was further supported by a Ni-dose time-
course experiment, which demonstrated that when T. caerulescens is exposed to
elevated Ni levels, an increasing concentration of NA accumulates in the plant
roots (Curie et al, 2001, 2009). Furthermore, with the use of HPLC coupled with
inductively coupled plasma mass spectrometry (HPLC-ICPMS) as well as
electrospray MS/MS, complexes of Ni-NA have been observed in the roots of T.
caerulescens after exposure to Ni (Vacchina et al, 2003). Interestingly however,
the gene encoding TcNAS1 is not expressed in the root organ, and NAS activity is
also absent within the root organ (Curie et al, 2001). The accumulation of NA in
the root organ after Ni exposure was seen to subsequently increase as a function
of time, coinciding with a transient decrease in leaf NA concentration. The
apparent coordination between leaf production of NA and root accumulation of
NA was further confirmed by HPLC, capillary electrophoresis and mass
spectroscopy, which exposed NA-Ni complexes present in the xylem vessels of Ni
treated plants (Mari et al, 2006). Conversely, distantly related non-accumulator
species (of both T. caerulescens and A. halleri) were shown to lack Ni, NA and Ni-
NA complexes in their xylem sap. These findings suggest the existence of a
translocation system for mobilization of foliar NA to root NA pools and the
subsequent re-cycling of NA-Ni complexes back to the plant leaves within
hyperaccumulator taxa (Mari et al, 2006; Milner & Kochian, 2008; Verbruggen et
al, 2009). The exact mechanism behind NA-Ni recycling remains unclear,
however involvement of yellow stripe-like (YSL) transporters has been
suggested. Expression of the gene TcYSL3, for example, has been shown to
facilitate the transport of NA-Ni complexes from root-to-shoot tissue types in T.

caerulescens plants (Curie et al, 2001).
1.9.4.2 Histidine

Histidine (His) as a free amino acid is considered to be one of the major ligands
involved in HM detoxification, and has been observed forming stable complexes
with Cd, Ni and Zn (Verbruggen et al, 2009). The first demonstration of
histidine’s involvement in HM hyperaccumulation/tolerance was in 1996 in the
Ni hyperaccumulator Alyssum lesbiacum (Kramer et al, 1996). Exposing

hyperaccumulator species of the genus Alyssum to Ni, results in the generation of
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a significant and linear increase in free His levels within the xylem sap. The
concentration of His detected within the xylem exudate of A. lesbiacum compared
to distantly related non-accumulator A. montanum, was reported to be 36-fold
higher in the hyperaccumulator plant, implicating His involvement in Ni xylem
loading. In addition, the authors (Kramer et al., 1996) demonstrated that, within
the non-accumulator A. montanum, supply of His elicits a large and proportional
increase in Ni tolerance, as well as a greater capacity for Ni translocation to shoot
tissue types. Further confirmation of His role in Ni tolerance is shown by
utilization of X-ray absorption spectrometry, which has identified His-Ni
complexes in the xylem sap as well as in the root and shoot tissue types of A.
lesbiacum. This further suggests the complexation of Ni with His is required for
Ni tolerance, and further, for facilitating the transfer of Ni from root to shoot

tissue types (Kramer et al., 1996).

The ‘Histidine Response’ is supported by experiments (Ingle et al, 2005a)
demonstrating that, the constitutive overexpression of enzymes facilitating His
biosynthesis is in part, responsible for Ni hyperaccumulation/tolerance.
Exposure of Ni to hyperaccumulator A. leshiacum and non-accumulator A.
montanum did not however show any increase in transcript abundance of any of
the enzymes required for His biosynthesis. Notably however, transcript
abundance was seen to be constitutively greater in A. leshiacum compared to A.
montanum. Specifically, mRNA transcripts for the first enzyme in the His
biosynthetic pathway, ATP-phosphoribosyltransferase (ATP-PRT), were
constitutively greater in abundance as when compared to mRNA ATP-PRT
transcripts of A. montanum. Consequently, it was demonstrated that up to a 15-
fold increase in free His levels (in shoot tissue types) could be achieved in
transgenic A. thaliana accessions overexpressing an A. lesbiacum ATP-PRT gene.
This was further shown to correlate with an increased Ni tolerance. Interestingly,
overexpression of ATP-PRT in A. thaliana (and corresponding His production)
did not result in an equivalent increase in Ni levels within the xylem sap nor in
shoot tissue types. This implies that constitutive overexpression of His is only

part of the complete Ni hyperaccumulator phenotype (Ingle et al, 2005a).
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1.10 Proteomics over genomics?

Transcriptomic studies, such as microarray analysis, have aided in identifying
potential candidate genes involved in HM hyperaccumulation. However, the
relationship between mRNA and protein expression levels has been shown to be
inadequate to confidently predict protein expression levels from corresponding
quantitative mRNA data (Velculescu et al, 1997; Gygi et al, 1999; Ideker et al,
2001). Processes shown to be responsible for weak correlation between mRNA
expression and protein abundance possibly include post-transcriptional
regulation and protein translation rates, protein and/or mRNA half-life status, as
well as protein association with intracellular ligands which may increase or
decrease protein stability (Varshavsky, 1996; Harford & Morris, 1997; Urlinger
et al, 1997). Hence, the study of an organism’s proteome is clearly advantageous
as it focuses on the actively translated portion of the genome, and has a greater
potential to resolve properties of biological systems (such as HM

hyperaccumulation) not apparent by transcriptomic study alone.

1.11 Evolutionary studies within Alyssum as an example of multiple

independent evolution towards Ni hyperaccumulation

Ni hyperaccumulating taxa account for the majority of hyperaccumulating
species described worldwide. Despite the diverse phylogenetic coverage
represented in hyperaccumulator taxa, some families are seen to possess a high
frequency of Ni hyperaccumulators, in particular the Brassicaceae (Kramer,
2010). Within Brassicaceae the greatest number of Ni hyperaccumulating taxa is
found within the genus Alyssum. Alyssum contains approximately 180 species,
found predominately in the Mediterranean Basin with occurrences of Alyssum
species also documented in the Middle East (such as Iraq and Iran), Siberia, into
the North-west of Northern America (such as Alaska) and North Africa. The
genus is further subdivided into six sections, where the majority of species occur
within Odontarrhena and Alyssum, while most Ni hyperaccumulating taxa occur
within Odontarrhena (Mengoni et al, 2003). Ribosomal internal transcribed

spacer (ITS) sequences have been utilized extensively in plant systematics to
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resolve evolutionary relatedness at fine-scale taxonomic levels (Baldwin et al,
1995). Indeed, phylogenetic analysis of the Alyssum species complex revealed
four main clades each containing both Ni hyperaccumulator and non-
accumulator taxa. The phylogenetic grouping of Alyssum species suggests that
the hyperaccumulator phenotype may have evolved independently multiple
times and display a polyphyletic relationship with non-accumulator phenotypes.
Additionally geographic distribution of Alyssum species does not correlate
strongly with phylogenetic structure implying Ni tolerance has possibly been
gained or lost, independently, by relatively few genetic changes (Pepper &
Norwood, 2001; Mengoni et al, 2003). Within the genus, it has however been
demonstrated that populations of A. bertolonii show a significant degree of
intraspecific genetic divergence, and comparatively (to other Alyssum species) a
high degree of phenotypic heterogeneity (with respect to metal tolerance) exists
within the species. Interestingly, for A. bertolonii a clear relationship between
geographical isolation and genetic differentiation has been observed (Mengoni et
al, 2003; Galardi et al, 2007).

These observations provide evidence of at least six independent evolutionary
events towards Ni hyperaccumulation within the Brassicaceae (Kramer, 2010).
Further, as Ni hyperaccumulation implies Ni hypertolerance, the presence of
numerous Ni tolerant non-accumulating taxa living in close proximity to
hyperaccumulating species, suggests that Ni hyperaccumulation and Ni
hypertolerance are under different genetic control (Macnair et al, 1999; Galardi

etal, 2007).

1.11.1 Population studies provide additional insight into genetic
architecture
Research in plant adaptation to metal-polluted sites (naturally occurring or
anthropogenic) has predominately taken a physiological approach, in particular
transcriptomics. Transcriptomics studies have identified numerous metal-
accumulation candidate genes, which are seen as ubiquitous to most vascular
plant metal-homeostasis networks, but are under different regulatory control
(Bernard et al, 2004; Hammond et al, 2006; Talke et al, 2006). Identification of

candidate genes has contributed greatly to the advancement of HM
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hyperaccumulation studies; however, the genetic structural design of the HM

hypertolerance/hyperaccumulation trait remains unknown (Pauwels et al,

2008).

Consequently, to broaden the scope of experimentation, a combination of ‘-
omics’ based studies together with molecular ecology genetic methods such as
within-species polymorphism and population differentiation for metal tolerance
in a demographical framework, has been proposed, so as to identify any evidence
for natural selection through patterns of genomic variation (Pauwels et al,
2008). Examination of associations between identified candidate genes and the
resulting phenotype (in controlled conditions) should then be considered. This
could be achieved for example by, the study of individual wild populations that
are structured by phenotypic plasticity or utilizing populations produced by
quantitative-trait-locus (QTL) mapping. As such, inclusion of population genetic
studies with ‘-omic’ based experimentation has been proposed as a more
effective way to fully elucidate the HM hyperaccumulation phenomenon

(Purugganan & Gibson, 2003; Pauwels et al, 2006, 2008).

For example, a recent paper by Pauwels et al, (2008) on the constitutive Zn-
hypertolerant model organism Arabidopsis halleri, revealed that within A. halleri
individuals and populations across Western Europe, a large degree of plasticity
in the Zn tolerance phenotype exists, contrary to the findings from most
recognized hyperaccumulators. Further, significant population structure was
observed (estimated by analysis of molecular variance, AMOVA), however
variation in Zn tolerance did not correlate clearly with geographic distribution
(besides a split into two groups, North and South by the Alps mountain range)
but rather with HM soil concentration. Within the northern group, populations of
Zn hyperaccumulator A. halleri were found to be more closely related to the
geographically closest non-accumulator A. halleri populations, than to adjacent
hyperaccumulators. These results support the hypothesis of the multiple

independent evolution towards HM hyperaccumulation in this species (Pauwels

etal, 2005, 2008).
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1.12 Senecio coronatus: a possible ‘model organism’ for Ni accumulation

study

Ni hyperaccumulator species are typically restricted to Ni-rich outcrops, and
characteristically display low intraspecific variation, where all individuals within
a given taxon will actively accumulate Ni if it occurs in the surrounding soil
substrate. Senecio coronatus (Asteraceae), however appears to be unique among
described Ni hyperaccumulator taxa, in that distinctive mechanisms have been
reported in different ecological conditions within the taxon (Hilliard, 1977;
Mesjasz-Przybytowicz et al, 1997; Comes & Abbott, 2001). On serpentine
outcrops two different S. coronatus ecotypes have been described, a Ni
hyperaccumulator and a Ni hypertolerant non-accumulator. Additionally, a third
ecotype has been identified as a non-accumulator found on normal soil types. All
three ecotypes are found throughout southern Africa (Mesjasz-Przybytowicz et
al,, 1997; Boyd et al.,, 2002). Although populations of hyperaccumulating and
hypertolerant non-accumulator S. coronatus plants are macro-morphologically
identical, particle induced X-ray emission (PIXE) analysis and proton
backscattering (BS) techniques have shown substantial differences in Ni cellular
concentration and distribution between different S. coronatus ecotypes (Mesjasz-
Przybytowicz et al, 1994, 1997, 2007). The concentration of Ni in the roots of
hyperaccumulator and non-accumulator ecotypes differs significantly. The Ni
concentration in hyperaccumulator ecotype roots was seen to be 60-fold greater
in older root tissue types, and 10-fold greater in younger root tissue types,
compared to equivalent root tissue types from non-accumulator ecotypes
(Mesjasz-Przybytowicz et al, 2007). Further, within hyperaccumulator Senecio
ecotypes, Ni is ubiquitously distributed within shoot tissue types, with the
highest concentrations of Ni restricted to the epidermis, cortex and phloem. In
contrast, within non-accumulating ecotypes Ni is seen restricted to the phloem
only. For both hyperaccumulating and non-accumulating ecotypes, leaf Ni is seen
concentrated in the epidermis, with hyperaccumulating ecotypes containing
significantly greater Ni concentrations as reflected by a steep increase in Ni
concentration from root to leaf tissue types (Mesjasz-Przybytowicz et al, 1994,

1997).
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Occurrence of constitutive Ni hyperaccumulators, such as B. coddii alongside
populations of both S. coronatus hyperaccumulator and non-accumulator
ecotypes, suggests as variation is observed within S. coronatus and not within B.
coddii populations, Ni accumulation is not influenced by Ni availability or
concentration, but rather as a function of genetics within S. coronatus. In support
of this hypothesis, individuals of Ni hyperaccumulators (removed from their
natural environment), were shown to maintain their rate of Ni accumulation
when grown on serpentine soil collected from sites where non-accumulator
populations were present, whereas non-accumulator S. coronatus ecotypes
transplanted to serpentine soil collected from sites with hyperaccumulating
plants, were still unable to hyperaccumulate Ni (Mesjasz-Przybytowicz et al,

2007).

S. coronatus therefore displays marked intraspecific variation and appears to
provide the whole spectrum of Ni responses within one taxon. This implies any
variation observed in expression between S. coronatus ecotypes, is more likely as
a consequence of the difference in hyperaccumulation phenotype, and not

adaptation to other environmental factors.

1.13 Research objectives

Research on S. coronatus thus far has indicated that a large degree of
intraspecific variation is present in this species Ni tolerance mechanism, and has
been shown to display two distinct Ni accumulation phenotypes, namely
hyperaccumulator and hypertolerant non-accumulator. As such, variation in S.
coronatus’ Ni accumulation phenotype may parallel a similar pattern and degree

of genetic differentiation.

The aims of this study were to (i) evaluate genetic differentiation between Ni
hyperaccumulator and non-accumulator populations of Senecio coronatus in the
Mpumalanga province of South Africa and (ii) identify protein abundance
differences between the hyperaccumulator and non-accumulator phenotypes
from plants collected in situ. To do this sequence data from both the ribosomal

internal transcribed spacer (ITS) and non-coding chloroplast markers (TrnfM)
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were used to determine the evolutionary relationships among the sampled
populations. The degree to which these populations were genetically
differentiated was inferred by analysis of molecular variance (AMOVA). As a
proof of concept, specific samples from the different evolutionary lineages
revealed in the population genetic analysis, were chosen for an initial proteomic
analysis. To infer any variation in protein abundance of total protein isolate, two
dimensional SDS-PAGE and subsequent protein identification by liquid

chromatography coupled mass spectrometry (LC-MS/MS) was utilized.
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Chapter 2

Materials and Methods

2.1 Collection of Senecio coronatus plant material

Leaf samples and whole plants were collected from 15 different sites, including
12 serpentine and three non-serpentine (‘normal’) soil outcrops, in the
Barberton region of Mpumalanga, South Africa (figure 2.1). Additionally, the
sympatric species Senecio conrathii was collected from the Bulemba site as an

outgroup population in subsequent genomic analysis.

To determine Ni accumulation phenotype, leaf samples were broken open and
rubbed onto an indicator paper: Whatman paper (Whatman International Ltd.,
Maidstone, England) impregnated with dimethylglyoxime (DMG) as first
described by Tschugaeff, (1905). The presence of Ni in leaf tissue is indicated by
a strong pink-red colour, whereas paper exposed to plants without leaf Ni
content showed no colouration, excluding a yellow-green colour, presumably
from the leaf chlorophyll content (figure 2.2). No morphological differences were
observed between hyperaccumulator and hypertolerant non-accumulator

populations during sample acquisition.

At each site, leaf material was collected from = 10 individual plants that were
growing a minimum of 3 m apart. Leaf samples were desiccated with silica gel on
site. Selected whole plants were excavated and potted on site, maintaining the
soil-root structure. All sites (and abbreviations), co-ordinates and soil types are
listed in table 2.1. At the Pullen Farm site, two different Senecio coronatus
varieties (based on morphology) were collected, designated in this study as PF

and PFX.
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Figure 2.1: Distribution of sample collection sites in the Barberton region. Global
location of collection sites is indicated by proximity to the country Swaziland. Three
different S. coronatus ecotypes were collected on 15 different sites (only 14 sites are
shown due to scaling, the Komati site is located approximately 160 km West of
Badplaas). S. coronatus was sampled to include phenotypes showing Ni
hyperaccumulating (red), Ni hypertolerant non-accumulating (green) and Ni non-
accumulating (blue) occurrence on normal soil. The yellow site name indicates the
collection site of sympatric species S. conrathii, a non-accumulator species found on
normal soil. Sample sites are abbreviated to; Agnus Mine (AM), Badplaas (BP), Bulemba
(BUL), Doyershoek (DK), Galaxy Mine (GM), Groen Vallei (GV), Kaapsehoop (KP), Lunar
Observatory (LO), Mike’s Field (MF), Mund’s concession (MC), Nkomazi (NK+/NK-),
Non-serpentine (NS), Pullen Farm (PF) and Queen’s River Valley (QRV).
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Figure 2.2: DMG-indicator paper Ni test. Presence of nickel (Ni2+) within leaf cells was
determined by smearing broken leaf tissue directly onto indicator paper (on site) from
hyperaccumulator (left) and non-accumulator (right) plants, respectively. Colour
development occurred instantly on contact with leaf Ni.
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Table 2.1: Co-ordinates of latitude, longitude and altitude are listed for corresponding
sample collection sites. Ni accumulation phenotypes hyperaccumulator and

hypertolerant non-accumulator have been abbreviated to HA and HTNA, respectively.
The presence of high Ni content in sample location soils is indicated as yes (Y) or no (N).

Site name (abbreviation) Phesn;:y:ie & Lattitude Longitude Altitude (m)
Agnes Mine (AM) HA/Y 2549488 3057 23 E 1232
Badplaas (BP) NA/N 255804 303306E 1205
Bulemba (BUL) 2547165 310455E 1293
Doyershoek (DK) HA/Y 2551445 304643 E 1513
Galaxy Mine (GM) HTNA/Y 25492258 305859E 978
Groen Vallei (GV) HTNA/Y 25533458 3048 13E 1191
Kaapsehoop (KP) HA/Y 2533155 3048 25E 1243
Komati (KOM) HTNA/Y 2606008 2926 00E 1548
Lunar Observatory (LO) HTNA/Y 25520458 304549 1362
Mike’s Field (MF) HTNA/Y 2553138 3044 12E 1355
Mund’s Concession (MC) HTNA/Y 2539458 3103 11E 762
Nkomazi (NK+) HA/Y 25540058 304703 E 1139
Nkomazi (NK-) HTNA/Y 2554038 3047 16 E 1147
Non-serpentine (NS) NA/N 25513858 304514 E 1440
Pullen Farm (PF) NA/N 2534208 311050E 921
Queen’s River Valley (QRV) HTNA/Y 2549158 3053 26 E 912

2.2 Determination of metal ion concentration

Soil and tissue samples (2-5 g) were initially dried overnight at 60°C. The
following day samples were homogenized with a Mortar Machine (Agate &
General Stonecutters Ltd., London, UK) for 15-20 min or until a fine powder was
achieved. The samples were then subjected to an ashing procedure. 1 g of each

sample was weighted out and placed into ceramic crucibles. Samples were
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further dried at 110°C for 4 h and finally roasted in a kiln at 850-1000°C

overnight. Samples were re-weighed to ascertain any moisture loss.

Following ashing, samples were subjected to an acid digestion. 50 mg of each
sample was weighted out and Hawaiian Basalt (BHOV-2) was used as a control.
4 mL of concentrated hydrofluoric acid (HF) was added to each sample and
placed on a hot plate set at 60-70°C for 48 h. Following digestion, samples were
opened and the HF was allowed to evaporate off. Complete evaporation was
achieved in approximately 5 h. Samples were prepared for ICP-MS analyses by
diluting with an internal standard solution (5% (w/v) HNO3) containing 10 parts
per billion (ppb) of In, Re, Rh and Bi as the internal standards. Standards were
prepared in triplicate to produce a calibration curve. Sample analysis was done

with the XSeries 2 ICP-MS (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.3 DNA based methodologies and analysis
2.3.1 Genomic DNA isolation

Genomic DNA was extracted using a modified method based on the protocol
published by Dellaporta et al, (1983). Fresh leaf tissue (150 - 250 mg) was
homogenized in liquid nitrogen with a pestle and mortar. The homogenate was
then transferred to a 2 mL microfuge tube with 100 uL. 20% (w/v) SDS and 1.5
mL extraction buffer (100 mM Tris-HCl pH 8, 50 mM EDTA pH 8, 500 mM NaCl
and 10 mM B-mercaptoethanol). Silica-desiccated tissue was placed directly into
a 2 mL microfuge tube containing 1.5 mL extraction buffer with SDS. Inert ball
bearings were added and tubes placed in a gyromixer SO-10m (Fluid
Management Europe B.V, IDEX Corporation, UK) for 10 min. Samples were then
incubated at 65°C for 10 min. 500 pL of 5 M potassium acetate was then added,
vortexed briefly and incubated at 4°C for 20 min. Samples were centrifuged at 10
000 g for 25 min in a bench top centrifuge at 4°C. 1 mL of the resulting
supernatant was collected and added to 1 mL isopropanol in a sterile 2 mL
microfuge tube. The supernatant and isopropanol were mixed by inversion and

incubated at -20°C for a minimum of 1 hour. The DNA was pelleted by
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centrifugation at 10 000 g for 5 min at 4°C. The supernatant was discarded and
the DNA pellet air dried by inverting tube on a paper towel for 40 min. The pellet
was resuspended in 80 pL TE buffer (50 mM Tris-HCI pH 8 and 10 mM EDTA pH
8) and centrifuged at 10 000 g for 6 min to remove insoluble debris. The
supernatant was transferred to a sterile eppendorf and 7.5 pL of 3 M sodium
acetate (pH 5.2) and 50 pL of isopropanol were added, mixed well by inversion
and placed on ice for 25 min. The DNA was pelleted by centrifugation at 10 000 g
for 10 min. The pellet was washed with 1 mL 80% (v/v) ethanol, allowed to air
dry for 30 min and resuspended in 15 pL TE buffer containing RNase (0.2 ug/uL)
and stored at -20°C until needed. DNA concentrations were determined with a
NanoDrop ND-100 spectrophotometer (NanoDrop Technologies, Wilmington,
USA).

For extraction of gDNA for immediate use in PCR, the rapid technique developed
by Bellstedt et al., (2010) was employed. 100 mg of plant tissue was placed in a 2
mL microfuge tube and 1.5 mL grinding buffer (15 mM NazCO3, 35 mM NaHCOs3,
1% (w/v) NazS520s, 2% (w/v) PVP40, 0.2% (w/v) BSA and 0.05% (v/v) Tween-
20, pH to 9.6 with conc. NaOH) was added. Samples were briefly vortexed, before
centrifugation for 15 sec at 10 000 g. Into a sterile PCR tube 4 uL of the resulting
supernatant was added to 25 uL. GES buffer (0.1 M glycine-NaOH pH 9.0, 50 mM
NaCl, 1 mM EDTA pH 8.0 and 0.5% (v/v) Triton-X 100) and placed into a Gene
Amp PCR System 2700 (Applied Biosystems, Foster City, USA) set for 10 min at
95°C then 5 min at 4°C. 1 uL of the resulting product was used directly as a

template in PCR amplification.

2.3.2 PCR amplification of nuclear and chloroplast gene regions

Two classes of markers were optimized from an initial set of five primer pairs
(table 2.2). To amplify the ribosomal internal transcribed spacer (ITS) ITS1
forward and reverse primers, NNC-18510: AGGAGAAGTCGTAACAAG and C26A:
GTTTCTTTTCCTCCGCT, were used (Wen & Zimmer, 1996). Thermal cycling
conditions were modified from Mort et al., (2007) as follows; 2 min at 95°C; 35

cycles of 40 sec at 95°C; 40 sec at 52°C; 40 sec at 72°C; and a final extension step
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of 10 min at 72°C. The reaction components consisted of 50-250 ng gDNA, 1 x
reaction buffer (Fermentas International Inc., Ontario, Canada), 200 uM each
dNTP, 1.5 mM MgClz, 0.7 pM each primer and 1 unit Tag DNA polymerase.

Samples were equalized to 50 pL with sterile H;O0.

The non-coding chloroplast DNA (cpDNA) region trnfM-trnS was amplified using
forward primer trnfM¢U: CATAACCTTGAGGTCAGGG and reverse primer
trnSU6A: GAGAGAGAGGGATTCGAACC (Demesure et al., 1995). Thermal cycling
conditions were modified from Shaw et al, (2005) as follows; 5 min at 94°C; 35
cycles of 45 sec at 94°C; 45 sec at 60°C; 50 sec at 72°C; and a final extension step
of 10 min at 72°C. The reaction components consisted of 100-250 ng gDNA, 1 X
reaction buffer (Fermentas International Inc., Ontario, Canada), 200 uM each
dNTP, 3 mM MgCl;, 0.75 pM each primer and 1.5 units Tag DNA polymerase.
Samples were equalized to 50uL with sterile H20. All PCR reactions were carried
out in a 96 well Gene Amp PCR System 2700 (Applied Biosystems, Foster City,

USA) and the size of PCR products was confirmed by agarose gel electrophoresis.

Table 2.2: Gene regions tested for phylogeny reconstruction of Senecio coronatus

Marker used  Primer designation and sequence (5’ to 3’) Product produced Source

NNC18s10 AGGAGAAGTCGTAACAAG

ITS1 Yes Wen & Zimmer, 1996
C26A GTTTCTTTTCCTCCGCT
if CTTTTTGTGCATAATGTATATATAGG
ETS GGG No Linder et al., 2000
18s-2L TGACTACTGGCAGGATCAACCAG
trnfM<u CATAACCTTGAGGTCACGGG
Trnset 1 Yes Demesure et al., 1995
trnSUGA GAGAGAGAGGGATTCGAACC
trnLYAAR TCTACCGATTTCGCCATATC Taberlet et al., 1991
Trn set 2 No variation
trnTUSY2F CAAATGCGATGCTCTAACCT Shaw et al., 2005
psbA GTTATGCATGAACGTAATGCTC Sanget al., 1997
Trn set 2 No
trnHGYG CGCGCATGGTGGATTCACAATCC Tate & Simpson, 2003
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2.3.3 Agarose electrophoresis

To validate a single PCR product, a 10 uL aliquot of the product in 1 x loading dye
(0.25% (w/v) xylene cyanole FF, 40% (w/v) sucrose and 0.25% (w/v)
bromophenol blue) was loaded onto a 1.2% (w/v) agarose gel with ethidium
bromide (0.016 uL/mL) added to the gel. The O’Gene Ruler™ 1kb DNA size
marker (Fermentas International Inc., Ontario, Canada) was loaded as a standard
DNA ladder. Gels were electrophoresed at 120-140 V in 1 x TAE buffer (40 mM
Tris, 1 mM EDTA pH 8 and 0.11% (v/v) glacial acetic acid) for 90-120 min. PCR
products were visualized with a G:BOX Bioimager (Syngene Bioimaging Private

Ltd., USA).

2.3.4 Agarose gel DNA purification

Once a 10 uL aliquot of PCR product was electrophoresed and confirmed to
contain a single product, the remaining 40 uL PCR reaction was subjected to
agarose gel electrophoresis as described in section 2. 3. 3. PCR products were
visualized on a long wavelength (365 nm) UV transilluminator (UVP Inc, San
Gabriel, USA) to minimize DNA damage during excision. A sterile razor blade was
used to cut out the desired DNA band. DNA extraction from the gel slice was
performed using a Wizard® SV Gel and PCR Clean up System (Promega
Corporation, Madison, USA) as per manufacturer’s instructions with
modifications. Modifications include heating the nuclease-free water to
approximately 50°C prior to elution and a final elution volume of 30 uL was used.

Further all centrifugations took place at 10 000 g for 1.5 min.

2.3.5 Sequencing

PCR products were sequenced in both directions using BigDye® sequencing
chemistry (Applied Biosystems, Foster City, USA). The concentrations of purified
PCR reactions were first determined wusing a Nanodrop ND-100

spectrophotometer. Optimum sequencing efficiency occurred at a DNA
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concentration of 50 ng/uL and a minimum of 15 uL of each sample was required.
DNA sequences were determined with an ABI PRISM® 3700 DNA Analyzer
(Applied Biosystems, Foster City, USA) via an automated capillary
electrophoresis system using the Macrogen DNA Sequencing Service (Macrogen

Inc, Seoul, Korea).

2.4 Sequence data analysis
2.4.1 Sequence editing and alignment

DNA sequences were edited and manually checked for base call errors using
eBioX 1.5.1 (Lagercrantz, 2008). Multiple sequence alignments (MSA) were then
produced with the ClustalW (Thompson et al, 1994) function in BioEdit (7.0.5.2)
(Hall, 1999). Three MSA data sets were produced, including an ITS data set
(appendix 1) comprised of 136 sequences (each containing 665 nucleotide base
pairs), a TrnfM/S data set (appendix 2) comprised of 37 sequences (each
containing 851 nucleotide base pairs), and a combined data set where ITS and
corresponding TrnfM /S sequences were spliced together to produce a data set of

35 sequences (each containing 1523 nucleotide base pairs).

2.4.2 Population genetic diversity

Nucleotide (1) and haplotype diversity (Hd) were calculated for each sampling
site in Arlequin 3.5.1.3 (Excoffier & Lischer, 2010) and DnaSP v5 (Librado et al,
2009), respectively. DnaSP was further utilized to generate unique haplotype
lists for each data set. DnaSP is able to read unphased genotype data files (from
diploid individuals) in FASTA format. Haplotype phase reconstruction from
unphased data was performed in the sequence analysis package PHASE
(Stephens et al, 2001; Stephens & Donelly, 2003). Hd (gene/allele diversity)
represents the expected heterozygosity within a population and gives a measure
of whether randomly chosen sequences are the same or different from one

another.
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2.4.3 Phylogenetic relationships and population structure of Senecio

coronatus

Evolutionary relationships among collected S. coronatus populations were
explored using distance-based methods in MEGA 5 (Tamura et al, 2011). The
Neighbor-joining tree method (Saitou & Nei, 1987) was used to construct
phylogenies. Genetic distance matrices were transformed (or corrected) utilizing
the Kimura 2-parameter substitution model (Kimura, 1980) for all data sets. The
Kimura 2-parameter model (corrected d-distance) takes into account that
transition mutations occur at a greater rate than transversion mutations, while
assuming that the four-nucleotide frequencies are the same. For all phylogenies,
the statistical robustness of the tree was assessed by 10 000 bootstrap
replications (Felsenstein, 1985). Phylogenies were created from both edited
marker sequence alignment data as well as unique haplotype sequence

(identified by DnaSP v5) alignment data.

Using haplotype frequencies an analysis of molecular variance (AMOVA) was
used to quantify the degree to which both populations and the different
phenotypes were genetically structured. AMOVA was performed in Arlequin 3.5
and calculates the fixation index (Wright, 1949) or ph- (®). In this case, for a
hierarchically structured data set - this estimates the level of genetic diversity
and differentiation between and among defined population groups. Arlequin 3.5
input data files were structured by phenotype for all three data sets, as well as by

phylogenetic clusters for the ITS and ITS-TrnfM data sets only.

2.5 Protein based methodologies and analysis
2.5.1 Total protein isolation

Extraction of total protein was adapted from Ingle et al. (2005b). 200-400 mg of
fresh leaf tissue was homogenized by pestle and mortar in liquid nitrogen. The
homogenate was then transferred to a 2 mL microfuge tube containing 1.2 mL of
ice-cold extraction buffer (0.5 M Tris-HCl pH 7.5, 10 mM EDTA pH 8, 1% (v/v)
Triton X-100, 2% (v/v) B-mercaptoethanol and 1 mM phenylmethylsulfonyl
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fluoride (PMSF)) and vortexed for 10 sec. The samples were then centrifuged at
10 000 g for 7 min at 4°C. 500-800 uL of the resulting supernatant was
transferred to a sterile 2 mL microfuge tube and the volumes of all samples were
equalized with ice-cold extraction buffer. An equal volume of ice-cold Tris-HCl
(0.5 M, pH 8)-saturated phenol was added and the samples vortexed for 10 sec
before being centrifuged at 10 000 g for 90 sec. Approximately 80% of the upper
aqueous phase was removed and discarded, taking care not to disturb the
interface. The organic phase was re-extracted by adding an equivalent ‘80%’
volume of ice-cold extraction buffer, vortexing for 10 sec and centrifuged at 10
000 g for 1 min. A volume equal to extraction buffer added (in previous step) was
then removed and discarded. Five volumes of 0.1 M ammonium acetate in
methanol (MeOH) was added and the sample incubated at -20°C overnight. The
following day, the samples were centrifuged at 10 000 g for 8 min at 4°C to
obtain the protein pellets. The supernatant was discarded and the pellets washed
with 1 mL 0.1 M ammonium acetate in MeOH and then with 80% (v/v) acetone.

Pellets were allowed to air dry for 30-60 min in a fume hood.

For protein to be used in 2D-SDS PAGE application (see below), pellets were
subsequently resuspended in ULB buffer (6 M urea, 2 M thiourea and 2% (w/v)
CHAPS), by adding 20 uL increments to the point just where all protein is in
solution. The protein concentration was then determined via an HCL-modified
Bradford Assay (adapted from the Bio-Rad Protein Assay Manual), using BSA to
produce a standard curve. For 1D-SDS PAGE application, protein pellets were
resuspended in 40 uL 1 x sample application buffer (62.5 mM Tris pH 6.8, 10%
(v/v) glycerol, 2% (w/v) SDS, 1% (v/v) P-mercaptoethanol and trace
bromophenol blue). Protein quantitation was performed via the Bradford Assay
(Bradford, 1976). Prior to 1D-SDS PAGE samples were heated to 95°C for 10 min.

All protein samples not used were stored at -80°C.
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2.5.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE)

2.5.2.1 1D SDS-PAGE

12% (v/v) polyacrylamide gels were prepared from a 40% (w/v)
acrylamide/bis-acrylamide stock solution (Bio-Rad Laboratories, Inc. Hercules,
USA) using a Mini-PROTEAN® 3 Multi-Casting Chamber (Bio-Rad Laboratories,
Inc. Hercules, USA). The separating gel (12% (v/v) acrylamide/bis-acrylamide,
375 mM Tris pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate (APS)
and 0.05% TEMED) was applied to the base of the casting chamber via syringe
until all 12 gels were approximately 3/4 from the top of the gel plates and the
casting tray was closed with a valve. Gels were immediately covered with 1 mL
isopropanol and allowed to set for approximately 30 min at room temperature.
Once set, the isopropanol was removed and the gels rinsed with sterile H20. The
separating gels were then covered with a stacking gel (5% (v/v) acrylamide/bis-
acrylamide, 125 mM Tris pH 6.8, 0.1% (w/v) SDS, 0.09% (w/v) APS and 0.1%
(v/v) TEMED), and a comb placed into the stacking gel, which set in
approximately 45 min at room temperature. Once set, 15-30 ug denatured
protein sample and an appropriate molecular marker were loaded onto the
stacking gel and electrophoresed at 100-140 V using a Mini-PROTEAN® 3
Dodeca™ Cell (Bio-Rad Laboratories, Inc. Hercules, USA) in 1 x TGS running
buffer (25 mM Tris pH 8.3, 192 mM glycine and 0.1% (w/v) SDS) for 2-3 h or
until the dye front had just run off the gel.

2.5.2.1.1 Visualization of proteins

Protein resolution and quantity was visualized by staining with 80 mL
Coomassie Brilliant Blue R 250 for 1 h with agitation at room temperature. To
destain the gels, 100 mL of fixing solution (50% (v/v) MeOH and 10% (v/v)
glacial acetic acid) was used initially for 20 min with agitation. This was then
discarded and replaced with a destain (Sambrook & Russell, 2001) solution
(50% (v/v) MeOH, 10% (v/v) glacial acetic acid and 10% (v/v) glycerol) and left

overnight with agitation. The following day, the destain solution was removed
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and the gels rinsed twice with sterile H20. The gels were stored in sterile H20 at

4°C.
2.5.2.2 2D gel procedure
2.5.2.2.1 IPG strip rehydration

Protein samples (125 ug) in ULB were allowed to thaw at room temperature.
ULB buffer is reconstituted to IPG sample buffer by the addition of 2% (v/v) IPG
buffer (BioRad Laboratories, Inc. Hercules, USA), 0.3% (w/v) DTT and trace
bromophenol blue. Samples were equalized with ULB to 155 uL and
subsequently used to rehydrate ReadyStrip™ IPG strips pH 4-7 (Bio-Rad
Laboratories, Inc. Hercules, USA) as per manufacturer’s instructions. A
disposable rehydration/equilibration tray (Bio-Rad Laboratories, Inc. Hercules,

USA) was used to house the IPG strips during rehydration (12-16 h).
2.5.2.2.2 Isoelectric focusing

20 min prior to completion of rehydration a clean focusing tray (Bio-Rad
Laboratories, Inc. Hercules, USA) was prepared by covering the wire electrodes
with Whatman paper that had been moistened with deionized Hz0. IPG strips
were drained of residual mineral oil by blotting the tip of the strips on
Whatman/filter paper. The IPG strips were then transferred from the disposable
rehydration/equilibration tray to the focusing tray with the gel side facing down,
taking note of the IPG strip polarity. 1-2 mL of fresh mineral oil was overlaid on
each strip. Focusing the first dimension employed the use of a PROTEAN® IEF
Cell (Bio-Rad Laboratories, Inc. Hercules, USA). Isoelectric focusing was
performed using a ramp voltage protocol of 250 V for 20 min (ramped), 4000 V
for 2 h, 4000 V for 20 000 volt hours and a 500 V hold step (24 h) if required.
After completion of focusing, if strips were not to be used immediately the strips
were transferred to a clean rehydration/equilibration tray. 1mL of fresh mineral
oil was overlaid and the tray covered with cling-film and stored at -80°C.
Alternatively, strips used immediately after rehydration were equilibrated in an

SDS-containing buffer (see below) prior to running the second dimension.
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2.5.2.2.3 2D SDS-PAGE

Stored IPG strips were allowed to thaw at room temperature for 10-15 min.
Excess mineral oil was removed by placing IPG strips gel side up onto dry
Whatman paper and blotted gently with a wet piece of Whatman paper. Each
strip was then equilibrated in 1.5 mL of SDS-PAGE equilibration buffer I (6 M
urea, 0.375 M Tris-HCl pH 8.8, 2% (v/v) SDS, 20% (v/v) glycerol and 2% (w/v)
DTT) for 10 min with gentle agitation. Strips were then subsequently placed into
1.5 mL of SDS-PAGE equilibration buffer II (6 M urea, 0.375 M Tris-HCl pH 8.8,
2% (v/v) SDS, 20% (v/v) glycerol and 2.5% (w/v) iodoacetamide) for 10 min

with gentle agitation.

Twelve 12% (v/v) polyacrylamide separating gels were cast simultaneously with
a Mini-PROTEAN® 3 Multi-Casting Chamber as detailed in section 2.5.2.1. The
separating gel was filled to approximately 4/5 from the top of the plates, covered
with 1 ml isopropanol and allowed to set. Once set, the isopropanol was rinsed
off with sterile H20. Upon equilibration of the IPG strips, 0.5% (w/v) agarose in 1
x TGS running buffer was pipetted onto the separating gel. Equilibrated IPG
strips were rinsed with 1 x TGS running buffer in a 100 mL graduated cylinder
and loaded into the agarose overly, ensuring no air bubbles between the strip-
separating gel interface occurred before allowing the agarose to set. The second
dimension was electrophoresed at 80 V for 1 h, then increased to 140 V for 2-4 h
or until the dye front just ran off the gel. After completion of electrophoresis the
proteins were fixed in 100 mL fixing solution (50% (v/v) MeOH and 10% (v/v)
glacial acetic acid) with gentle agitation for 30 min followed by an overnight

incubation in 75 mL fresh fixing solution.
2.5.2.2.4 Visualization of total protein

The following day, the gels were washed in 100 mL sterile deionized H20. To
visualize total protein, each gel was stained with 100 mL of Colloidal Coomassie
G 250 (1% (v/v) coomassie G 250 stock, 3% (v/v) orthophosphoric acid and 6%
(w/v) ammonium sulphate) for 6-12 h with gentle agitation at room
temperature. The gels were destained using two destains (Sambrook & Russell,

2001). Destain 1 (50% (v/v) MeOH and 10% (v/v) glacial acetic acid) for 45 min
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with gentle agitation followed by Destain 2 (5% (v/v) MeOH, 7% (v/v) glacial

acetic acid and 3% (v/v) glycerol) 2-3 h with gentle agitation.

Coomassie G 250 stock was made by dissolving 30 g of Coomassie Gerva Blue G
in 750 mL 7.5% (v/v) glacial acetic acid at approximately 70°C, whilst slowly
adding ammonium sulphate and stirring until the solution became clear. The
solution was allowed to cool to room temperature and the supernatant
discarded. The resulting precipitate was dissolved in 300 mL 50% (v/v) ethanol

and 10% (v/v) acetic acid and stored at room temperature.

2.5.3 Protein gel analysis

Gel images were acquired utilizing a flatbed CanoScan LiDE25 colour scanner
(Canon Inc., Lake Success, New York, USA). Scanning parameters within the
program SilverFast® 6 (LaserSoft Imaging®) were set to 16-bit grey-scale with a

resolution of 300 dots per inch (Dpi).

Protein spot detection, matching and subsequent quantification was carried out
using software within the program Melanie 7.0 (Swiss Institute of
Bioinformatics). Within Melanie 7.0, default settings were used with the
exceptions of smooth(ness), saliency and minimum spot area, which were set to
3, 150 and 50, respectively. In all experiments three biological gel replicates
were used for each sample site and are designated as ‘gel classes’ in this study.
Protein spots were compared across gel classes and a statistical analysis
(ANOVA) was used to detect spots showing a significant (P < 0.05) difference in
abundance between gel classes AM, GM, KP and PFX respectively.

2.5.4 Protein identification by nano-LC and Mass Spectrometry (LC-MS/MS)

Protein spots chosen for excision were sent for identification using the Central
Analytical Facilities (CAF) at the Proteomics Laboratory, MS Unit, Stellenbosch
University, South Africa. Protein identification was achieved utilizing a Thermo

Scientific EASY-nLC II connected to a LTQ Orbitrap Velos mass spectrometer,
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equipped with a nano-electrospray source (Thermo Scientific, Germany).
Thermo Proteome Discoverer 1.3 (Thermo Scientific, Bremen, Germany) was
used to identify proteins via automated database searching (Mascot, Matrix
Science, London, UK) of all tandem mass spectra against the NCBI green plants
database. Data analysis parameters were performed by CAF as follows;
carbamidomethyl cysteine was set as fixed modification, and oxidized
methionine, N-acetylation and deamidation (NQ) was used as variable
modifications. The precursor mass tolerance was set to 20 ppm, and fragment
mass tolerance set to 0.8 Da. Two missed tryptic cleavages were allowed.
Proteins were considered positively recognized when they were identified with
at least 2 tryptic peptides per protein, and a Mascot significance (P < 0.05) score
as determined by Proteome Discoverer 1.3. Percolator was also used for
validation of search results. In Percolator a decoy database was searched with a
FDR (strict) of 0.02 and FDR (relaxed) of 0.05 with validation based on the g-

value.
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Chapter 3

Results and Discussion

3.1 Determination of nickel ion concentration

Nickel hyperaccumulating and hypertolerant non-accumulator taxa are known to
display dramatically different phenotypes with respect to the amount of Ni
accumulated and subsequent partitioning between root and shoot tissues. While
plant HM hyperaccumulation tends be a species-wide or constitutive trait, S.
coronatus seems to be unique in that some populations found on serpentine
outcrops hyperaccumulate Ni, while neighbouring populations on apparently
similar serpentine soils do not (table 3.1). A study by Boyd et al, (2008a) has
demonstrated this apparent variation in four S. coronatus populations
distributed within 20 km of one another. Sample collection sites (‘Doyershoek’,
‘Groen Vallei’, ‘Groen Vallei Mine’ and ‘Airstrip Serpentine’) were shown to
contain similar total and soluble Ni content. The study demonstrated Ni content
from leaf and root material exhibited total Ni values in the range of 0.012 - 1.2 %
Ni on a dry biomass basis (Boyd et al, 2008a). Differences in Ni content between
the four populations are thought to be as a consequence of genetics rather than
soil Ni content or phytoavailability in this taxon. The ‘genetic based’ hypothesis is
supported by the presence of B. coddii at all four sites, which in contrast to S.
coronatus, accumulated Ni to > 0.8 % on a dry biomass basis (Mesjasz-
Przybytowicz et al, 2007; Boyd et al, 2008a). Furthermore, Ni
hyperaccumulating S. coronatus individuals removed in situ, were shown to
maintain their Ni uptake rate when transplanted to serpentine soil collected
from sites of hypertolerant non-accumulator occurrence, while the non-
accumulator individuals were unable to accumulate Ni when transplanted to
serpentine soils from sites of hyperaccumulator occurrence (Mesjasz-

Przybytowicz et al,, 2007).
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Table 3.1: A summary of Ni concentrations from soil, root and leaf samples of various
Senecio coronatus populations collected in South Africa. Data shown are means with

standard deviation in parenthesis.

Considering that samples collected for this study come from the same
Mpumalanga region as those collected by Boyd et al, (2008a), we expected that
some populations of S. coronatus collected from serpentine sites would
hyperaccumulate Ni, while others would instead display a hypertolerant non-
accumulator phenotype. As detailed in section 2.1, plant samples were
preliminarily screened for the ability to hyperaccumulate Ni by use of DMG-
indicator paper. Subsequently, all sites chosen for Ni ion content analysis were in
close proximity. Specifically, the serpentine site Nkomazi was sampled for hyper-
and non-accumulator populations (namely, NK+ and NK-) within a 500 m range.
Similarly, serpentine sites Agnus Mine (AM) and Galaxy Mine (GM), which are 3

km apart were sampled for hyperaccumulator and hypertolerant non-
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accumulator populations, respectively. Further, sampling from Pullen Farm (PF)

represents a non-serpentine site.

To assess whether S. coronatus populations collected do indeed exhibit different
and distinct Ni tolerance phenotypes, Ni quantitation of soil samples (collected
directly around roots) and corresponding leaf material was achieved by sample

homogenization, ashing and subsequent Ni determination by ICP-MS.

As is evident in figure 3.1, the Ni content of soils collected from sites AM, GM,
NK+ (Nkomazi soil around hyperaccumulator S. coronatus occurrence), NK-
(Nkomazi soil around non-accumulator S. coronatus occurrence) and KP
(Kaapsehoop) all show average values over 1000 parts per million (ppm) Ni,
characteristic of serpentine outcrops. In particular soil from the KP site showed
the greatest amount of Ni content, with an average of ~ 3500 ppm Ni. Soil
collected from the non-serpentine site PF displayed an average Ni content of only

~ 60 ppm Ni (appendix 3).
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Figure 3.1: Mean total Ni content * SD in soil samples (n = 3) collected from
Kaapsehoop (KP), Agnus Mine (AM), Nkomazi soil around hyperaccumulator occurrence
(NK+), Galaxy Mine (GM), Nkomazi soil around non-accumulator occurrence (NK-) and
Pullen Farm (PF).
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Following soil analysis, corresponding leaf samples were analyzed (figure 3.2).
Of the five serpentine sites, the three populations AM, KP and NK+ all contained
an average Ni content > 4000 ppm Ni (0.4 % on a dry biomass basis), which is
equivalent to four times the threshold criterion set for Ni hyperaccumulation
(Reeves & Baker, 2000; Verbruggen et al, 2009). In stark contrast however, Ni
content of leaf samples collected from GM and NK-, display average Ni content of
~ 106 ppm and ~ 130 ppm respectively (appendix 4), which is approximately
10-fold below the internal Ni hyperaccumulation threshold (0.1 % on a dry
biomass) and are therefore likely hypertolerant non-accumulators. These results

are in agreement with in situ DMG testing of leaf materials.

A direct comparison of Ni content in leaf and corresponding soil samples
highlights the large degree of Ni enrichment that occurs in hyperaccumulator
populations compared to nearby non-accumulator populations. Figure 3.3 shows
hyperaccumulators AM, KP and NK+ actively move Ni into the plant against the
soil-plant concentration gradient, resulting in leaf Ni content greater than the
surrounding soils. In contrast, populations GM and NK- did not show any Ni
enrichment as soil Ni content was seen to be greater than the leaf content.
Further, as soil samples from PF contained relatively negligible Ni content,
corresponding plant specimens sampled did not show any noticeable Ni

accumulation.
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Figure 3.2: Mean total Ni ion content + SD in ashed leaf samples (n = 3) collected from
Kaapsehoop (KP), Agnus Mine (AM), Nkomazi serpentine (NK+), Galaxy Mine (GM),
Nkomazi non-serpentine (NK-), and Pullen Farm (site; PF, sample; PFX). The horizontal
red line indicates the internal Ni threshold for defining Ni hyperaccumulating plant taxa.
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Figure 3.3: Leaf Ni enrichment. Leaf Ni content was divided by corresponding soil Ni
content so as to infer enrichment of samples (n = 3) collected from Kaapsehoop (KP),
Agnus Mine (AM), Nkomazi serpentine (NK+), Galaxy Mine (GM), Nkomazi non-
serpentine (NK-), and Pullen Farm (site; PF, sample; PFX). A ratio = 1 as indicated by the
horizontal red line, highlights samples displaying active Ni enrichment.
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The data confirms that populations of S. coronatus found on similar serpentine
outcrops display two distinct Ni tolerance phenotypes, namely, Ni
hyperaccumulator and Ni hypertolerant non-accumulator. Populations from the
PF site did not accumulate any Ni, however as the soil Ni content at this site is
negligible, it is not possible to determine from this data which Ni accumulation

phenotype PF samples would express under elevated soil Ni levels.

Soil Ni content does not seem to be a major selective pressure for evolution
towards Ni hyperaccumulation, as populations that inhabit similar soil types
with respect to Ni content, display two distinct adaptive mechanisms. This is
most prominent in the Nkomazi area, where populations NK+ and NK- are
situated within 500 m of each other, and yet display two very different Ni
accumulation phenotypes. Hence, a hypothesis of genetic differentiation along
phenotypic expression with respect to Ni tolerance and not Ni phytoavailability

is supported by these data.

Occurrence of different Ni accumulation phenotypes informs on different
physiological adaptive mechanisms used to cope with elevated soil Ni content,
yet phenotypic plasticity does not infer much on the evolutionary relationships
between the aforementioned populations. Hence, to ascertain whether the
phenotypically diverse populations of S. coronatus collected display a similar
degree of genotypic variation, we undertook an initial genomic characterization

by examination of non-coding nuclear and plastid gene regions.

3.2 Genetic diversity in populations of Senecio coronatus

Serpentine outcrops essentially occur as discontinuities across the landscape and
have been described as ‘ecological or edaphic islands’ (Lefebvre & Vernet, 1990).
As these islands are colonized, newly established populations may experience
significant physiological stress and, as a result, exhibit founder effects as plants
adapt to the local conditions (Lefebvre & Vernet, 1990); this would likely
influence patterns of genetic variation across a landscape and may influence

local population genetic differentiation with respect to phenotype.
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To explore this process at a fine scale, a number of population genetic
parameters were estimated for S. coronatus populations in the study area.
Estimates of haplotype and nucleotide distance and diversity were calculated
across data sets and used to infer phylogenetic relationships and population
genetic structure across populations. Diversity estimates provide insight about
the history of populations (Staton et al, 2001). For example, populations that
contain low nucleotide (1) and haplotype (Hd) diversities may have experienced
an acute bottleneck event relatively recently. While populations that contain high
haplotype diversity and moderate to low nucleotide diversity could suggest fast
population growth and recent colonization from a relatively small founder

population.

Diversity estimates of ITS and TrnfM S. coronatus data sets reveal relatively high
Hd and mt values (table 3.2). Both data sets show a similar pattern of moderate ©
diversity and high Hd diversity with values over 0.001 and 0.8, respectively.
Analysis of the ITS data set for hyper- versus non-accumulators, reveals a higher
diversity in the hyperaccumulator group with a diversity of approximately ~ 0.8,
compared to non-accumulator diversity calculated to approximately ~ 0.7. These
results are unexpected given the hypothesis that plant populations on metal-rich
outcrops may experience strong founder effects and hence a reduction in
diversity (Lefebvre & Vernet, 1990). The TrnfM data on the other hand
demonstrates a significantly lower diversity within the hyperaccumulator group,
specifically m diversity which gave values of approximately ~ 0.001 and ~ 0.003
for hyper- and non-accumulator populations, respectively (table 3.2). This is
accordance with a ‘hyperaccumulator founder effect’ hypothesis. Overall high Hd
and moderately high nucleotide diversities may further represent populations

that are historically divergent, and have recently gained access to one another.
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Table 3.2: Diversity estimates for ITS and TrnfM sequences in Senecio coronatus. In
addition, data was further arranged to contain only hyperaccumulator (HA) and non-
accumulator population (NA) sequences. To ensure accuracy of S. coronatus population
diversity, all S. conrathii (BUL) sequences were removed before diversity estimates were
made.

The ITS data haplotype structure reveals that in general haplotypes are shared
between sampling sites where S. coronatus individuals display the same Ni
accumulation phenotype (table 3.3 and figure 3.4). For example,
hyperaccumulator populations DK and NK+ share haplotypes 9, 10 and 11 while
non-accumulator populations GM, GV, MF and QRV share haplotype 12. Plants
collected from the non-serpentine PF site, which do not exhibit Ni accumulation,
share haplotypes with hypertolerant populations GM, GV, KOM and QRV for
example. Interestingly however, hyperaccumulator samples collected from KP
are seen to share haplotypes 14 and 18 with numerous hypertolerant non-
accumulators such as GM, GV, LO, MC, MF and QRV which advocates some degree

of gene flow between these sample occurrences.
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Table 3.3: List of unique haplotype sequences with respect to sample locality and
generated from ITS data (see appendix 5 for list of unique TrnfM haplotype sequences).

53



Figure 3.4: The distribution of ITS haplotypes across Senecio coronatus ecotypes
collected in the Mpumalanga province, South Africa. Pie charts represent the presence
(by colour) and frequency (%) of a specific haplotype within that population. Site names
are coloured by soil type and plant phenotype. Site name colours of red, green and blue
indicate Ni hyperaccumulator, non-accumulator and non-accumulator occurrence on
non-serpentine soils, respectively. The yellow site name indicates the collection site of
the sympatric species S. conrathii, a non-accumulator species on non-serpentine soil
(see appendix 6 for TrnfM haplotype frequency figure).
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A population genetics study on T. caerulescens samples collected across western
Switzerland, examined whether natural variation in soil metal content has an
effect on genetic structure (Besnard et al, 2009). The study employed nuclear
and plastid markers (such as TrnS-TrnG). In line with our results on diversity of
collected S. coronatus populations, nuclear gene diversity and genetic
differentiation between T. caerulescens populations were relatively high (Hd =
0.535 and ®st = 0.591, respectively). The authors suggested that a combination
of events such as frequent population inbreeding coupled within limited gene
flow between locations might contribute to the relatively high genetic
differentiation observed (Dubois et al, 2003; Besnard et al, 2009). Plastid
(CpDNA) gene diversity between populations was also very high (Hd = 0.65) and
three separate genetic lineages were identified by CpDNA haplotype distribution
(Besnard et al, 2009). A study by Quintela-Sabaris et al, (2010) which utilized
chloroplast microsatellite sequences from 33 natural populations of Cistus
ladanifer L, (distributed across Morocco, Portugal and Spain), also reports
significantly high haplotype diversity (0. 91), yet no significant differences in
diversity within and/or between metalliferous and non-metalliferous
populations of the metal hypertolerant shrub were seen. The study further
demonstrates that hypertolerant metalliferous populations might have evolved
through multiple independent events, with no evidence of a genetic bottleneck

event occurring due to elevated metal soil content (Quintela-Sabaris et al, 2010).

Our results (table 3.2, 3.3 & figure 3.4) together suggest that populations of S.
coronatus support similar levels of diversity and may be significantly
differentiated with respect to phenotype, however a notable degree of gene flow
is suggested as hyperaccumulator population KP is seen to share haplotypes with
several hypertolerant non-accumulator populations. Similar results were see for
populations of T. caerulescens growing on both Zn contaminated and
noncontamined soils across southern France (Jiménez-Ambriz et al, 2007), and
within several metallophyte species, significant genetic differentiation is
observed even in the presence of limited gene flow (Linhart & Grant, 1996;

Vekemans & Lefebvre, 1997). Therefore, to explore the evolutionary
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relationships across the sampled populations a distance-based phylogenetic

reconstruction was performed.

3.3 Phylogenetic relationships and fine-scale population structure in

Senecio coronatus

The metal hyperaccumulation trait is present throughout many different plant
lineages. Specifically, Ni hyperaccumulation has been shown by phylogenetic
reconstruction, to have evolved independently at least six times within the
Brassicaceae family alone. Similarly, within the Alysseae tribe, multiple evolution
towards Ni hyperaccumulation is observed with at least two independent events
characterized (Cecchi et al, 2010). In addition, a noticeable degree of
phylogenetic divergence has been shown between closely related species of the
Alyssum genus, and further, within Alyssum bertolonii genetic differentiation
correlates with geographic isolation on metalliferous soils (Mengoni et al,, 2003;
Galardi et al, 2007). Nonetheless, constitutive metal hyperaccumulation is well
documented, with species of a genus or family displaying distinct metal tolerance
phenotypes. For example, populations of Berkheya coddii collected across
serpentine sites in South Africa (Mesjasz-Przybytowicz et al, 2007; Boyd et al,
2008a) have been shown to constitutively hyperaccumulate Ni (Morrey et al,
1992; Robinson et al, 2003). The Ni hyperaccumulator Alyssum lesbiacum and
the tree species Sebertia acuminata both endemic to Ni serpentine outcrops also
exhibit constitutive Ni hyperaccumulation (Sagner et al, 1998; Kazakou et al,

2010).

Uniquely amongst Ni hypertolerant taxa, S. coronatus is characterized by a large
degree of phenotypic variation, forming distinct hyperaccumulator and non-
accumulator populations with identical morphology. To assess if S. coronatus
exhibits any degree of intraspecific structure with respect to Ni tolerance,
phylogenetic reconstruction was used to infer evolutionary relatedness among
the sites sampled in this study. Analysis was based on two independent non-
coding markers, the ribosomal ITS and the chloroplast TrnfM regions (table 2.2).
Together with nuclear markers, non-coding chloroplast (Cp) DNA markers are

used extensively in both plant systematic and population genetic studies, and
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have been shown to provide sufficient information to resolve both species
relationships and population genetic history and structure (Shaw et al, 2005;
Mort et al, 2007). Furthermore, assuming hyperaccumulating and hypertolerant
non-accumulating S. coronatus populations are distinct from one another, genetic
drift within populations may result in distinct haplotypes between said
populations (as seen in figure 3.4). Additionally, gene flow between populations
with identical Ni accumulation phenotype (and assumed genetics) could affect
haplotype sharing where populations display little hierarchical sequence

structure.

To assess the genetic structure of S. coronatus populations, for nucleotide and
haplotype data sets (all three data sets), various genetic parameters were
estimated utilizing the programs DnaSP v5 and MEGA 5 (as described in sections

2.4.2 and 2.4.3, respectively).

3.3.1 Phylogenetic reconstruction

Variations at the genomic level within a given taxon recently derived are
expected to be minimal; it was therefore desirable to attain sequence data from
multiple rapidly evolving loci. The use of chloroplast loci for reconstructing
evolutionary relationships has been shown to provide sufficient information to
resolve species relationships, but may not always provide the same stringency at
the population level. Consequently, multiple plastid (Trn) and nuclear non-
coding markers were employed for PCR (see table 2.2), before ITS and TrnfM
marker sets were optimized for adequate sequence generation. Within produced
phylogenies, interior branches that showed low statistical support in resolving
individual terminals, a condensed (or multifurcating) tree was produced (as in

figures 3.5 and 3.6) for ease of viewing.

Our analysis of ITS and chloroplast TrnfM marker data, clearly identifies three S.
coronatus lineages in the Barberton region, designated A, B and C (figures 3.5 to
3.7). Individuals collected from serpentine soils form two sister clades (A and B),
while non-accumulator individuals collected from non-serpentine soils form a

third sister lineage (C). Lineage A is dominated by hypertolerant non-
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accumulator individuals (from GM, GV, KOM, LO, M(C, MF, NK- and QRV) but does
include Ni hyperaccumulator individuals (KP) embedded in the clade. Lineage B
is comprised solely of Ni hyperaccumulators (from AM, DK and NK+) while non-
accumulator non-serpentine individuals (such as BP, PF and NS) make-up the
third clade. This general pattern is recovered in both single marker and the
combined analysis. Hyperaccumulator individuals from the population KP are
embedded in a clade of non-accumulator populations, suggesting that an
independent evolutionary event promoting Ni hyperaccumulation may have
occurred within the clade, possibly from a non-accumulator ancestor. The TrnfM
data set alone (appendices 7 and 8) did not determine any obvious pattern with

respect to geographic location or Ni tolerance phenotype.

An alternate interpretation could be that only two lineages are resolved where
one lineage is composed of two sister clades (A and B) and the second grouping C
making up the second lineage. This implies that all serpentine populations are
contained within a single lineage and Ni hyperaccumulation may have evolved
once from a common ancestor to (the A/B lineage), but has consequently been

lost in all populations in clade A, except for hyperaccumulator population KP.
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Figure 3.5: Neighbor-joining phylogram of ITS sequences based on Kimura 2-parameter
(corrected d-distance). All positions containing gaps or missing data were deleted,
resulting in a final data set of 639 positions. The tree is to scale, where branch length is
in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. The accuracy of the tree generated was evaluated by a bootstrap test (10 000
replicates), where the percentage of replicate trees associated with a given clade is
shown at branch nodes. Only bootstrap values over 50% are shown. The tree is rooted
with S. conrathii. Sample name indicate Ni hyperaccumulating (red), Ni non-
accumulating on serpentine soil (green) and non-accumulating plants on non-serpentine
soil (blue), respectively.

59



Figure 3.6: Neighbor-joining phylogram of combined ITS-TrnfM sequence data. All
positions containing gaps or missing data were deleted, resulting in a final data set of
1474 positions. As before the tree was rooted with S. conrathii collected on non-
serpentine soils. Sample name colours of red, green and blue indicate Ni tolerance
phenotypes of Ni hyperaccumulating, Ni non-accumulating and Ni non-accumulating
occurrence on non-serpentine soil, respectively.
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Figure 3.7: Neighbor-joining phylogram of unique ITS haplotypes. All positions
containing gaps or missing data were deleted, resulting in a final data set of 661
positions. The tree is to scale, where branch length is in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The accuracy of the tree
generated was evaluated by a bootstrap test (10 000 replicates), where the percentage
of replicate trees associated with a given clade is shown at branch nodes. Only bootstrap
values over 50% are shown. The tree was rooted with S. conrathii.
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A study into intraspecific variation in the taxa Erigeron thunbergii (Kawase et al,
2007) by phylogenetic reconstruction, utilized the same ITS nuclear ribosomal
and plastid gene regions (TrnL-F and psbA-TrnH) as those optimized in this
study (table 2.2). Populations of E. thunbergii spp. (and closely related species E.
miyabeanus) were collected across disjunctive ultramafic rock sites from
northern, central and southern Japan (Mizuno & Nosaka, 1992). Phylogenetic
analysis used both Maximum Parsimony (MP) and Neighbor-joining (N]) tree
building methods, and found a strict consensus of the two most parsimonious
trees based on the ITS region. The NJ reconstruction showed a similar topology
to the generated MP tree. Analysis of the plastid gene regions corroborates the
observed inadequacy of plastid loci in resolving species and subspecies-level
relationships. However, ITS phylogeny (both MP and NJ) showed two major
clades (designated 1 and 2), each containing ultramafic and non-ultramafic
populations. Notably, the phylogeny shows serpentine plant occurrences (across
Japan) demonstrate a closer phylogenetic relationship to one another than to

geographically closer non-serpentine populations (Kawase et al., 2007).

These results are consistent with phylogenetic studies on the tribe Alysseae
(Brassicaceae), which showed that within the Alyssum sect. Odontarrhena, Ni
accumulation is not a monophyletic trait and provides evidence of multiple
evolutionary events towards Ni hyperaccumulation (Cecchi et al, 2010). Our
results suggest that evolution towards Ni hyperaccumulation in the S. coronatus
complex follows a similar precedent, as we identify two independent lineages

that contain hyperaccumulator populations.

3.3.2 Fine-scale population structure

Population differentiation can occur via a number of micro-evolutionary
processes including selection and genetic drift, and particularly in small ‘island’
populations, such as newly colonized and now isolated patches on serpentine
soils (Wild & Bradshaw, 1977; Lefebvre & Vernet, 1990). As genetic drift and/or
selection acts on these subpopulations, changes in allele and haplotype

frequencies will occur. These changes can be quantified by Wright's F-statistic or
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fixation index (Wright, 1949, 1965). Wright's F-statistic (Fst) and its analogues
(developed for bi-allelic markers) measure the degree to which sub-populations
have diverged via drift in their allele and haplotype frequencies relative to the
total sample. Values ranges from zero to a theoretical 1, where 0 indicates no
genetic differentiation and 1 represents sub-populations fixed for unshared

diversity (Yang, 1998).

Fixation indices are calculated based on haplotype frequencies among defined
groups. Molecular data however provides additional information on the degree
of mutational differences between DNA sequences. Using a hierarchical
framework, analysis of molecular variance (AMOVA) can therefore be used to
quantify the degree to which populations have differentiated. Differences in the
distribution of the variance between populations are used to calculate statistics
analogous to Wright's F-statistic, and are designated here as phi (®). Phi-
statistics measure the degree to which sub-populations have diverged via drift in
their allele and haplotype frequencies relative to the total sample. In this study
AMOVA was used to determine the degree to which Ni tolerance phenotype and
evolutionary relatedness (as inferred by phylogenetic reconstruction) have
influenced population genetic structure in S. coronatus across non-serpentine
and serpentine soils in the Barberton area. In this study, ®st (Hartl & Clark,
1997) was used to describe the degree to which variance in haplotype diversity
is distributed within and among a number of defined groups i.e. all sampling

sites, phylogenetic clusters (ITS and ITS-TrnfM data sets only) and phenotype.

AMOVA analysis on all data sets revealed exceptionally high ®st values (table
3.4) suggesting significant and strong genetic differentiation between both S.
coronatus ecotypes displaying contrasting Ni tolerance phenotypes as well as
between the two evolutionary lineages (A and B) identified in the tree-based

analysis.
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Table 3.4: Summary statistics of AMOVA on ITS, TrnfM and ITS-TrnfM data sets
structured by phenotype and by phylogenetic relatedness.

A comparison of the AMOVA percentage variance between the ITS data set
structured by phenotype and by phylogenetic inference (table 3.4), shows that
when the hyperaccumulator population at KP is grouped by phylogeny (in
lineage A), as opposed to by phenotype, we notice a percentage variance increase
among groups from ~ 50% to ~ 90%. This suggests that a substantial degree of
genetic differentiation characterizes the S. coronatus lineages (A and B), and
suggests that limited shared gene flow might characterize these populations
today. Further, as populations from KP display greatest shared variance with
non-accumulator populations, this might suggest the Ni hyperaccumulation trait

is gained or lost through relatively few genetic changes.

Plant population genetic studies on A. halleri (Pauwels et al, 2008) and C.
ladanifer (Quintela-Sabaris et al, 2010), both taxa which exhibit a high degree of
phenotypic plasticity across a wide range of soil types, show strong population
structure along metal tolerance phenotype. Analysis of molecular variance in
both cases indicates significant differentiation among populations with ®st
values of 0.727 (Pauwels et al, 2008) and 0.690 (Quintela-Sabaris et al, 2010),
which is of a similar gradation to the mean value found for angiosperms (Petit et
al, 2005). Population differentiation in the A. halleri study did not correlate
significantly with phylogeography, but a clear distinction across the Alps

suggests differentiation through vicariance. A strict phylogeographic relationship
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however, is not evident in C. ladanifer populations, as metalliferous and non-
metalliferous populations are found within most observed lineages as inferred
by phylogeny, and genetic estimates of diversity and differentiation suggested
‘metallicolous’ populations have arisen through multiple independent

evolutionary events.

The Ni tolerance phenotype of S. coronatus populations sampled in the Barberton
area, not only seems to indicate strict physiological differentiation, but also
significant genetic structure along said phenotypes. These results confirm that
two distinct Ni tolerance phenotypes exist in genetically differentiated S.
coronatus lineages. Furthermore, the Ni hyperaccumulation trait in S. coronatus
may have evolved more than once (Mesjasz-Przybytowicz et al., 1997; Comes &

Abbott, 2001).

3.4 Proteomic analysis of total shoot proteins from Senecio coronatus

Although Ni hyperaccumulators are by far the most common group of metal
hyperaccumulating plants, the molecular basis of nickel hyperaccumulation
remains unclear. The high degree of intraspecific variation in Ni accumulation
observed within S. coronatus, (coupled with the possibility that Ni
hyperaccumulation has evolved twice in this species) represents a potential
model system to identify the genes underpinning the Ni hyperaccumulation
phenotype. As a first step towards this, total protein from shoot tissue was
extracted from plants collected from four sites, and profiled using two-
dimensional SDS-polyacrylamide gel electrophoresis (2D SDS-PAGE). The choice
of sites was informed by the population genetic studies undertaken above. The
two hyperaccumulator populations chosen were Agnes Mine (representative of
lineage B which contains only hyperaccumulators) and Kaapsehoop (the sole Ni
hyperaccumulator in lineage A). The hypertolerant non-accumulator was
sampled from Galaxy Mine (only 3 km from Agnes Mine), and S. coronatus plants
collected from Pullen Farm, PF (PFX variety) were used as a representative of the

non-serpentine plants.
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Given that a number of previous studies have suggested that changes in gene
expression, specifically high constitutive expression of genes involved in metal
hyperaccumulation such as transport proteins, chelators and anti-oxidants,
rather than the evolution of novel genes underpins the hyperaccumulation
phenotype (Kerkeb & Kramer, 2003; Ingle et al, 2005a; Hanikenne et al, 2008;
Kramer, 2010), the aim of this study was to identify proteins showing increased
expression in both hyperaccumulator lineages, relative to non-accumulator

hypertolerant and non-serpentine plants.

Comparative shoot proteome analysis was achieved by 2D SDS-PAGE separation
of total protein isolate, followed by gel image protein spot detection, matching
and manual editing. Statistical evaluation of gel images was performed using

software within Melanie 7.0 (as described in section 2.5.3).

After initial manual editing of gel classes, 27 protein spots (out of a total 237
spots matched across all gels) were seen to display a significant difference in
expression (P < 0.05) between plants collected from all four sites as determined
by ANOVA, with 14 of these displaying elevated expression in AM and KP plants
relative to GM and PFX plants (figures 3.8, 3.9 and table 3.5).
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Figure 3.8: Changes in protein abundance in leaf tissue between four different Senecio
coronatus populations. Circled are 14 spots showing greater abundance in
hyperaccumulator gel classes AM and KP relative to non-accumulator gel classes GM and
PFX.
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Figure 3.9: Enlarged 2D-PAGE photo exerts show changes in protein abundance in
Senecio coronatus leaf tissue. Accompanying photo exerts are spot intensity histograms,
as generated by Melanie 7.0. Histograms show relative protein intensity of three
biological gel repeats of AM (a, b, c) GM (d, e, f) KP (g, h, i) and PFX (j, k, 1) gels. The blue
and red bars on histograms represent the mean spot intensity and # SD, respectively.
Protein spots 2, 34, 39, 41, 47 and 110 were selected to illustrate potential
overexpression of proteins in hyperaccumulator gel classes AM and KP compared to
non-accumulator gel classes GM and PFX. a) Four protein spots in close proximity (39,
41,47 and 110) showing greater abundance in hyperaccumulator gel classes. b) Protein
spot 34. c) Protein spot 2.
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Subsequently, the fourteen protein spots showing increased expression in AM
and KP plants relative to GM and PFX plants (table 3.5) were chosen for gel
excision and identification by mass spectrometry (LC-MS/MS). For nine of these,

a positive identification was obtained (table 3.6).

Table 3.5: A list of 14 protein spots showing greater abundance in accumulator classes
Agnus Mine (AM) and Kaapsehoop (KP) compared to non-accumulator classes Galaxy
Mine (GM) and Pullen Farm variety PFX. Values shown in columns 2 to 5 are protein
spot intensities in arbitrary units. The significance (P < 0.05) of relative spot intensities
between gel classes AM, KP, GM and PFX (n = 3) was determined by ANOVA statistics
within Melanie 7.0.

As is evident from table 3.6, this proof of concept proteomic analysis shows
greater abundance of multiple proteins involved in photosynthesis including
Photosystem II proteins, chloroplast ATP synthase subunits and enzymes of the

Calvin cycle within S. coronatus hyperaccumulators, compared to non-
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accumulator plants. In fact, all proteins successfully identified were chloroplastic

proteins.

Table 3.6: Nine protein spots identified by LC-MS/MS which show greater abundance in
hyperaccumulator classes (AM and KP) compared to non-accumulator classes (GM and
PFX). A Mascot score > 24 is considered significant, and % sequence coverage > 5% of
the protein as detected by the MS is considered robust (see section 2.5.4 for details).

The combination of considerable active Ni?* leaf enrichment observed within
hyperaccumulator populations such as those found at Kaapsehoop (section 3.1)
and the extreme phytotoxic potential of study sites (with respect to Ni content),
implies Ni hyperaccumulation may affect increased energy expenditure, so as to

translocate, chelate and detoxify excessive cellular Ni%* ions.

Ni hyperaccumulators have indeed been shown to require ATP in order to drive

Ni2+*/H* antiport activity (Ingle et al, 2008). Further, as described in sections
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1.9.4.1 and 1.9.4.2, effective metal hyperaccumulation requires synthesis of
specific antioxidants and chelators to detoxify and assist in long-distance
translocation of metals to the plants aerial parts. Enhanced metal-transporter
expression coupled with increased chelator synthesis may contribute to an
elevated energy demand within hyperaccumulator plants, compared to non-
accumulator plants. What’s more, across a number of unrelated plant taxa, heavy
metal hyperaccumulation indeed appears to be associated with proteins
involved in energy metabolism, as well as the oxidative stress response and

abiotic and biotic stress (Visioli & Marmiroli, 2013).

In order to assess whether hyperaccumulator populations exhibit a greater
capacity for energy production (as inferred by Photosystem II efficiency)
compared to non-accumulator populations, a measure of chlorophyll
fluorescence was carried out with a Portable Chlorophyll Fluorometer PAM-
2100 (Heinz Walz GmbH, Germany). The maximal quantum yield of Photosystem
(PS) Il was measured (FvM) after 12 and 24 hour dark adaptation times (table

3.7), as was the effective PS Il quantum yield in the illuminated state (table 3.8).

Samples utilized were from population sites AM, GM, KP and PF (as those used in
the proteomic analysis). The results do not support a hypothesis of increased

photosynthetic rates in Ni hyperaccumulators versus non-accumulators.
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Table 3.7: Maximal quantum yield of Photosystem Il was measured after 12 and 24
hour dark adaptation times. FvM is calculated from the ratio between Fo (minimal
fluorescence yield of PS II) and Fm (maximal fluorescence yield of PS II). FvM gives
information on the photochemical quantum yield of PS II. A healthy dark-adapted leaf
once illuminated typically shows an FvM value of ~ 0.8.

Sample FVM (12 h) Average FvM (24 h) Average

0.838 0.849

KP 0.839 0.837 0.700 0.798
0.834 0.846
0.845 0.804

AM 0.837 0.839 0.779 0.789
0.834 0.783
0.844 0.818

GM 0.824 0.838 0.728 0.793
0.845 0.833
0.816 0.828

PF 0.858 0.844 0.850 0.842
0.857 0.848

Data represented in both table 3.6 and 3.7 do not show any variation in PS II
efficiency, as values between hyperaccumulator populations KP and AM do not
differ significantly from hypertolerant non-accumulator and non-serpentine

populations GM and PF, respectively.
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Table 3.8: An averaging measurement or yield of leaf tissues in the illuminated state.
Yield calculations measure the essence of fluorescence quenching by saturation pulse
method giving the overall photochemical quantum yield and is used as an indicator of
photosynthetic efficiency. To illustrate field condition (steady illumination) readings,
nine pulse values were taken (column 2) and an average yield value was calculated
(column 3).
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Chapter 4

General syntheses

4.1. Research conclusions

Our combined results of in situ DMG-indicator nickel (Ni) testing and ICP-MS Ni
concentration analysis, confirm that populations of Senecio coronatus found on
comparable serpentine outcrops demonstrate two distinct Ni tolerance
phenotypes. These findings suggest two different adaptive mechanisms are
employed. Despite being a necessary prerequisite, soil Ni content does not seem
to be the major selective pressure for evolution towards Ni hyperaccumulation,
as the occurrence of both hyper- and non-accumulator S. coronatus plants have
been confirmed on the same serpentine outcrops (specifically on the Nkomazi
site). Hence, to determine if the distinct phenotypic variation in S. coronatus
populations reflects a significant degree of intraspecific variation, different
genetic parameters based on nuclear non-coding and plastid sequences were

tested.

Phylogenetic analyses on S. coronatus are in line with other studies
demonstrating a polyphyletic nature of the Ni hyperaccumulation trait in certain
genera and/or species. For example, Mengoni et al, (2003) revealed by
phylogeny reconstruction that within Alyssum, all resolved tree clades contain
both Ni hyper- and non-accumulator species, and A. peltarioides has been shown
to contain Ni hyperaccumulator, hypertolerant non-accumulator and non-
serpentine non-accumulator populations. Our phylogenetic reconstructions of S.
coronatus serpentine populations, suggests that Ni hyperaccumulation may have
evolved twice in this species complex, as emphasized by the hyperaccumulating
population Kaapsehoop, which show greater sequence similarity to the non-
accumulator clade (‘lineage A’) than to the other hyperaccumulator populations

(‘lineage B’). However as noted, a second scenario is possible in that ‘lineage A
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and B’ constitutes a single lineage where all populations in sister ‘clade A’
excluding KP have lost the hyperaccumulation trait. Nonetheless, these data
support the hypothesis that the Ni hyperaccumulation trait is rapidly gained or

lost by few genetic changes affecting gene expression (Cecchi et al, 2010).

Further, this study represents the first analysis of phenotypically distinct S.
coronatus plants within a population genetics context. An AMOVA structured by
Ni accumulation phenotype and by evolutionary relatedness (as inferred by
phylogeny), revealed a large genetic differentiation exists between Ni
hyperaccumulator and hypertolerant non-accumulator populations. However, a
comparison between AMOVA phenotype versus phylogeny confirms the genetic
similarity (seen in phylogenetic reconstructions) between hyperaccumulator
population Kaapsehoop (KP) and other hypertolerant non-accumulator
populations. As phylogenies show KP nested within a predominantly
hypertolerant non-accumulator clade, genetic segregation does not show a

perfect correspondence with observed phenotypic differentiation.

Interestingly, as most population genetic studies sample large population
distributions, our focused sampling area (approximately 1400 km?) therefore
emphasizes the degree and significance of genetic structure observed in S.
coronatus. Ni tolerance phenotype of S. coronatus populations sampled in the
Barberton area, not only seems to indicate strict physiological differentiation,
but also significant genetic structure along said phenotypes. These results
confirm that two distinct Ni tolerance phenotypes exist in genetically
differentiated S. coronatus lineages and hence suggest that S. coronatus could

provide a suitable model system to dissect Ni hyperaccumulation.

4.2 Problem identification and future work

To more effectively examine local genomic adaptation in naturally occurring S.
coronatus populations, historical effects should be identified to better test for
possible relationships between the environment and intraspecific variation.

Sampling of S. coronatus consisted of 15 naturally occurring populations within a
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50 km (approximate distance between two furthest sites, Badplaas and Pullen
Farm) range, and one hypertolerant non-accumulator population (Komati) 160
km away from the main collection area (see figure 2.1). The relatively narrow
sampling range may support a hypothesis that Ni hyperaccumulation is
regulated by genetics and not Ni ion availability, however historical effects such
as vicariance would be difficult to resolve with such a small sample distribution
(Beerli, 2004). As it were, most recent metalliferous-plant population structure
studies utilize samples distributed across a number of countries and significant
geographical entities. For example, as mentioned a study on A. halleri
populations across Western Europe (Pauwels et al, 2008) showed evidence of
genetic divergence across the Alps mountain range. Therefore, to further
investigate any potential historical effects on S. coronatus genetic structure,
ideally the complete geographic distribution of S. coronatus should be sampled.
This would also aid in resolving the evolution towards Ni hyperaccumulation in
S. coronatus, such as the genetic relationship of samples from the KP site with the
majority collected hypertolerant non-accumulators. Distribution of S. coronatus
has been observed predominately in South Africa and moving North towards

Tanzania, Zambia and Angola (Hilliard, 1977; Boyd et al,, 2008a).

The combination of different molecular markers increases the amount of
informative sequence data available for phylogenetic reconstruction and
therefore augments confidence in any subsequent phylogeny produced.
Sequence acquisition employed an initial five markers, two of which failed to
produce significant sequence signal and one (TrnLR marker), which produced
sequence data, but contained no variation (as confirmed by DNA sequencing
described in section 2.3.5). Phylogenetic reconstruction of S. coronatus
populations consequently utilized the final two markers after optimization,
namely non-coding nuclear ‘ITS’ and plastid marker ‘TrnfM’ (see section 2.3.2
and table 2.2 for details on PCR optimization). TrnfM data alone did not resolve
any clear phylogenetic relationship between populations with respect to
phenotype or geographic distribution. The lack of plastid marker resolution may
be attributed to the ITS data set (136 sequences) being almost four times larger

than the TrnfM data set (37 sequences). Hence, a larger plastid marker data set is
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essential to better corroborate the ITS phylogenetic reconstruction. Genetic
divergence of KP from other hyperaccumulator populations (lineage B) implies
genetic segregation is possible even in the presence of gene flow. Our data
however, demonstrate significant genetic differentiation along Ni accumulation
phenotype, suggesting a limited amount of gene flow between hyper- and non-
accumulator populations. Nonetheless, observed differentiation along Ni
accumulation phenotype coupled with findings that unique haplotype sequences
are predominately shared between S. coronatus populations with the same Ni
accumulation phenotype, could support the taxonomic subdivision of hyper- and
non-accumulator populations. Species delimitation based on morphology of S.
coronatus populations should ideally be corroborated with mating experiments
to establish whether hyperaccumulator and hypertolerant non-accumulator
populations can interbreed and subsequently, how the Ni hyperaccumulation
trait might segregate in potential progeny. As such, no clear genetic or molecular

regulation function linked to Ni hyperaccumulation has been identified.

Nevertheless, the observed phenotypic variation observed in some metal
hypertolerant taxa (such as S. coronatus) presumably mirrors at least some
interaction between gene action and protein function. As described earlier,
various proteins, specifically metal-transporters, have been identified as integral
components of hyperaccumulator physiology (section 1.9 and sub-sections
therein and section 3.4). Hence, a more thorough inspection of the respective
proteomes of hyper- and non-accumulator S. coronatus individuals may identify
numerous additional proteins involved in the Ni hyperaccumulation mechanism.
In the past few decades 2D-gel electrophoresis has been the technique used most
often prior to MS-based identification techniques. 2D-gel electrophoresis has
many advantages and is capable of separating complex polypeptide mixtures.
However, a prominent problem with 2D-gel electrophoresis is the inability to
separate out hydrophobic proteins (as they precipitate out at their isoelectric
point), which suggests the resolution of membranous metal-transporter
proteins, is highly unlikely. Further, with our leaf proteome analysis on S.

coronatus, the large signal generated from the abundant protein RuBisCO (1,5
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bisphosphate carboxylase/oxygenase), may have masked the signal from lower
abundance proteins of similar isoelectric properties (Rose et al, 2004; Frohlich
et al, 2012). Nonetheless, our proof of concept leaf proteome analysis identified
nine proteins involved in energy metabolism, representing a potential starting

point for study of Ni hyperaccumulation physiology in S. coronatus.
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Appendix 1: Nucleotide sequence alignment of 136 ITS sequences.
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Appendix 2: Nucleotide sequence alignment of 37 TrnfM sequences.
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GAGTCTGTTTTACTCTGGTAACTATTAATTAGTTAACACTTTTTCTTTTGGGTTGGGGTAGAAGGAAAAGGGGGAAGGATAGAATTACTACAATATGACG
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CAATAAGTTTGACCCCCCTTCTAATTTTTCTTATATTTATTTGGATTTTGGGAACGTATATTGAATGTGAATGTGTCTCACAACCAAGAATAATTCAGAG
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ATCATACAGGGATTTTACCACGAATCCATTGATTCTATATGATTTATTATGTTAC
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Appendix 3: Ni content in soil samples (n = 3) collected from Kaapsehoop (KP), Agnus
Mine (AM), Nkomazi soil around hyperaccumulator occurrence (NK+), Galaxy Mine
(GM), Nkomazi soil around non-accumulator occurrence (NK-) and Pullen Farm (PF).

Sample name | Nicontent (ppm) | Average Ni (ppm) | Standard deviation

3388
KP 4185 3725.67 412.19
3604

1682
AM 1977 1789.33 163.08

1709

1598
NK+ 1783 1650 214.13

1569

915
GM 1643 1196 391.36

1030

1097
NK- 1277 1166.33 96.86

1125

130
PF 12.3 59.87 62.01
37.3
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Appendix 4: Ni content in ashed leaf samples collected from Kaapsehoop (KP), Agnus
Mine (AM), Nkomazi soil around hyperaccumulator occurrence (NK+), Galaxy Mine
(GM), Nkomazi soil around non-accumulator occurrence (NK-) and Pullen Farm (PF).

Sample name | Nicontent (ppm) | Average Ni (ppm) | Standard deviation
6231.28
KP 5050.38 5910.91 753.30

6451.08

4993

AM 5794 6344 1694.33
8245

1318.5

NK+ 4718.62 4124.37 2560.99

6336

73.5

GM 124 106.17 28.33
121

98.1

NK- 141 131.03 29.25
154

2.74

PF 2.97 2.92 0.17
3.06
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Appendix 5: List of unique TrnfM haplotype sequences (n = 15) with respect to sample
locality.

Haplotype number | Sample site(s) containing haplotype(s)
1 DK, NK+, AM, KP, PFX
2 AM
3 DK, KP
4 GV, PF, QRV, GM
5 GV
6 GV, PF
7 PF
8 DK, KP, PFX
9 KP
10 BUL
11 GV, PF, LO, MF, KOM, M(C, NK-
12 PF, KOM
13 MF
14 LO
15 LO
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Appendix 6: The distribution of TrnfM haplotypes across Senecio coronatus ecotypes.

Pie charts represent the presence (by colour) and frequency (%) of a specific haplotype
within that population. Sample name indicate Ni hyperaccumulating (red), Ni non-
accumulating on serpentine soil (green) and non-accumulating plants on non-serpentine
soil (blue), respectively.
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GM

63 GV
PF
QRV
87
AM
DK
KP
NK+
PFX
GV
KOM
LO
63 MC
MF Site colour Accumulation phenotype Soil type
NK-
PF Red S. coronatus hyperaccumulator Serpentine
Senecio conrathii - Green S. coronatus non-accumulator Serpentine
[E— Blue S. coronatus non-accumulator Normal
0.0002
S. conrathii non-accumulator Normal

Appendix 7: Neighbor-joining phylogram of TrnfM sequences based on Kimura 2-
parameter (corrected d-distance). All positions containing gaps or missing data were
deleted, resulting in a final data set of 845 positions. The tree is to scale, where branch
length is in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The accuracy of the tree generated was evaluated by a bootstrap test
(10 000 replicates), where the percentage of replicate trees associated with a given
clade is shown at branch nodes. Only bootstrap values over 50% are shown. The tree is
rooted with S. conrathii. Sample name indicate Ni hyperaccumulating (red), Ni non-
accumulating on serpentine soil (green) and non-accumulating plants on non-serpentine
soil (blue), respectively.
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Appendix 8: Neighbor-joining phylogram of unique TrnfM haplotypes. All positions
containing gaps or missing data were deleted, resulting in a final data set of 853
positions. The tree is to scale, where branch length is in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The accuracy of the tree
generated was evaluated by a bootstrap test (10 000 replicates), where the percentage
of replicate trees associated with a given clade is shown at branch nodes. Only bootstrap
values over 50% are shown. The tree was rooted with S. conrathii.
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