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ABSTRACT

A vast amount of research on phytoremediation has been conducted over
the past several decades sifite@ney (1983jirst proposed the idea of using
accumulator plants to extract metals from anthropogenically-contaminal®d soi
(phytoextraction) or metalliferous soils (phytomining), and noted the opportunity to
recover metals of economic value by ashing the shoot biomass. Substantial research on
metalliferous soils existed previously, and the use of metallophytes as geadotanic
indicators for mineral prospecting had been well-establishieali¢h 1938; Brundin
1939; Cannon, 1960The first three Ni hyperaccumulators discovered were of the
genusAlyssumn the familyBrassicaceadA. bertoloniiin 1948,A. muraleWaldst. &
Kit. in 1961, andA. serpyllifoliumDesf. in 1969), although discoveries of other genera
of accumulator plants rapidly added to the list of accumulabosrison, 1980. R.R.
Brooks and co-workers conducted the majority of pioneering research to identify metal
accumulators by large-scale surveys of metalliferous flora and analysetaif
concentrations in field specimens (plants and soils) as well as analysis oiumerba
specimensBrooks et al., 1974; Brooks 1977; Brooks et al., 1977a,b,c; Wither and
Brooks, 1977; Brooks and Radford, 1978; Jaffré et al., 1979a,b; Morrison, 1980;

Reeves et al., 1981, 198! time, research focus shifted from field-based

XVi



observations of metalliferous flora to laboratory-scale investigations af-sycific
“hyperaccumulators” with emphasis largely on metal phytoextraction frofciaty-
contaminated (single-metal) media. Encouraging results from laboratosfigate®ns
obtained under ideal conditions quickly fueled implementation of field-scale
remediation. However, early efforts to apply phytoextraction in the field were
marginally successful because a fundamental understanding of the mechanisms
underlying metal accumulation and tolerance was lacking as was the necessary
information regarding agronomic practices for cultivation of hyperaccumulatotspl

In the last decade, major advances in biotechnology and plant molecular
biology offered new opportunities to gain fundamental insight to the mechanisms
underlying metal homeostasis in accumulators, and provided the necessary tools for
investigatingn vivothe complex physiological and biochemical processes regulating
metal tolerance and hyperaccumulation. Many early biogeochemical and
phytochemical studies of hyperaccumulators that reported on plant-soil relatipnships
metal distributions in plants, and metal-ligand complex formation were conducted
with ex situanalytical techniques. Recent advances in analytical techniquassftr
chemical measurements (e.g. synchrotron-based spectroscopic methods) bede crea
new opportunities to relate knowledge of the biochemical pathways mediatirig pla
metal homeostasis with molecular-scale information of the localizassocetions,
and speciation of the metals in plants. A more comprehensive understanding of the

mechanisms involved in metal uptake by plants will lead to enhanced phytoextraction
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through breeding programs or transgenic developments, and provide a greater potential
to produce nutrient-fortified foods and to improve crop production on nutrient-poor
soils.

In this investigation, a combination of nowelsitu techniques (e.g.
synchrotron-based spectroscopies), advaegesituanalytical methods (e.g. electron
microprobe analysis), and wet-chemical procedures (e.g. high performance liquid
chromatography) were used to investigate the localization and speciation ¢frcobal
the Ni/ Co hyperaccumulator plalyssum murale Synchrotron-based
microspectroscopic tools were applied to gain (sub)micrometer-scale itifmmma
regarding then situ chemical form (i.e. molecular speciation), spatial location, and
elemental associations of the plant-accumulated metals (Co and Ni). Thesiach
objective was to investigate aspects of Co accumulation and storagmuraleand
to determine the influence of simultaneous hyperaccumulation (i.e. Ni and Co) on
metal localization. The second objective was to examine the molecular speofati
Co in variousA. muraletissues (e.g. roots, stems, shoots, leaf tips) in an effort to
improve our understanding of the biochemical mechanisms regulating Co transport
and tolerance (i.e. metal homeostasis).

The research findings presented in Chapter 2 revealed a novel metal
sequestration mechanism for accumulated Co (exocellular sequestratios) that i
potentially involved with Co tolerance A&a murale Furthermore, the sequestration

mechanism for Co is completely different from the intracellular mechanisthtas
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sequester Ni i\. murale(i.e. vacuolar compartmentalization) and otAlissum
hyperaccumulators; compartmentalization of metals in the epidermal cetllea®f
leaves has been established as a key component of the (hyper)tolerance mechanism
used by the majority of hyperaccumulator plants.

The research findings presented in Chapter 3 represent the first report on
the occurrence of Co/Si-rich biogenic nanopatrticles (e.g. Phytoliths with two-
dimensional hydrous cobalt silicate domains) and other Cobaltoan mineral pregipitat
(e.g. Widgiemoolthalite, Co-analogue) and polymers (e.g. Cobalt hydroxide fumarato
coordination polymer, [G#6C4H20,4).]xH-0) sequestered on the leaf surface of a metal

hyperaccumulator plant.
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Chapter 1

INTRODUCTION

11 Trace Elementsin the Critical Zone

Large-scale environmental contamination is a menacing consequence of
the Industrial Revolution. Widespread redistribution of metals in the “Crimag”
can result in severe damage to air, soil, and water resources, thereby thgahateni
viability of natural ecosystems. The Critical Zone is the vital region of the nea
surface environment which extends from the outer envelope of the vegetation down to
the lower limits of the groundwater, and includes all fluid, mineral, gaseous, and biotic
components supporting life on Earth. A heavy metal can be broadly defined as any
element having metallic properties (ductility, conductivity, density, stalaisitcations,

and ligand specificity) with an atomic number greater than 20 and a density greater

than 5.0 g crﬁ (Adriano, 198%. Metal-enriched soils are prevalent in nature,

originating from both anthropogenic and geogenic sources. Some significant

anthropogenic inputs include spoil from metal mining operations, fallout from simelter

refinery emissions, waste disposal from electroplating and manufacturinigystoom

of fossil fuels, and agricultural application of pesticides and biosdidsgno, 1986.
Metal contamination of surface and subsurface environments is a

worldwide concern. Pollution assessment and remediation efforts represent a



significant financial burden for industries, governments, and taxpayers. Inthe U.S.,
trace metals account for 65 % of the contaminated Superfund sites where USEPA has
signed Records of Decisiohdmbi et al., 200 Non-radioactive metals and

metalloids of importance as environmental contaminants include arsenic (As),
cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), mercury (Hg),
nickel (Ni), and zinc (Zn). Several trace metals listed as priority envinatane

pollutants are “essential elements” for many living organisms, thressie

guantities of essential elements are toxic to living systems.

The traditional approach for remediation of metal-contaminated soils is
excavation and subsequent reburial at a hazardous waste management facslity. E
remediation strategies are expensive, costing ~$1M/ Rask{n et al., 1997
Engineered remedial approaches (e.g. excavation, soil washing, electrokaretics)
energy intensive, inefficient, and rely on other disposal systems for containment.
Alternative remediation strategies are necessary when vast aread béiee been
contaminated, due in part to the high cost associated with the traditional reomediati
methods (e.g. dig and haul). Effectinesituremediation methods will need to be
based on a sound understanding of the site-specific, spatial and temporal variations in
contaminant speciation. Quantitative elemental speciation is requisitafptdrm
risk assessment and for the design and monitoring of remediation systems.

The significance of metal contamination in the environment (including the

absorption of these elements by plants and animals) depends on the chemical form of



the metal (or its speciation). Speciation describes the chemical and plssatl
distribution) state of an element in a biogeochemical setting. Moleculaaspeci
encompasses the element identity, oxidation state, associations and complexes wi
dissolved species (e.g. metal-ligand bonds) or solids (e.g. surface precipitate), |
coordination environment, and molecular geomednpyvn et al, 1999; Roberts et al.,
2003. The speciation of elements determines their transport, reactivity, anitytoxic
in the natural environment; it controls contaminant mobility in soils, sediments and
natural waters, interactions with other elements, and food-chain transfer nsechani
In natural environments, elemental transformations (i.e. changes of chemidal form
speciation) are governed by physiochemical-biological interfaciabictiens, thus the
role of interfacial processes in controlling the speciation of elementdsrasai
surrounding environments, especially the rhizosphere, which is the bottleneck of
contamination of the terrestrial food chain, deserves increasing attestiangd, P.M.

2009.

12 Synchrotron-based Spectromicroscopic Techniques

One of the most widely used synchrotron-based spectroscopic techniques
in the geosciences is X-ray Absorption Spectroscopy (XAS). Its use has
revolutionized our understanding of metal and other contaminant reactions and
processes in natural systems such as soils and sediments. XAS can be used to

ascertain important chemical information, such as oxidation state, information on



next-nearest neighbors, bond distances, and coordination numbers (i.e. speciation). It
can be used to study most elements in crystalline or non-crystalline solid, liquid, or
gaseous states over a concentration range of a few'rtmthe pure element.
Synchrotron-based spectromicroscopic tools {€XAS) can be used to
investigate element speciation and distribution in natural, heterogeneoussattpe
(sub)micron scale. Spectromicroscopic techniques of particular relevanceatodsoi
environmental biogeochemistry include synchrotron X-ray microfluorescance (
SXRF), microfocused extended X-ray absorption fine structure spectrascopy
EXAFS), X-ray microdiffraction (-XRD), computed microtomography (CMT),
scanning transmission X-ray microscopy (STXM), and reflectance Foumsfdren
infrared microscopy (SR-FTIR). Several of these navsitu analytical techniques
can glean element-specific, molecular-scale chemical informabamriatural
samples maintained at environmentally-relevant conditions (e.g. hydrated, ambient
temperature and pressure, etc.), a major advantage over techniques that require a
sample to be dried or subjected to ultrahigh vacuum or both. By utilizing these
spectromicroscopic tools it is possible to determimsitu, the speciation of elements
in soils and plants (where speciation can vary over tens of microns), or investigate
physiochemical-biological processes at complex environmental inte(agesoot-

microbe-mineral-HO interface).

1.3 Trace Elementsin Soil



Soil functions as the primary sink for trace metals in the terrestrial
environment Adriano, 198¢. Metals introduced into a soil system can experience
one or more of the following fates: (1) dissolved in the solil solution, (2) bound
(electrostatically) to exchange sites on soil solids or sorbed (covalentlyd)dadwmil
constituents, (3) precipitated with other compounds in soils, (4) fixed or occluded
within soil minerals, (5) bound with organic constituents, or (6) incorporated into the
soil biomass. A few trace metals (Hg) and metalloids (As and Se) can bézeulati
by biotic and abiotic reactions.

Soil exhibits a finite capacity for retaining trace elements. The pyima
factors influencing the capacity of a solil to retain trace metals includeithpHsand
redox potential, soil organic matter content, cation exchange capacityibnd s
mineralogy(Adriano, 198. A substantial fraction of trace metals in soil are
associated with soil solids (e.g. oxides/ hydroxides/ oxyhydroxides, clay rsiremdl
organic material); these solids exert controlling influence on the solubility,
‘bioavailability’, and reactivity of metals in soiPétruzzelli, 1980 Only trace metals
dissolved in the soil solution are readily available for absorption by plants and other
organisms (i.e. ‘bioavailable’). Metal-bearing soil solids control the fretalmon
activity in soil solution through a dynamic ‘equilibrium’ established by the mdkit
of competing reactions occurring in soils (oxidation/reduction, ion exchange, sorption/
desorption, precipitation/ dissolution, complexation/ coprecipitation). Therdfere, t

free metal ion activity in soil solution results from metal equilibria amonfcthg”



minerals, organic matter (humic and fulvic acids, polysaccharides, and orgasic aci
soluble chelators, and hydrous oxides of Fe/ Mn/ Al; soil Eh/ pH conditions strongly
affect these equilibrid_{ndsay, 1979 as do the soil biota/ microbiota.

The capacity of soil to retain most trace metals increases with immgeasi
pH, with the maximum occurring under neutral and slightly alkaline conditions
(Adriano, 1986. Exceptions include As, Se, V, Mo, and Cr (VI), commonly being
more mobile under basic or saline soil conditions. In general, trace metals are
solubilized and become more mobile in acidic conditions, whereas the mobility of
metalloids follows an opposite trenidofnbi et al., 200}

The water content of soil influences biological and chemical oxidation-
reduction reactions. In oxidized soils, redox potentials typically range from
approximately + 400 mV to + 700 m\&arks, 2008 In sediments or flooded soils,
redox potentials may range from around — 400 mV (strongly reduced) to + 700 mV
(well oxidized). Sulfides of metal elements (e.g. As, Cu, Zn, Cd, Ni, Co, and Pb) may
form under reducing conditions. The sulfides of these chalcophilic elements are
relatively insoluble in reduced environments, thus their mobility and bioavailaléity a
considerably less than under well-oxidized soil conditions. Exceptions include Fe and
Mn which are more soluble under reduced conditions than oxidized conditions.

Several trace elements (Cu, Pb, Hg, Ni, Co, Mn, and others) exhibit rather
high affinities for soil organic matter (SOM). Organic soil colloids have lwoth i

exchange and chelator properties. Metals bind to the functional groups (e.g. lcarboxy



phenolic, and hydroxyl) on colloidal organic matter or humus-coated soil minerals (i.e.
organo-inorgano complexes).

The soil capacity for retention of trace elements is best correlated with the
surface area (amount and type of “clay”) and the soil metal oxide coAtamr{o,
1986. The size definition for soil “clay” (i.e. soil separates less tham 2n
equivalent diameter) inherently classifies most clay particles agdso(k 1um
diameter). Colloids are highly charged inorganic or organic materials with
characteristically high surface area. Soil colloids represent the newstaatly active
portion of soil and provide the source of charge for nutrient retention (i.e. ion
exchange). In general, the higher the cation exchange capacity (CEC) ofteesoill, t
greater the potential of the soil to retain nutrient and metal cations; sailiorgatter
can be responsible for a high percentage of the measured CEC. Although anions are
not retained on cation exchange sites, they can interact electrostédtiatdlysphere
complex with the positively-charged (anion exchange) sites on metal oxides, organic
matter, or edge sites of phyllosilicate clay minerals. In addition to el&ttoos
interactions, metal(loid) anions and metal cations can foner-sphere comples
with colloid surfaces.

Inner-sphere complexes are defined as covalent linkages between the
adsorbed ion and the reactive surface, with no water of hydration between the
adsorbed ion and the surface functional grégpacks, 2008 Inner-sphere complex

formation (chemisorption) proceeds via a ligand-exchange mechanism. Inner-spher



complexes can be classified as monodentate, bidentate, tridentate, etc. depending
the number of bonds formed with the reactive surface. Bonding in multidentate
complexes can be further classified as mononuclear or binuclear depending on the
coordination of the adsorbate at the adsorptive surface; for the case of binuclear
(bidentate) complex formation, the adsorbate enters into bridge coordination with
functional groups of neighboring metal polyhedra that comprise the reactive surface
Several trace metals (including Co and Ni) and oxyanions (including phosphate,
arsenate, and selenite) tend to chemisorb to metal oxide surfaces via abinucle
mechanismNIcBride, 1994; Sparks, 20D3 Sorption of metals and nutrient elements
to soil colloids plays a vital role in determining their fate and transport irGhecal

Zone”.

14 Metalliferous Soils and Metallophytes

Metalliferous soils are prevalent in the environment, originating from both
geogenic and anthropogenic activities. Natural inputs of trace metdidmasu
windblown dust, volcanic eruptions, marine aerosols, and forest Firesliand,
1990. Metalliferous plant communities include flora naturally growing on serpentine
soils (Ni-, Cr-, Mn-, Mg-, and Co-rich), seleniferous deposits (Se-rich soils),
uraniferous deposits (U-rich soils), and calamine soils (Zn- and Cd-Boh)Ks,
1983. Plants with the ability to colonize metal-enriched soils and metal-orepsatc

(metallophyteshave been noted for centuri@hglius 1588; Caesalpino 153and



their early use as geobotanical indicators for mineral prospedtiadj¢h 1938;
Brundin 1939; Cannon 19%thspired detailed catalogues of the species that
concentrate metals¢cumulatorsBrooks et al., 1977ja Many of these plants are
now classified akyperaccumulator# they exceed a benchmark concentration for a
specific metal on a dry weight basis (e.g. 1,06@"* for Ni, Co, Cu; 10,00Qg g for
Zn; 100ug g* for Cd) (McGrath et al., 2002 An additional criterion used to classify
metal hyperaccumulators is a shoot-to-root metal concentration ratiorgheateinity
(Baker 1981

Hyperaccumulation of Ni was first reported for a specimeflyggsum
bertolonii Desv. with 1.1 % NiNlinguzzi and Vergnano, 19%&at was collected
during a survey of serpentine flora near Firenze, Italia. A short timeDatkesppulo
(1961)reported shoot Ni concentrations exceeding 10 % (on an ash weight basis) for
A. muraleWaldst. & Kit., clearly indicating hyperaccumulator status for this taxon. A
third accumulator taxorA( serpyllifoliumDesv. ssplusitanicumT.R. Dudley & P.
Silva) (Menezes de Sequeira, 19@Bscovered within this genus was a subspecies of a
widespread southwestern European and North African species that was confined to
serpentine soils around northeastern Portugaliison 1980).

Beginning in the mid-seventies, the list of hyperaccumulators grew rapidly
with the discoveries of numerous other genera native to serpentine soils on several
continents including Australia (plus New Caledonia), Africa, and Europe. R.R.

Brooks and co-workers conducted the majority of pioneering research to identify metal



accumulators through large-scale surveys of metalliferous flora and aralysetal
concentrations in field (soils and plants) and herbarium specirBemsk§ et al.,
1974; Brooks 1977; Brooks et al., 1977a,b,c; Wither and Brooks, 1977; Brooks and
Radford, 1978; Jaffré et al., 1979a,b; Morrison, 1980; Reeves et al., 198), 1983
Recognizing the first three Ni hyperaccumulators discovered were all from
the genulyssum surveys were conducted to systematically identify and study
metalliferous flora belonging to tigrassicacea¢formerly Cruciferag (Vergnano et
al., 1977; Brooks and Radford, 1978; Vergnano Gambi and Gabbrielli, 1979; Reeves
et al., 1981, 1983 AlyssumandThlaspiare members of this family. A vast amount of
research on hyperaccumulators has been conducted over the past several decades since
Chaney (1983jirst proposed the idea of using plants to extract metals from
anthropogenically-contaminated or metalliferous soils (phytoextraction) and
recognized the opportunity to recover metals of economic value by ashing the shoot

biomass (phytomining).

15 Phytoremediation: Metal Phytoextraction and Phytomining
Phytoremediation is the use of green plants to remove contaminants from
the environment or to render them harmless. It offers an aesthetically plsatang
driven, reduced-cost method farsitu environmental decontamination.
Phytoremediation has been applied to a range of contaminants in a variety of

contaminated media. Plants have been used to recover metals from contamirsated soil
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(phytoextraction/ phytominingdegrade organic contaminamslantaand in the
rhizosphereghytodegradatioy remove contaminants from industrial and domestic
wastewater streamghfzofiltration), transform toxic contaminants into less toxic
forms (phytovolatilizatior), and to stabilize contaminantssitu (phytostabilizatioh
via rhizosphere sequestration and minimization of erosion and infiltration.

Phytoextraction is the use of pollutant-accumulating plants to remove
metals or salts from contaminated soils, sediments, or sludge by concentrating the
harvestable parts. Hyperaccumulator plants concentrate trace métais in
harvestable biomass, thereby offering a sustainable treatment optiondbr met
contaminated sites (phytoextraction) and an opportunity to mine metal-enraslsed s
(phytomining). Cultivating hyperaccumulator plants on metal-rich soil and asténg t
harvestable biomass to produce ore (bio-ore) and energy (biofuel) can be an
economically viable alternative for metal recovepéney et al., 2004

Two basic strategies of phytoextraction have been employeitid{iged
(chelate-assisted) phytoextraction using high-biomass plants acah{ifjuous
phytoextraction using natural metal-accumulator plaB#dt et al., 1998 Induced
phytoextractiorrelies on high biomass ‘crop’ plants in combination with exogenous
applications of metal-mobilizing agents (chelators) to increase metalgpiayability,
alter root membrane integrity, and deliver a pulse of metals into shoots at an optimal
time for high yield. The feasibility of chelate-assisted phytoextractiohéas

challenged in recent yeaiGl{aney et. al., 200 due in part to the high costs
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associated with chelating agents and concerns of contaminant leaching to greundwat
due to their (over)application.

Continuous phytoextraction relies on accumulator plants with the ability to
concentrate metals in shoot tissue to abnormal levels and to accumulate them over a
complete growth cycle. This degree of metal homeostasis is epitomizedrbgttle
hyperaccumulator plants native to metalliferous soils. Specialized gandtic
physiological processes allow these accumulator plants to absorb, translocate,
compartmentalize, and tolerate high levels of meétatdanta Inherent
disadvantages of using metal hyperaccumulators for continuous phytoextraction are
their relatively low biomass, slow growth rates, and metal specifigdit €t al.,

1998. However, a mechanistic understanding of the physiological and biochemical
processes underlying hyperaccumulation and (hyper)tolerance in metal
hyperaccumulators will ultimately lead to enhanced phytoextraction througtirayee
programs and/or transgenic developments.

Several rate-limiting steps can be considered in the metal phytoextracti
phytomining process: 1) metal acquisition from soil, 2) radial transport and xylem
loading of metals into the root vasculature, and 3) metal sequestration in shoot tissues.
The developing picture of metal homeostasis in hyperaccumulators suggests tha
accumulated metals can be sequestered in leaves as quickly as they cardhetimade
the xylem parenchyma; likewise, metals can be loaded into the xylem as gsickly a

they can be transported across the plasma membrane of root epidermal cells. Thus, in
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most cases, the kinetics for these active, carrier-mediated tragspots is expected

to be more rapid than the kinetics of metals release from soil and subsequesrdrdiff

of the metal to the (rhizosphere) soil solution. Unfortunately, reliable metbhods
guantify the capacity of a ‘bulk’ soil to buffer changes in the ‘bulk’ concentration of a
dissolved metal (i.e. soil metal buffer capacity) are currently lackingebenyseveral
techniques developed in recent years (e.g. isotope exchange kinetics (IEK) dnd meta
biosensor bacteria) show promise. Any influence plants may have on soil metal buffe
capacity would most likely be observed as root-induced changes in metal speciation or

bioavailability at the root-microbe-minerak@ interface (rhizosphere).

1.6 Rhizosphere: Root-Microbe-Mineral-H,O Interface

16.1 Rhizospher e Processes

The rhizosphere is a complex microenvironment consisting of the few
millimeters of soil in the immediate vicinity of plant roots, which is direictiuenced
by root activity and associated soil microorganisms. The rhizosphere can be
functionally defined as a highly dynamic, solar/ plant-driven microenvironment
characterized by interactions between root processes and the dynamics of the
associated microbial populatiobambi et al., 200 The characteristics of the
rhizosphere are modified by plants through root exudation, absorption of nutrients and
contaminants, and root growth. Chemical changes in the rhizosphere are closely

linked with plant nutritional status. The primary root-induced chemical moddicati
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influencing nutrient/ metal acquisition include: 1) pH fluctuations (e.g. response to N
source or to a deficiency of P or Fe), 2) exudation of low molecular weight organic
acids (LMWOA), 3) secretion of enzymes (e.g. phosphatases) and other bionslecule
4) fluctuations in redox potential (& and 5) perturbation of solid-solution equilibria
(Gregory and Hinsinger, 1998ither by the creation of chemical gradients between
bulk solution and roots (due to the removal of dissolved species from solution) or by a
reduction of the free ion activity in solution via complex formation with organic or
inorganic ligands released by roots (or associated microorganisms).

In general, these root-induced chemical perturbations act to increase the
bioavailability of elements in the root zone above those levels in bulk soil. Naturally,
one might hypothesize one or more of these processes were adapted by accumulator
plants to achieve hyperaccumulation; however, it is clear these processes are not
unique to hyperaccumulators whereas constitutive up-regulation of trans-membrane
element transporters is a key trait for hyperaccumulaiende et al., 2000; Assunc¢ao
et al., 2001; Bernard et al., 2004; Hanikenne et al. 2008; Chaney et a)., Ra®i-
induced perturbations in the hyperaccumulator rhizosphere play an indirect role in
nutrient/ metal acquisition by influencing the lability of metal pools in theaslpdcent
to roots (i.e. ‘rhizosphere effect on phytoavailability’).

16.2 Nutrient Acquisition and Phytoavailability

Root-induced fluctuations in pH (via enhanced excretion of protons) or

redox potential (via release of reducing compounds) can assist plants with asguisiti
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of sparingly-soluble nutrients (e.g. Fe and Mn). Additionally, some plants release
enzymes to acquire nutrients from sparingly-soluble sources. For exampesanot
secrete phosphatases capable of hydrolyzing a wide range of organic P-containing
substancesochian, 200). Perturbation of solid/ solution equilibria via root activity
can be an important nutrient acquisition mechanism particularly for immobilemstrie
(e.g. trace metals). Depletion zones for the relatively immobile elsrmesoil
develop quickly around roots and root hairs, and plants must rely on diffusion of
soluble species along chemical gradients to supply nutrients to roots. However, slow
diffusion kinetics result for charged species in heterogeneous soils due to readsorpti
onto soil surfaces and to the tortuosity of flow paths.

Exudation of compounds by roots influences metal solubility and uptake
through indirect effects on microbial activity, physical properties of the soil,cantd r
growth dynamics, and by direct effects through complexation, precipitation and
oxidation-reduction reactions, and acidificatibiv¢n and Reisenauer, 1988; Laurie
and Manthey, 1994; McLaughlin et al., 199&oot exudates include a wide variety of
compounds that may either leak passively from epidermal cells in response to
concentration gradients (diffusates, e.g. sugars, organic acids, amino acidsjgnorga
ions, oxygen), be actively excreted to facilitate internal metabolisondigons, e.g.
bicarbonate ions, protons, electrons, carbon dioxide), or be actively secreted to
facilitate external processes (secretions, e.g. mucilage, allelopathfmounds,

siderophores)ren and Reisenauer, 1988; Marschner, 1995
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A general role of root exudates in nutrient acquisition has been thoroughly
evaluated ren and Reisenauer, 1988; Jones and Darrah, 1994; Jones et al., 1994;
Marschner, 1995; Hinsinger 1998; Jones, )8l root-induced chemical
modifications in the rhizosphere have been investigated extensively for P nutrition
(Boland et al., 1994,1997; Neumann and Romheld, 1999; Zhang et al., 1997; Morel
and Hinsinger, 1999 Fe deficiencyChaney and Bell, 1987, Takagi et al., 1988;
Marschner and Rémheld, 1994; Jones et al., 1996; Bertrand and Hinsinggrah@o8
Al toxicity (Hue et al., 1986; Miyasaka et al., 1991, Delhaize et al., 1993; Kochian,
1995; Ryan et al., 1995; Pellet et al., 196

Evidence for root-induced mineral weathering has been provided for a
variety of plant species and demonstrated with various primary and secondarysnineral
(Hinsinger and Jaillard, 1993; Hinsinger and Gilkes, 198@singer et al., 2001,
Gommers et al. 2005 and Thiry et al. 285 well as sequestered (sorbed or
occluded) specie®@rfitt, 1979; Hinsinger et al., 1992; Guzman et al., 1994;
Hinsinger and Gilkes, 1995,1996,1997; Geelhoed et al., 1997; Bertrand et ., 1999
Gommers et al. (2005) and Thiry et al. (20@9ently investigated root-induced
weathering of mica b$alix viminalisand observed transformation to vermiculite in
the rhizosphere. Mineral stability influenced the degree of mineral weaghveith
greater transformation observed for trioctahedral micas than for dioctahéchal m
(phlogopite > biotite > muscovite). Le Chatelier’s principle partially arplthe

increased mineral weathering in the rhizosphere; plants are continually removing
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reaction products that are linked to the ‘equilibrium’ between solid and solution
(driving the reaction to the right).

Low molecular weight organic acids (LMWOAS) are common compounds
in root exudates, and the most prevalent LMWOAs in the soil system are those
participating in the tricarboxylic acid cycle (Krebs cycle), includiiitate, fumarate,
malate, maleate, malonate, oxalate and succinatee amount and composition of
exudates released into the rhizosphere are highly variable and dependent on plant
species, variety, age, and physiochemical environment, including plant nutritional
status and substrate mechanical impedavesschner et al., 1987; Jones 1298
Concentrations of major LMWOASs in bulk soil solution reported in the literature
range from 0.1 to 10@mol L™, although much higher concentrations are found in
localized zones of intense biological activity (e.g. rhizosphdme)gs 1998 For
example, concentrations exceeding 4 mmbhiave been determined in soil solution
of the proteoid root rhizosphere of white lupidir{kelaker et al., 1989; Braum and
Helmke, 1995 LMWOAs are produced continuously in soils through microbial
activity, decomposition processes and root exudation, but are considerably short-lived
in solution due to complex formation, sorption to soil constituents, and microbial
degradation. However, unlike neutral exudate components (e.g. glucose), the
biodegradation of LMWOAs is highly dependent on sorption to soil surfaces (i.e.
minimal biodegradation when sorbed to Fe and Al (hydr)oxides) and the formation of

metal-LMWOA complexes, both cause a marked inhibition on biodegradation.
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Organic acids in root exudates are able to mobilize P (and other sorbates)
by ligand exchange, dissolution, and occupation of 'specific adsorption’ sites
(Neumann and Rémheld, 1999Many of these organic ligands (e.g. citrate and
malate) can complex with metal ions to form a chelate. The chelated metal is
relatively stable in solution and can migrate convectively with mass flow roplant
roots) or follow a diffusion gradient. Even when these organic ligands do not directly
complex with the metal contaminant, they can interact with functional groups on Fe,
Mn, or Al surfaces (metal-oxide coatings) and release surface-bound mett&¢sorba
into solution. Several organic acids (e.g. malate) can scavenge protons or supply
electrons for reduction of metals (e.g. Mn) in the rhizosphere; the combination of
reduction and complexation reactions may explain the huge Mn accumulation by
plants known to exude high amounts of organic acids (e.g. white lupin). In addition to
root exudates, the soil microbial biomass releases LMWOAS potentially involved i
metal mobilization. One widespread case involves symbiotic fomgidrrhizag,
which secrete organic acids (e.g. oxalate) to release P (and other sdrbatés) and
Al complexes Barber, 199k

Overall, LMWOASs have been implicated in many soil processes,
including mobilization and uptake of nutrients (e.g. P and micronutrients) and
potentially toxic elements (e.g. trace metals) by plants and microorgafuiessibly
as metal-ligand complexes); detoxification of metals (e.g. Al, Cd) by pladts a

microorganisms; microbe proliferation in the rhizosphere; and solute transport in the
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soil profile Marschner et al.,1987; Pohlman and McColl, 1988; Fox et al., 1990; Jones
1998. Directin vivo mechanistic evidences to support the effects attributed to
LMWOAs are limited, and in many situations are a matter of speculdtoe$,

1998. However, new approaches permitting micro-scale chemical measusement
should provide a better understanding for the roles of LMWOASs in physiochemical-
biological interfacial interactions.

Despite a lack o vivo evidence supporting the many potential functions
of LMWOAs in the rhizosphere, extensive geochemical evidence exists regmeiing
interactions with other ligands and metal ions on mineral surfaces, thescirdas
with metal species in solution (metal-ligand complex formation), and their
involvement in reductive- and ligand-promoted dissolution of metal oxides and clay

minerals.

17 Trace Elementsin Plants

Plant roots draw water from the surrounding soil, resulting in a convective
transfer of solutes toward roots (mass flow). Depending on how this flux of solutes
relates with root uptake from the soil solution, solutes may accumulate or bedeplet
in the rhizosphere. Sparingly-soluble phases in soils (e.g. metal-bearing solids
maintain low concentrations of dissolved species thus their solutes become depleted i
the rhizosphere and mass flow represents only a small portion of the actual flux

absorbed by roots. This is typically the case for P and K among major nutrients and a

19



majority of trace element&é§mbi et al., 200. With respect to hyperaccumulator
plants, which have a high density of trans-membrane element transporters on roots, the
metal (or metals) it accumulates would be rapidly depleted from the rhizesguike
solution. The depletion of soluble species near the root surface results in diffusion
toward the root along the created gradient. According to Le Chatelier’'s prjribgple
consequence of down gradient ion movement would be an additional release of metals
from the metal-bearing solids needed to restore the chemical activity of thesspe
solution (perturbation of reaction equilibria between solid and solution). By rapid
uptake of dissolved metals ions, hyperaccumulator plants cause significant
perturbations to solid-solution ‘equilibria’, creating conditions that favor disealof
the metal-bearing solid phases and over time alter the pool of phytoavailable
(bioavailable) metals in the rhizosphere microenvironment.

17.1 Short-distance Transport

Solutes in the soil solution move toward plant roots by mass flow or
diffusion. Solutes in contact with the root rhizodermis can travel toward the root
endodermis by means of an apoplastic or symplastic patliway¢ 1.). The
apoplasm consists of the apparent free space within the cell wall continuum.
Apoplastic movement within the free space (water-filled intercellulazes)af the

root cortex is thermodynamically passive.
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Figure 1.1. Dicot root cross-section displaying symplastic (A) and apoplastic (B)
solute pathwaysadapted from Marschner, 1995

The main barrier to solute flux in the apoplasm of roots occurs at the root
endodermis (i.e. innermost layer of cells of the cortex). In the walls of the
endodermis, the Casparian band (cells with hydrophobic incrustations of suberin)
constitutes an effective barrier against passive solute movement. Theteformer
boundary of the apoplastic pathway occurs at the CasparianBeante(, 199h
Solutes must enter the cytoplasm of root cells (i.e. cross the root cell plasma
membrane) by means of membrane transport systems and pass from cell to cell via
plasmodesmata (symplastic pathway). After crossing the Casparian barel swyt
re-enter the apoplasm or travel symplastically to the vascular tissuestvbgiare
unloaded from xylem parenchyma into xylem vessels for long-distance transport to the
stems and leaves. Solutes translocated to shoot xylem can be returned to the root via

phloem transport.
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The symplastic pathway may begin at the rhizodermis and root hairs, the
exodermis, or the endodermis. Except in the case of young, developing roots lacking a
fully developed Casparian band, membrane transport somewhere along the solute
pathway to the xylem seems unavoidable. Recent advances in biotechnology and plant
molecular biology have contributed significantly to elucidating the mechanisms
involved in membrane transport.

1.7.2 Membrane Transport

Plants have evolved numerous proteman(ps, carriers, and channgk®
facilitate the transport of minerals, sugars, metabolites, and other compounds through
the limiting membranes of cells and organelles. Transport is made possible by
membrane-spanning proteins within the lipid bilayer. Similar to enzymes, transport
systems exhibit some degree of substrate-specificity and may work to haver t
activation energy required for transport. Membrane transport facilitateteaavige
of essential processes, including turgor generation, nutrient absorption, waste product
excretion, metabolite distribution and compartmentalization, and signal tramsducti
(Raven et al., 1992

Movement of a solute across a membrane is a function of the overall
thermodynamic gradient established between the external and internal media. The
energetic gradient for an uncharged solute is determined solely by the chemical
potential difference (i.e. concentration gradient between internal and exteaia)m

However, the energetic gradient for a charged (ionic) solute is a function of the
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chemical potential difference of the solute and the electrical potentiakeditie of the
aqueous mediarfembrane potential A membrane potential results from an
imbalance in the number of cations and anions across a membrane.

Membrane potentials arise across biological membranes in several ways.
First, most cytosolic proteins bear a negative charge at a physiological pH oh&s5. T
excess of negatively charged amino acid residues is countered largélydmg K
(Sanders and Bethke, 2Q0Bince the external concentration dfiK invariably less
than the cytosolic concentration, the tendency ofdeak from the cell generates an
excess of negative charge inside. This combination of fixed, negative charges and
mobile, positive charges is known as a Donnan potential. The other major factor
exerting an influence on membrane potential is the transport ofitbf the cytosol.
Pumping H from the cytosol is achieved by metabolically-coupled pumps (usually
ATPases).

Pumps catalyze transport of ions or complex organic molecules against
their thermodynamic gradients (electrochemical potentials). Pumps\aa tyi ATP
hydrolysis and generate thé-electrochemical potential (or proton motive force
(pmf)) across cell membranes by removingtidm the cytosol. The pmf generated by
plasma membraneHpumping ATPase powers transport through a variety of carriers
and influences ion channel activity through its impact on membrane potential. At
steady state, continuing operation of electrogenic pumps requires compensating

movement of countercharges through other transport syskeguse 1.7.
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Figure 1.2. Conceptual model of membrane transport systems involved with solute
absorption #dapted from Marschner, 1995

Transport systems coupling the “downhill” flow of kb the “uphill” flow
of inorganic ions and solutes are called carriers. Carriers transport aragstfaons
and solutes (e.g. ions, sugars, and amino acids). The principle inorganic nutrients
(including NH,", NOs, H,POy, K*, and S@) are transported into cells by plasma
membrane carriersS@nders and Bethke, 2Q00The transport of solutes by carriers is
coupled with pmf-driven Htransport (pumps). As a result, the carrier substrate is
translocated against its own electrochemical potential. The prominencecotipled
transport systems in plant cell plasma membranes illustrates thatsongdiving in

relatively dilute media depend on energized solute transgaiivé transpont At the
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plasma membrane, carriers are central to nutrient absorption from the soil and play
fundamental roles in the mobilization and storage of metabolites.

lon channels are ubiquitous in biological membranes. In contrast to
pumps and carriers, the pmf plays no direct role in driving the passage of ions through
channels. lon flow through channels is passive. Thus, in contrast to pumps or ion-
coupled carrier activity, the direction of flow of a particular ion through a channel is
dictated simply by the electrochemical potential gradient for the ion. Maskeslaf
ion channels in plant cells usually discriminate in favor of either cations or anions.
Cation channels can be further subdivided into those selectingef other
monovalent cations, those relatively non-selective among monovalent cations, and
those selective for Ga(Sanders and Bethke, 200Most plasma membrane anion
channels allow permeation of a wide range of anions (includindNOk’, H,PO4?,
and organic acid anions). An even less selective channel has been observed in the
plasma membrane of xylem parenchyma cells, and is almost as permeable tosanions a
it is to cations. In contrast to pumps and carriers, channels do not undergo
conformational changes during transport and can catalyze ion fluxe$ tof 11
molecules ¢; the turnover rates for pumps (on the order Sfriblecules 3) and
carriers (on the order of 1@nolecules 3) are correspondingly sloweBénders and
Bethke, 2000

The transport of K(mobile within cells, tissues, and whole plants) has

been studied most extensively. Current evidence suggests two mechanisnestoperat

25



mediate K uptake. At low external concentrations, root cells often absbamn#inst
the electrochemical gradient for the cation. Under these circumstances,iabsorpt
must be mediated by a mechanism of active transport (either an ATP-driven ion pump
or a secondarily active carrier). An alternative mechanism operating at bigamal
concentrations of Kis passive, and likely involves'ikchannelsRavin et al., 1992
Similarly, root P absorption along with absorption of other important mineral anions
(e.g. NQ* and SG%) is mediated by Hcoupled cotransporters at low external
concentrations, but can be mediated by channels at higher external concentrations.
1.7.3 Metal Homeostasisin Hyperaccumulators
Metals are transported across biological membranes as free ions (pumps or
carriers), but could be absorbed by roots as low-molecular weight metadlig
complexes (membrane channels). Metal transport from the root free space to the
xylem vessels presumably involves two or more active, carrier-mediatesport
events: (a) uptake at the plasma membrane of the root epidermal cells ande{mrsecr
into the vessels at the plasma membrane of the parenchyma cells borderingthe xyle
Enhanced metal uptake at the plasma membrane of root epidermal cells is
possible due to the constitutive up-regulation of trans-membrane elemepottars
on hyperaccumulator roots (i.e. overexpression of the gene(s) which encode for a
specific metal transporterl.asat et al. (199&eported Zn influx into the root cells of
Thalspi caerulescensccurred at a much higher rate thanTfoarvensgnon-

accumulator). Furthermore, the gene encoding for Zn transporter (ZNT1) was found
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to be highly expressed in the rootsToftaerulescensven when plants were supplied
with a high concentration of Zn, whereas ZNT1 was expressedarvenseoots only
when Zn was deficienPence et al., 2000 Without an efficient route of entry into
xylem vessels, metals would accumulate in the root symplasm, becomingesexlies
in root epidermal cells/ cell vacuoles. Therefore, another carrier-mgdiiatesport
event is needed for xylem loading.

Transport of accumulated metals from the root symplasm into the xylem
(i.e. xylem loading) apparently involves up-regulation of transporters in the plasma
membrane of the parenchyma cells bordering the xylem vessels. For instaeé, HM
is among a large number of genes more highly expresgealimdopsis halleri
(hyperaccumulator) than i. thaliana(non-accumulator) and it encodes a plasma
membrane protein of the; family of transition metal pumpsiénikenne et al. 2008
High HMAA4 transcript levels are required for highly-efficient root-to-shaofliax
and for Zn hyperaccumulation in the shoot®\ohalleri. Additionally, HMA4 alters
the distribution of Zn within the roots @f. halleri; silencing of (A.h.)HMA4 impairs
the release of Zn from the root symplasm into the apoplastic xylem vessels.
Furthermore, relative transcript levels of IRT3 and ZIP4 (encode membrane
transporters in the same family of proteins implicated in the cellular uptake af&
correlated with HMA4 transcript levels, thus the high expression of these genes in
roots of wild-typeA. halleriappears to be a secondary consequence of increased

HMA4 activity (Hanikenne et al. 2008 Therefore, transition metal transporters
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localized in the plasma membrane of the parenchyma cells bordering the xylefa vess
function to remove excess metals from the root symplasm, preventing the
sequestration of metals in root cells and enhancing root-to-shoot transport. Brpress
of HMA4 is also observed in the cambium of leaves, which is consistent with a
possible role of HMA4 in metal distribution within the leaf blade and the exclusion of
metals from specific cell typesinikenne et al. 2008 Metal sensitivity resulting
from the high HMA4-dependent metal flux into shoot#\othalianaexpressing
(A.h.)HMA4 indicates that additional genes are needed to attain metal
(hyper)tolerance.

Gene(s) encoding for transition metal transporters in the tonoplast
(vacuolar membrane) of leaf epidermal cells or in the plasma membrasy@scdic
cell types in plant shoots may be largely responsible for metal (hypeajtoéen
hyperaccumulators, potentially regulating the activity of the genes encoditig for
metal transporters in the plasma membrane of the root epidermakagllBR(T3 or
ZIP4) or in the plasma membrane of the parenchyma cells bordering the xyleta vesse
(e.g. HMA4). A more complete picture of metal hyperaccumulation and
(hyper)tolerance mechanisms will evolve when the gene(s) that encode dbr met
transporters in the membranes of specific leaf cells (e.g. epidermal) andll@ga
(e.g. vacuoles) are discovered and characterized.

Metal tolerance in higher plants has been associated with reduced

membrane transport, metal binding to cell walls, metal-tolerant enzymestj @heif
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metals by organic or inorganic ligands, and/or compartmentalization in the vacuole

(Figure 1.3.
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Figure 1.3. Possible mechanisms of metal toleraramapted from Marschner, 1995
Note: (1) Binding to cell wall, (2) Restricted infl through plasma membrane, (3) Active efflux, (4)
Compartmentalization in vacuole, (5) Chelationhat ¢ell wall-plasma membrane interface, (6)
Chelation in the cytoplasm.

Accumulator plants attain (hyper)tolerance to metals through “chemical
binding” (detoxificatior) and “intracellular sequestrationédmpartmentalization
(Brooks et al., 1977; Baker 1981; Klpper & Kroneck 20@h exocellular
sequestration mechanism for Co has been observed with Ni hyperaccumulags spec
of Alyssum(Tappero et al., 2007 Free metal ions are the most cytotoxic form of trace
metals Schat et al., 2000 Hyperaccumulators rely on common intercellular ligands
(e.g. Kreb's acids) for detoxification of free metal ions. Vascular atdar fluids

contain a complex mixture of inorganic ions (e.g.9@s well as organic (e.g. citric;
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malic) and amino acids (e.g. histidine) that can bind metal cations, thus a large
proportion of metals absorbed by hyperaccumulator roots do not exist as free meta
ionsin planta

Tolerance pathways are typically metal specfici{at et al., 2000; Walker
& Bernal, 2004, relying on unique physiological processes to mediate metal transport
across particular cell membranes (e.g. vacuolar tonoplast). Legbleslis crucial
role in metal (hyper)tolerance for the vast majority of hyperaccumulatotalsnaee
compartmentalized in the epidermal cell vacuoles where they do not disrupt important
metabolic functionsKupper et al., 2001; Kipper & Kroneck 2Q09Metals are
generally absent from guard and subsidiary cells within the stomatal complex, but
metal accumulation has been observed within mesophyll cells bordering the leaf
epidermis and at the base of leaf trichomes.
18 Resear ch Questions and Objectives:

Information regarding metal speciation, localization (e.g. tissue, cells, and
organelles) and elemental associations in accumulator plants is cruciedvelung
the mechanisms of hyperaccumulation and (hyper)tolerance. Recent advances in
micro-analytical techniques fam situ chemical measurements (e.g. synchrotron-based
spectromicroscopic methods) have created new opportunities to relategexisti
knowledge of the biochemical processes regulating plant metal homeosthasis wi
submicroscopic spatial and chemical information concerning the form of nmetals

planta (molecular speciation). A more comprehensive understanding of the
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mechanisms involved in metal uptake by accumulator plants will lead to enhanced
phytoextraction through breeding programs or transgenic developments as well as
provide a greater potential to produce nutrient-fortified foods and improve crop
production on marginal (nutrient-poor) soils.

The _general research objectiwas to use a multi-technique, multi-scale

experimental approach to extend our understanding of the mechanismaslof
acquisition, accumulation, and (hyper)tolerance in the commercial hyperaccumulator
Alyssum muraléWaldst. & Kit.) by linkingin situ spectromicroscopic information
and macroscopic observations with existing knowledge about the physiological
processes controlling plant metal homeostasis.

The research project componeoé be summarized as follow:

1. Elucidatethe effect of co-contaminant metals (Co and Zn) on Ni
phytoextraction and localization in the Ni/ Co hyperaccumulator Alyssum
murale;

Hyperaccumulator plants used to extract Ni from Ni-rich soil (e.g.
industrial brownfields or serpentine soils) must be tolerant of co-contaminants. Tw
categories of soil suitable for Ni phytomining include serpentine soils &hlstur
enriched with Ni) and industrially-contaminated soils. Serpentine soilsagefrein
ultramafic parent material and contain significant quantities of Ni, Co, €rFe, and
Zn. The Ni : Co ratios in serpentine soils typically range from five to ten.

Anthropogenic metal inputs generally involve discharge of a mixed-elenaesié w
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stream. For instance, emissions from Ni smelters are typicaighedrwith other

trace metals from the ore (e.g. Co, Cu, Pb, and Zn). Hyperaccumulator plants used to
extract Ni from metal-enriched soils must be tolerant of co-contaminantsefditeg

the effects of metal co-contaminants on the physiology and biochemistry of
hyperaccumulators, and ultimately on the efficiency of metal phytoextractioh, is
concern for metal recovery efforts.

The objectives of this study were to evaluate the effect of co-contaminant
metals (Co and Zn) on Ni accumulationAlyssum muraleobserve potential metal
interactions in plants, and investigate the impact of simultaneous hyperaccamulati
on metal localization Alyssunmplants in perlite culture were contained in ebb and flow
cultivation devices and exposed (4 weeks) to Ni-enriched nutrient solutions containing
basal or elevated concentrations (8@) of Co or Zn (Ni, Ni + Co, Ni + Zn, Ni + Co
+ Zn). Metal localization and elemental associations in plants were iratestigyith

synchrotron X-ray fluorescence (SXRF) and tomography (CMT).

2. Determinein planta Co speciation in A. murale and identify metal
detoxification and sequestration mechanisms;

Previous work with Ni hyperaccumulators has demonstrated the
importance of organic and amino acids in plant metal homeostasis. For example, Ni
absorbed byAlyssunroots is complexed by intercellular ligands (e.g. free histidine)

(Kramer et al., 1996 Metal-ligand complex formation plays a role in radial transport
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and xylem loadingKerkeb and Kramer, 2003 Metals loaded into the xylem are
complexed by ligands in the vascular system (e.g. organic acids produced by Krebs
cycle), which function in metal detoxification and long distance transport to shoots.
Nickel translocated to shoots Alyssumis unloaded from the xylem, redistributed to
epidermal tissue, transported across the tonoplast membrane, and sequestered as a
metal-ligand complex in cell vacuoles. Vacuolar sequestration (in epideshs
provides a permanent sink for metal storage in plants isolated from photosyntheticall
active tissuesKramer et al., 2000 and has been recognized as a primary feature of
the Ni tolerance mechanism. Sevekbissunmspecies have the ability to accumulate
cobalt, but little is known about the ligands involved in Co detoxification, transport,
and sequestration (i.e. Co tolerance and accumulation mechanisms).

The objectives of this study were to identify the Co species sequestered at
leaf tips/ margins ofA. muraleand to determine thea plantaspeciation of Co using a
multi-technique, multi-scale experimental design including metal accuorulat
studies, xylem fluid extraction and analysis (liquid chromatography), and matecula
scale spectroscopic investigations of accumulated cobalt (X-ray anaelectr

microscopies).
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Chapter 2

HYPERACCUMULATOR ALYSSUM MURALE RELIESON A DIFFERENT

STORAGE MECHANISM FOR COBALT THAN FOR NICKEL

21 Summary

Nickel (Ni) hyperaccumulatohlyssum muraléas been developed as a
commercial crop for phytoremediation/phytomining Ni from metal-enriched soils.
Metal co-tolerance, accumulation, and localization were investigatéd forurale
exposed to metal co-contaminangs. muralewas irrigated with Ni-enriched nutrient
solutions containing basal or elevated concentrations of cobalt (Co) or zinc (Zn)
Metal localization and elemental associations were investigatatl with
synchrotron X-ray microfluorescence (SXRF) and computed-microtomography
(CMT). A. muralehyperaccumulated Ni and Co (>100§ g* DW) from mixed-
metal systems. Zinc was not hyperaccumulated. Elevated Co or Zn concentrations did
not alter Ni accumulation or localization. SXRF images showed uniform Ni
distribution in leaves and preferential localization of Co near leaf tips/insar@MT
images revealed 1) leaf epidermal tissue was enriched with Ni but devoid of Co, 2) Co
was localized in the apoplasm of leaf ground tissue, and 3) Co was sequestered on leaf
surfaces near the tips/margins. Cobalt-rich mineral precipiates formaaslef Co-

treatedA. murale Specialized biochemical processes linked with Ni (hyper)tolerance

44



in A. muraledo not confer (hyper)tolerance to CA. muralerelies on a different
metal storage mechanism for Co (exocellular sequestration) than for Nolaac

sequestration).

2.2 Introduction

Large-scale metal contamination can result in irreversible environmental
damage, and remediation efforts represent a substantial financial burden foyjndustr
government, and taxpayers. Anthropogenic metal inputs include spoil from metal
mining operations, fallout from refinery emissions, waste disposal, elecingplat
combustion of fossil fuels, and agricultural application of pesticides and biosolids
(Adriano 198¢. Traditional remediation efforts (e.g. excavation, burial, and
contaminant isolation) are not feasible for large-scale impacts, tleusadive
remediation strategies are necessary when vast areas of land have beemattami
Hyperaccumulator plants concentrate trace metals in their harvestabbesbiBnooks
et al., 1977, thereby offering a sustainable treatment option for metal-contaminated
sites (phytoextraction) and an opportunity to mine metal-rich soils (phytomining)
(Chaney 1988 Cultivating nickel (Ni) hyperaccumulator plants on metal-enriched
soils and ashing the harvestable biomass to produce Ni ore (bio-ore) is an
economically viable alternative for metal recovepéney et al., 2004

Soils suitable for Ni phytomining include serpentine soils and industrially-

contaminated soils. Serpentine soils develop from ultramafic parent makergal, t
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contain appreciable quantities of Ni, cobalt (Co), chromium (Cr), manganese (Mn),
iron (Fe), and zinc (Zn). The Ni : Co ratios in serpentine soils typically range from
five to ten. Anthropogenic metal inputs generally involve discharge of a mixed-
element waste stream. For instance, emissions from Ni smelters aadlyygnriched
with other trace metals from the ore (e.g. copper (Cu), Co, lead (Pb), and Zn). Heavy
metals are incorporated into (metallo)enzymes and thereby toxic to living sirggaimi
excessive amounts. Cobalt contamination is an environmental concern, and the
radionuclide®Co is classified as a priority pollutatigmilton 1994,
Hyperaccumulator plants used to extract Ni from metal-enriched soits@tslerant
of co-contaminants. Therefore, the effects of metal co-contaminants on tieqayys
and biochemistry of hyperaccumulators and ultimately on the efficiency of metal
phytoextraction is of concern for metal recovery efforts.

Several first-row transition metals (e.g. Co and Ni) have important roles in
biological systems as activators of enzymes or as key components of enzames syst
Cobalt is essential fdRhizobium(associate symbiotically with legume roots for N
fixation), free-living nitrogen-fixing bacteria (e.4zotobactespp.), and
cyanobacteria. However, there is no evidence Co has a direct role in the metabolism
of higher plantsNlarschner 1996 Nickel is the element most recently classified as
an “essential” plant nutrient\(elch 199% and is a key component of the Ni-
containing enzyme ureaseixon et al., 197h Transmembrane transport systems

with specificity for Ni or Co have not been identified in higher plants.
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Nickel hyperaccumulatoklyssum muralean herbaceous perennial
(Brassicaceadamily) native to Mediterranean serpentine soils, has been developed as
a commercial crop for phytoremediation/phytomini@inéney et al., 1983, 2004; Li et
al., 2003 Hyperaccumulator speciesAtyssum(hereafter referred to adlyssumn)
accumulate Co from Co-enriched soils; cobalt accumulation is most efficient i
mildly-acidic soils, while Ni is most effectively accumulated from ndwsinds (i et
al., 2003b; Kukier et al., 2004 Alyssumsequesters Ni via epidermal
compartmentalization, a metal sequestration strategy exploiting lelaireal tissue
as the sink for metal storage. Epidermal cell vacuoles are responsible for Ni
sequestration iAlyssum(Kramer et al., 1997a, 2000; Broadhurst et al., 2004a,b
vacuolar sequestration has been recognized as a key component of cellular-ldvel meta
tolerance (i.e. (hyper)tolerance) for several hyperaccumulator spideiash (et al.,

1997; Mesjasz-Przybylowicz et al., 1997; Kupper et al., 1999, 2000, 2001; Frey et al.,
2000; Bidwell et al., 2004; Kupper & Kroneck 2Q09However, Co sequestration in
Alyssumepidermal cell vacuoles has not been reported previously.

Information regarding metal localization (e.g. tissue, cells, and orggnelles
and elemental associations in accumulator plants is crucial to understanding the
mechanisms of hyperaccumulation and tolerance. Synchrotron-based techniques such
as X-ray microfluorescence (SXRF) and computed-microtomography (CMT) can be
used to imageirf situ) elements in hyperaccumulator plants. SXRF imaging of an

intact, transpiring thallium (Tl) accumulatdbéris intermedid showed Tl distributed
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throughout the vascular network, and X-ray absorption spectroscopy (XAS) identified
aqueous TI(I) as the primary species in plant tigSeeeckel et al., 2004 X-ray
CMT imaging techniques such as differential absorption (DA-CMT) and fluorescenc
microtomography (F-CMT) resolve the three-dimensional distribution of elements
within a sample, and hydrated biological specimens can often be analyzed with
minimal or no sample preparation and alteration. DA-CMT and F-CMT were used to
visualize Fe localization in seeds of mutant and wild-#gabidopsis revealing Fe
storage in seeds was mediated by the vacuolar Fe transporter (Kiflgt(al.,
2009. F-CMT and DA-CMT showed Ni enrichment in leaf epidermal tissuk of
muralegrown in Ni-contaminated soil8AcNear et al., 2005

Soils naturally-enriched or industrially-contaminated with Ni typically
have co-contaminants present; however, the influence of common metal co-
contaminants on Ni hyperaccumulation remains poorly understood. In the present
work, the effect of Co and Zn on Ni accumulation and localizatigx muralewas
examined. Metal localization and elemental associations in plants weregatesst
with X-ray and electron microscopies and X-ray microtomography. Particular
emphasis was placed on the phenomenon of “simultaneous hyperaccumulation” (Ni &

Co) and its relationship to metal co-tolerance.

2.3 Materials and Methods

231 Project Summary
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Alyssum muraléWaldst. & Kit.) accession ‘Kotodesh’ (common name
madwort or yellowtuft) was tested for growth and metal uptake in response to @levate
Co and Zn concentrations in pseudo-hydroponic culture. Cobalt was selected as a
competing divalent metal based on its geogenic association with Ni (co-oceunenc
serpentine soils, metal ores, and smelter/refinery emissions) and becaimespre
research indicatefllyssumhyperaccumulates Co. Zinc was selected as a divalent
metal because it is a common contaminant in surface soils and is not
hyperaccumulated b4lyssum

2.3.2 Ebb and Flow M esocosm Design

Each ebb and flow mesocosm consisted of two nest and stack totes (L.K.
Goodwin Co. model 35180 & 35185), a water pump?R!iOO by Taam Inc.) fitted
with 1.27 cm diameter tubing, and fill/drain and overflow plumbing accessories
(American Hydroponics). A pump was placed in the reservoir and pump tubing was
connected to the plant tray via the fill/drain plumbing accessory. Overflow plumbing
consisted of a riser used to maintain the solution level (5 cm) in the plant tray when the
pump was running. Ebb and flow systems were flooded for 15 minutes every eight
hours, and solution remaining in the tray drained to the reservoir by gravity following
each flooding cycle. Mesocoms contained 5 to 10 L of nutrient solution and six
individual plants in 10 cm pots.

2.3.3 Plant Tissue Analyses

Plants were harvested after 30 days metal exposure and analyzed for total
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metal and nutrient content. Immediately following harvest, shoots were rinsed in
deionized water to remove adhering particles. Roots were meticulously seéparate
from the perlite media and rinsed with 0.0aXCaCy}, followed by deionized water.
Plant material was oven-dried at 65° C to a constant weight (~48 h). Dry plant tissue
was ground with a plastic herb grinder (420 Grinder Company) and homogenized.
Plant tissue samples were acid digested using a modified EPA 3051 method. For each
sample, 0.50 gH0.05) of tissue was microwave digested in 10 mL of concentrated
HNO;. Digests were filtered (0.32m) and brought to 30 mL total volume with
deionized water. Samples were analyzed by ICP-AES using yttrium (Y) agaraint
standard. Sample duplicates were within 5 % agreement, and the Ni, Co, and Zn
levels measured for NIST spinach standard (2385) were within the range specified by
NIST. Statistical analyses were performed in Minitab 12. ANOVA with mean
separation by Tukey's HSIP(< 0.05) was used to test statistical significance of the
treatment effects on yield and elemental composition of plant tissue.

2.34 Electron Probe Micro-Analysis

A. muraleleaves from a Co-treated plant were imaged with a scanning
electron microscope (SEM) and energy dispersive X-ray Spectroscopy $g&&)a
were collected from leaf-tip and bulk-leaf regions. Backscatteredalaatages
(BSE) and EDS spectra were recorded using a JEOL 8600 Superprobe equipped with
an EDAX light-element EDS detector and GENESIS software. The beam erasgy w

set at 20 keV and the beam current at 30 nAufnzspot). Leaves were mounted onto
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a conductive carbon stub and desiccated (£da1 48 h prior to analysis. Samples
were sputter-coated with carbon to minimize charging effects.

235 Synchrotron X-ray Microfluor escence (SXRF) and

Computed Microtomography (CMT)

Metal localization and elemental association8.imuraleplants were
investigated with SXRF and CMT. SXRF images were acquired from beamline 10.3.2
of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory
(Berkeley, CA) Marcus et al., 2004 Briefly, this beamline uses Kirkpatrick-Baez
(K-B) mirrors to produce a focused spot (5 touh) of hard X-rays with tunable
energy achieved via a Si(111) monochromator. Incident energy was typically fixed at
10 keV to excite all target elements simultaneously. Plant tissue @gypveds
excised from live plants and mounted directly to the sample stage with no further
preparation. Samples were rastered in the path of the beam by an XY stage oriented in
a plane 45° to the beam, and X-ray fluorescence was detected by a 7-element Canberra
Ultra LE-Ge detector positioned 90° to the incident beam. Elemental maps were
collected from a 1 to 3 mffrarea using a step size off (fine map) or 2Qum (coarse
map) and a dwell time of 100 ms. In order to isolate the Co signal from contributions
due to Ni and Fe fluorescence, SXRF images were collected at 50 eV above and below
the Co K-edge energy (7.709 keV) and then subtracted to generate a difference map.
Sulfur and Co were imaged simultaneously with the incident energy fixed at 1.5 keV

above the sulfur K-edge (2472 eV) and the monochromator tuned to pass the third
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harmonic and fundamental (used to excite the Co K-edge), preventing the Co signal
from swamping out the S signal. Additionally, a small He-purged chamber was
attached onto the end of the detector and positioned in tight proximity to the sample to
minimize the air path and reduce absorption of the low energy X-rays.

Microtomography data (DA-CMT & F-CMT) were collected at
GeoSoilEnviroCARS (GSECARS) beamline 13-BM-D and 13-ID-C of the Advanced
Photon Source at Argonne National Laboratory (Argonne Riygfs et al., 2006
Sutton et al., 2002 Specimens imaged by F-CMT were immersed in liquid nitrogen,
freeze-dried under vacuum (-180° C), and mounted to a wooden shaft with epoxy resin
as described byicNear et al. (2005) Leaf specimens imaged by DA-CMT were
maintained in a high-humidity environment during data collection (~1 hr). A leaf was
removed from a live plant and immediately placed into a Kapton tube. Dampened
cotton was positioned in the tube both above and below the leaf, and the tube was
sealed with modeling clay then fixed to a wooden shaft at one end for insertion into
the rotation axis of the X& stepping stage.

DA-CMT data collection involved exposing the sample to a wide-fan X-
ray beam, measuring the transmitted X-rays (converted to visible light wigla-si
crystal scintillator then projected onto a fast charged-coupled device aref@deith
a 10x microscope objective), rotating the sample by a small angle for repeat exposur
and continuing the measurements until the sample had been rotated from 0° t0180°.

DA-CMT data were collected using 02&teps and a 3 s dwell time. Hardware
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configurations selected for DA-CMT imaging provided optical resolution of joni 2
with a 3.27 x 2.59 mm (H x V) field of view. Data were acquired with the incident X-
ray beam energy set ~100 eV below the Co K-edge (7709 eV) or Ni K-edge (8333 eV)
energy and then repeated with the beam energy set ~30 eV above the absorption edge.
Sinograms were reconstructed using the Gridrec-based softhasel et al., 1999
Above- and below-edge data arrays were subtracted and the difference marees w
used to generate the tomographic projections depicting the metal distribution in
hydrated leaf tissue.

F-CMT imaging of roots involved a similar procedure although the
samples were rotated and translated in a microfocused beam (incident ereztgy fix
10 keV) and the fluorescence intensities for multiple elements were recorded
simultaneously using a 16-element Ge array detector. F-CMT data wectenbl|

using 1.5 to 3° steps, a 1 s dwell time, andvbtranslation steps.

24 Results

24.1 Plant Growth

All treatments resulted in healthy-looking plants at harvest, and metal
treatments did not significantlf?(< 0.05) affect shoot biomassable 2.). Cobalt-
treated plants (Ni + Co & Ni + Co + Zn) had mild chlorosis on new growth, signifying
the initial Fe concentration in nutrient solution was inadequate. Plants from the Ni +

Co + Zn treatment were less chlorotic than plants exposed to Ni + Co, indicating the
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elevated concentration of Zn reduced the antagonism between Co and Fe. Cobalt-
induced Fe deficiency was alleviated during the second week of metal exposure by
increasing the Fe concentration in all nutrient solutions t\20 Plants recovered
quickly and new growth appeared non-chlorotic. Although differences in shoot
biomass between treatments were insignificant, the slight depressiordifoyitiese
Co-treated plants can be attributed to reduced growth during this brief penold of
Fe deficiency chlorosis.

24.2 Bulk Characterization of Metal Accumulation

Elevated aqueous concentrations (80 of Co or Zn in nutrient solution
did not significantly P < 0.05) affect shoot Ni concentrationAnmurale(Table 2.).
Plants absorbed Co and Ni to a similar extent from equimolar solution; root transport
systems had comparable ability to shuttle these metals into the vasculahorevaZi
not hyperaccumulated 3. murale

A metal bioconcentration factor (BCF), ratio of metal concentration in
shoot tissue to metal concentration in growth media, evaluates the potentipldot a
to concentrate a metal. muraleinitially supplied with 5QuAZ Ni (~3 mg L*
solution) had a shoot Ni concentration averaging 185" DW (BCF ~500). In
contrast, maximal Zn BCF was 46 (Ni + Zn). Cobalt BCFs were 532 (Ni + Co) and
702 (Ni + Co + Zn). ClearlyA. muraleconcentrated Ni and Co against a substantial

chemical potential gradient.
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Table 2.1. Shoot biomass and element concentrationé&lfggsum muralg@lants 30
days after metal exposure.

Ni-Co-Zn Shoot Element concentration in shoot tissue of Alyssum murale
treatment biomass Ni Co Zn Mn Fe S
uM g bW ugg'DW
50-0-0 742 a (1.74) 1610 a (189) —m —rv0 60.4 a (6.45) 244 a (11.2) 333 a (2.61) 5800 a (815)
50-0-50 7.60 a (0.92) 1540 a (302) —m — 149 b (42.6) 263 a (319) 384a (9.64) 6550 a (978)

50-50-0 630 a (0.65) 1650 a (85.1) 1570 a (178) 693 a (476) 322 b (129) 33.5a (1.40) 8320 b (787)
50-50-50  6.40a (0.95) 1410a (139) 2070 b (252)  129b (20.1) 339 b (29.5) 30.8 a (1.49) 8980 b (730)

Values are mean (+ SD); n = 5. Different letters within a column indicate significant difference (< 0.05) with Tukey HSD comparison.

A translocation factor (TF), ratio of element concentration in shoot tissue
to element concentration in root tissue, estimates the translocatioaref§icf a
plant, and the TF for a hyperaccumulated metal is typically greater thaone.
muralewas efficient at translocating Ni (TF ~2) and Co (TF ~3), but Zn (TF ~0.1) was
not translocated to any unusual extérdl{le 2.). Nickel TF was not significantly
altered by elevated concentrations of Co or Zn, indicating minimal affects from the
metal co-contaminants. Sulfur and Mn translocation were significahttyQ(05)
affected by the metal treatments, and maximal S TF (~0.9) and Mn TF (~1.6) were
observed for plants from the Ni + Co + Zn treatment.

Correlations between the concentration of one metal in shoot tissue and
the concentration of other metals or nutrients can help identify elementattiias
in plants. Cobalt-treatel. murale(Ni + Co & Ni + Co + Zn) had significantlyP(<
0.001) higher shoot concentrations of S and Mn than untreated plants, indicating

uptake of these elements was related to Co accumulaiiomuralehad significantly
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(P = 0.018) higher shoot Co concentrations when the Zn concentration was elevated in
nutrient solution (able 2.). Maximal shoot Co concentration (2066 g*) and shoot

Co accumulation (13.2 mg plahtwere observed for plants from the Ni + Co + Zn
treatment.

Table2.2. Translocation factors (Shoot to root concentration ratiopfgssum
muraleplants 30 days after metal exposure.

Ni-Co-Zn Translocation factors
treatment (WM) Ni Co Zn Mn Fe S
50-0-0 1.8 a (0.16) _—— 0.09 a (0.01) 0.44 a (0.05) 0.09 a (0.01) 0.53 a (0.07)
50-0-50 2.0a (0.14) -_— 0.07 a (0.01) 0.78 b (0.08) 0.12 a (0.06) 0.58 a (0.06)
50-50-0 1.9 a (0.30) 2.7a (0.31) 0.12 b (0.02) 0.85b (0.12) 0.11 a (0.02) 0.80 b (0.07)
50 -50-50 2.0a (0.27) 3.2a (0.34) 0.07 a (0.01) 1.57 ¢ (0.24) 0.09 a (0.02) 0.86 b (0.08)

Values are mean (+ SD); n = 5. Different letters within a column indicate significant difference (P< 0.05) with Tukey HSD comparison.

24.3 Plant Tissue Microanalysis

Metal localization and elemental association8.imuralewere
investigated with SXRF, CMT, SEM-EDS, and XAS. Two-dimensional (2D) SXRF
images ofA. muraleleaves revealed a distinctive localization pattern for Co relative to
Ni and Zn. Nickel distribution in leaves was essentially uniform, although the
fluorescence intensity was slightly elevated in the midrib redianufe 2.). A
uniform Ni distribution was anticipated for 2D leaf images becalgssunsequesters
Ni within the epidermal layers. Nickel localization was not alteredl imuraleplants
exposed to mixed-metal systems (Ni + Co, Ni + Zn, Ni + Co + Zn). Nickel

distributions were comparable for both young and old leaves.
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Figure. 2.1. u-SXRF images of the Ni, Co, and Zn distributions in a hydratgssum
muraleleaf from the Ni + Co + Zn treatment. Camera image shows the leaf region
selected for SXRF imaging

Zinc distribution inA. muraleleaves appeared similar to nickel; however,
elevated fluorescence intensity in the midrib region was more evident in SXREsm
of Zn than Ni because the Zn fluorescence signal was not dominated by the epidermal
cell layers (i.e. more uniform metal distribution through leaf). Zinc was not

hyperaccumulated b§. muraleand would not be preferentially compartmentalized in

epidermal tissue. Zinc distributions were comparable for both young and old leaves.
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In contrast to Ni and Zn distributions, Co was preferentially localized at
the tips and margins &. muraleleaves Figure 2.). Similar Co localization patterns
have been reported for various non-accumulator plants investigated using
autoradiography’fCo radiotracer)@ustafson 1956; Langston 1956; Handreck &
Riceman 196p Cobalt localization irA. muralewas consistent for young and old
leaves, but Co enrichment near leaf tips was more common on older leaves than
younger leaves.

Spatial associations in leaves were visualized by combining fluorescence
data from individual elements into a multi-color image and plotting a line profile. An
SXRF image of Co, Ni, and Ca localization inAarmuraleleaf revealed a color
gradient (blue plus red light = magenta) near the leaf tip as a result of the uNiform

distribution and the irregular Co distribution in the lgafj(ire 2.3.

Fluorescence Intensity
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Figure. 2.2. u-SXRF tricolor image (Ni, Co, and Ca) of a hydratdgssum murale
leaf from the Ni + Co + Zn treatment plus a line profile (fluorescence intaresstys
position) for a segment from the leaf center toward the leaf tip (indicatedadoy) arr
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A line profile generated for a segment from the leaf center toward thigolshiowed
the substantial increase in the Co signal coincided with a subtle decreasHiin the
signal; cobalt and Ni were not preferentially co-localized in leaves.

Spatial associations of Co with Mn and S coincided with statistically
significant correlations in bulk shoot concentrations. Cobalt-treated plantsGdli&+
Ni + Co + Zn) had the highest shoot concentrations of Mn afciS« 2.) and the
highest S translocation factorsaple 2.3. SXRF images of Co and Mn & murale

leaves revealed co-localization of these elements at leaf trich@mese 2.3.

Fluorescence Intensity

0 20 40 60 80 100
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Figure2.3. u-SXRF images of hydratelyssum muraléeaves depicting co-
localization of Co with{a) Mn and Ca at a leaf trichome (line profile across trichome)
and(b) with sulfur near a leaf tip and margin. The Mn-rich zone (blue) surrounding
the trichome base is displayed as an inset on the tricolor SXRF image (top panel).
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A Mn-rich zone surrounds the basefofmuraletrichomes Figure 2.3 insgtand
could sequester Ni or Co. SXRF images of S and @o muraleleaves indicated co-
localization of these elements near leaf tips/mardingi(e 2.3. Sulfur and Co were
spatially correlated, but preliminary XANES data did not indicate a directicakm
association.

Metal localization inPA. muraleroots was investigated with
microtomography. F-CMT images Af muralefine root segments (0.5 mm, 3 mm,
and 6 mm from the root apex) revealed distinctive metal partitioning patterns as a
function of distance from the root tip (i.e. tissue age and function)iie 2.3.
Nickel, Co, and Fe were localized in the root vasculature (procambium) at 0.5 mm
from the apex; the root tip appeared most active in the absorption of these metals. In
the root segment at 6 mm from the apex, these metals were predominantly confined to
the epidermis, signifying sorption to surface functional groups, mucilage, bacteri
biofilms, or metal oxide plaques on the root surface. Additionally, metal enrichment
was discernible in the vasculature but was absent from the pith. Similazatical
patterns were reported Bgllows et al. (2003)vho investigated europium (Eu) uptake
in living roots ofAvena sativand observed maximal fluorescence intensities in the
apical tissue at the root tip and within the zone of root maturation (up %00
basipetally), while elevated fluorescence from highly-differentiatedtiesie was
observed at the epidermis. Metal localization patterns iA tineuraleroot segment at

3 mm from the apex were intermediate to those observed at 0.5 mm and 6 mm;
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elevated Ni and Co levels were observed in the vascular cylinder and at the root
epidermis. Zinc and Mn localization patterngA\inmuraleroots were distinctive from
Ni, Co, and Fe and from one anothieilgire 2.4. Zinc was predominantly localized
in isolated domains within the root at 0.5 mm, 3 mm, and 6 mm from the apex, while

Mn was sporadically localized at the epidermis.

Figure 2.4. Fluorescence CMT cross-sectional imagesnislices) of the Ni, Co, Zn,
Mn, and Fe distributions iAlyssum muraléine root segments at 0.5 mm (bottom), 3
mm (middle), and 6 mm (top) from the root apex. Root was collected from the Ni +
Co + Zn treatment.

A separate experiment conducted withmuraleplants exposed to a Co-
enriched nutrient solution verified the Co localization phenomenon observed in the
metal interaction study was not a result of simultaneous hyperaccumulation, thus Co

localization had not been altered in plants exposed to elevated Ni and Zn

concentrations. Cobalt accumulateddymuralewas ultimately deposited on leaf
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surfaces near the tips/margins. Cobalt on the surface of leaves was visibledly opti

microscopy Figure 2.5 insét

Intensity (A.U.)

Energy (keV)

FT Magnitude

0 2 4 6 8
R + AR (A)

Figure 2.5. Backscattered electron (BSE) image of a leaf from Co-trédysdum
muralewith the corresponding SEM-EDS spectra from the leaf-tip and bulk-leaf
regions (top panell-SXRF image (Co and Ca) of a hydrated leaf from Co-treated
muralewith the corresponding Co K-edg&wkeightedy(k) spectra (inset) and the
Fourier transforms (FT) qf-XAFS spectra from leaf-tip and bulk-leaf regions
(bottom panel). An optical microscope image of a hydrated leaf from Co-tieated
muraleis displayed as an inset (top panel).

62



Backscattered electron (BSE) images showed a coating on the leaf suaflace ne
tips/margins, and X-ray microanalysis (SEM-EDS) indicated the coatsgavwCo-rich
phase figure 2.5. The electron microprobe beam penetrated only a few microns into
the sample, thus the recorded signals were emitted from the leaf surfaceler cuti
layer; a comparison of EDS spectra from the Co-rich and bulk-leaf regions furthe
supports the finding of a Co-rich phase deposited on the exterior of leaves. Leaf
images from the optical microscope and SEM corroborate the Co distributiomezbser
with SXRF Figure 2.5. Micro-XAS spectra collected from hydratAdmuraleleaves
revealed the oxidation state of Co in plants was Co(ll); artificial Co oxida@smat
observed in this study but Co(lll) can result from sample alteration in the beeay

and by ligand stabilization with multidentate amine ligands (e.g. EDTA). $pectr
collected at the Co-rich region near the tip showed striking differences [rectras
collected at the bulk-leaf region. The Chwkeightedy(k) spectrum from the Co-rich
region had a beat pattern neakBand a split oscillation between 7 and &5

whereas thg(k) spectrum from the bulk-leaf region did not have these characteristic
structural features~gure 2.5 insgf spectra with several frequencies (e.g. Co-rich
spot 1) are indicative of a long-range ordered binding environment such as that in a
mineral structure, while spectra dominated by a single frequency (e.g. Budiptdéa

2) are indicative of a short-range ordered environment. An evaluation of the Co-
binding environmentab initio model) for Co-rich spot 1 provided distances and

numbers of Co-Co pairs that are characteristic of an edge-sharing lagenesvork.

63



A strong second-shell feature (heavy backscattering atom) and a thitcshaedtat
about twice this distance (indicative of a brucite-like hydroxide sheet) wsanpiia
the Fourier transform (FT) from the Co-rich region but was absent in the FT from the
bulk-leaf region Figure 2.5. Cobalt accumulated . muraleformed cobalt-rich
mineral precipitate(s) on the leaf surface. Detailed characterizattbe Gfo phase(s)
formed on leaves and the ligands involved with Co transport and detoxification are
reported in the next chapter of the dissertation.

DA-CMT images (i.e. virtual cross-sections) of a hydrated leaf from Co-
treatedA. muralerevealed a lack of metal enrichment in epidermal tisSiggie 2.9.
Cobalt near leaf tips (< 3@m) was localized predominantly on the leaf exterior. In
addition to Co enrichment on the leaf surface, DA-CMT slices at 20 jion3@elow
the leaf tip showed Co localized in isolated regions inside the leaf assomi#th the
vascular system. Cobalt was consistently observed on the exterior of leaves, but
deposition on leaf surfaces was less prevalent at greater distances fteat tipe
Images from several hundreds to thousands of microns below the leaf tip showed a
predominance of Co distributed around the leaf ground tissue (intercellular); the
distribution between cells was interpreted as Co in the leaf apogtasmng 2.6.
Cobalt enrichment was more prevalent in the region composed of spongy mesophyll
than palisade mesophyll; spongy mesophyll contains fewer chloroplasts and many

intercellular spaces linked to the outside via stomata.
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. 1000 pm

Figure 2.6. Differential absorption (DA-CMT) tomographic projections (pri

slices) of hydratedlyssum muraléeaves depicting (a) Co distribution in the leaf-tip
region, (b) Co distribution in the bulk-leaf region, (c) Co distribution in relation to the
leaf cell structure (grey), and (d) Ni distribution in the leaf-tip and bulkrkgibns.
Leaves were collected from a Co-treated plant (a-c) and a Ni-treatedd)lant
Sinograms recorded above and below the Co or Ni K-edge energy (+30 eV and -100
eV, respectively) were computationally reconstructed and the resulting [mogect

were subtracted (above - below) to reveal the metal distribution in leavesndessta

are relative to the leaf tissue at the tip as determined from leaf striuoages (i.e.
below-edge projections).

Regions with elevated Co or Ni were frequently observed in proximity to leaf
trichomes; however, Co enrichment was associated with the trichome structures on t

leaf surface (i.e. some Co on the leaf surface was trapped in the space between the
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trichome branches and the leaf tissue) while Ni was associated with the basal por

of trichomes. DA-CMT images of a hydrated leaf from Ni-tre#ethuraleshowed

metal enrichment in the epidermisdure 2.9; this result is consistent with other

studies of Ni compartmentalization Adyssumwhich have shown Ni sequestration in
epidermal cell vacuoleK(amer et al., 1997a, 2000; Broadhurst et al., 20044drb

addition to epidermal localization, Ni was observed within leaf ground tissue. In
contrast to Co, a fraction of Ni in ground tissue occupied the same spaces as mesophyll
cells, and this Ni distribution was interpreted as partial metal enrichmergsafphyll

tissue.

25 Discussion

At a fundamental level, mechanisms of metal tolerance and
hyperaccumulation iAlyssunremain poorly understoodd. murale
hyperaccumulates Ni and Co, but Zn is not accumulated to abnormal levels. Elevated
Co or Zn concentrations (5M) do not alter Ni accumulation or localization, thus
muralecan be used to recover Ni from most metal-enriched soils containing these
metal co-contaminantsA. muraleis more tolerant to Ni than Co; nickel
(hyper)tolerance is attained via epidermal compartmentalization (igolaac
sequestration)A. muraledoes not sequester Co in epidermal cells; cobalt in the
xylem or leaf apoplasm is excreted from leaves and subsequently sequesteréd on lea

surfaces as sparingly-soluble precipitate(s). Therefore, the spetialmdemical
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processes linked to Ni (hyper)tolerancéinmuraledo not confer (hyper)tolerance to
Co.

251 Metal L ocalization

Cobalt is preferentially localized at leaf tips/margins while Ni isnately
sequestered in epidermal cells. Vacuolar sequestration is a key strategydbr
tolerance because leaf epidermal cells provide an effective sink for the aatadnul
metal. Metal concentrations exceeding 0MB&/ere measured in epidermal cell
vacuoles of a Zn hyperaccumulat&itipper et al., 1999 McNear et al. (2005)
imaged Ni (DA-CMT) in arA. muraleleaf and reported, in addition to epidermal
enrichment, elevated Ni accumulation on/in the leaf tip; furthermore, it wasstedg
leaf tips function as an additional reservoir for Ni when concentrations exceed the
finite capacity of cell vacuoles. HowevafcNear et al. (2005)id not consider their
leaf tip was curled such that the epidermal layers near the tip were oriergibel par
the incident X-ray beam regardless of the rotation angle, thus the beam exglusivel
‘sampled’ metal-enriched epidermal tissue in this region leading to the erroneous
impression of elevated Ni on/in the leaf tip (i.e. bright voxels (3D pixels) in these
upper slices resulted from Ni in the epidermis). Upper slices from the DA-CMT
movie (supplementary informatiollcNear et al., 2005reveal a lack of Ni
enrichment near the point of the leaf (i.e. actual leaf tip); nonethdiess, slices

afford a rare glimpse of Ni localization across leaf epidermal tissue.
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Clear differences between Ni and Co localization sugesturaleuses a
different metal sequestration mechanism for Co than for Ni. While Ni is ibdisttl
to leaf epidermal cells and subsequently transported across the tonoplast ferdong-t
sequestration in vacuolesramer et al., 1996, 1997a, 2000; Broadhurst et al.,
2004a,h, Co does not have an efficient route of entry into epidermal cells.
Considering the serpentine (ultramafic) origimlAfssuma cellular-level tolerance
mechanism for Co may not have been naturally selected because the Ni : Co ratio in
these soils is relatively large. Additionally, Co is typically retainedenstnongly by
the soil components (e.g. Mn oxides) than Ni and thereby less phytoavaiphl&g
2003. Therefore, mechanisms other than vacuolar sequestration must be operating to
cope with the elevated Co concentrations in plant tissue.

A. muraleleaves apparently lack the transport system needed to sequester
Co in epidermal cells, thus accumulated Co resides in the xylem and the leaf
apoplasm. Mass flow and diffusion gradients in the apoplasm will cause Co to
redistribute in leaves. Water loss via transpiration will move Co towardddates
and margins where transpiration is maximal. Cobalt principally follows the
transpiration stream and results in Co enrichment at leaf tips/malgibata-Pendias
& Kabata 1984 When transpiration is low (e.g. night), root pressure will cause
exudation of xylem fluid from the ventilation pores (hydathodes) located at the points
of the leaf margin to where veins extend (i.e. guttation). Guttation fluids of plants

from ultramafic soils have been reported to contain elevated metal (e.g. Mn)
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concentrationsMlizuno et al., 200 For exampleMinuartia vernagrown in metal-
contaminated soil accumulated Cu and Zn in leaves and excreted these metals onto
leaf surfaces via hydathodddsgumann et al., 1997

Cobalt accumulated b&. muraleis ultimately deposited on leaf surfaces.
Cobalt enrichment on leaf surfaces is evident from X-ray microtomography (DA-
CMT), X-ray microanalysis (SEM-EDS), optical microscopy, and visual irigpeof
Co-treatedA. muraleleaves. Similar observations were mad&/bygnano & Hunter
(1952)who noted red-colored leaf tips on plants exposed to Co-enriched nutrient
solution. Cobalt deposition At muraleleaf tips is most prevalent on older leaves.
For many plant species, older leaves have the highest concentrations of eleotents s
as Co because evapotranspiration continues as long as the leaf is attached to the plant
(Malik et al., 2000. Deposition of sparingly-soluble Co species near the tips/margins
of A. muraleleaves is corroborated Iy situ microspectroscopic analyses (DA-CMT
& u-XAS) revealing weight percent Co(ll) is sequestered on leaf surfaces aml for
cobalt-rich mineral precipitate(s). Metal toleré&mabidopsis haller(formerly
Cardaminopsis hallejigrown in a Zn- and Cu-contaminated soil had mixed-metal
precipitate(s) on leaf surfacadgumann & zur Nieden 201

Elevated regions of Ni and Co occur consistently in proximity to the
trichomes orA. muraleleaves, and the Mn-rich zone surrounding the base of
trichomes may be partially responsible for this metal enrichment. Simultaneous

hyperaccumulation of Mn and Ni occurred in the basal compartment of the non-
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glandular trichomes oAlyssumeaves Broadhurst et al., 2003b Metal enrichment
of glandular leaf trichomes has been observed in non-accumulators such as Cu with
Cannabis sativgArru et al., 200%and Zn/Cd witiNicotiana tabacungChoi et al.,
2001; Sarret et al., 20p6Currently, no consensus exists for the role of Mn in Ni (or
Co) sequestration iAlyssumor whether the basal compartment of trichomes on
hyperaccumulator leaves functions as a significant repository for accechulatals
(Kramer et al., 1997b; Psaras et al., 2000; Kupper et al., 2000, 2001; McNear et al.,
2009.

252 Metal Interactions

Shoot Ni concentrations are not appreciably affected fonuraleplants
cultivated in mixed-metal systems containing less thanNd@o or Zn. Plants from
the Ni + Co + Zn treatment have the highest shoot Co concentrations, suggesting Zn
has a synergistic effect on Co uptake; the effects of Co on plants was revielRad by
et al. (1994)who noted Zn often interacts synergistically with Co. Cobalt-treated
murale(Ni + Co & Ni + Co + Zn) had significantly higher shoot S and Mn
concentrations than untreated plants. Enhanced S uptake by plants and elevated S in
Co-rich leaf regions may be related to a charge balance requirement. S#agchers
have found highly significant correlations between S and Ni in individual cells of
Alyssurrusing SEM-EDX and attributed the co-localization ta;S@inctioning as a
counter ion Kuipper et al., 2001; Broadhurst et al., 2004anhanced Mn uptake By,

muraleplants from the Ni + Co & Ni + Co + Zn treatments may be related to the

70



stability of transition metal complexes; the Irving-Williams se(leving & Williams
1948 predicts displacement of Mn from anionic functional groups (e.g. root cell wall
surfaces) in the presence of Ni, Co, or Zn.

Competition between metals is not evident under the conditions imposed
in this study. Cobalt frequently interacts antagonistically with Ni, Fe, and Mnntspla
(Kabata-Pendias & Kabata 1984, Palit et al., 298A4d antagonistic interactions
between Ni and Co are observed Abyssumspecies under specific experimental
conditions. For instanc&abbrielli et al. (1991¢valuated Co and Zn tolerance and
uptake in the Ni hyperaccumulatdlyssum bertoloniand suggested plants were
tolerant to Co and Zn but noted these metals compete with Ni accumulation; this
antagonistic interaction occurred wilyssumseedlings during a toxicity assay (i.e.
very high metal concentrationshlyssunplants hyperaccumulated Co (1320 mg kg
DW) from a Co-amended soil but accumulated significantly less Co (< 20 g kg
DW) from a refinery-contaminated soil with a high Ni to Co ratio (70 Mglik et al.,
2000. Cobalt and Ni accumulation Btyssunspecies in single and mixed-metal
media (several hundred mgkeetal) was investigated byomer et al. (1991\who
attributed lower Ni levels in plants to suppressed Ni uptake by Co ions.

Nickel and Co are expected to interact antagonistically due to competition
for semi-selective transport proteins in roots, while Zn is not expected terater
appreciably with Ni absorption (except by cation competition) because it is not

hyperaccumulated bylyssum High Ni and Co concentrations will increase
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competition for root metal transporters and for intercellular ligands pattrapa
metal absorption, long-distance transport, or metal detoxification. Exposure of the
hyperaccumulatoAlyssum lesbiacuro Ni resulted in a dose-dependent increase in
xylem fluid Ni concentration and free histidinteramer et al., 1996 thermodynamic
calculations (Geochem PC) predicted nearly all free histidine (> 97 %) wadecath
with Ni. Kerkeb & Kramer (2003)ater suggested a role for free histidine in radial
transport and xylem loading of Ni sdyssum Nickel/Co antagonism iAlyssunmay
be related to competition for intercellular ligands. Ligands with a greféitatyafor
Ni than for Co can facilitate selective accumulatistil{ & Williams 1980; however,
selective accumulation or antagonistic interactions may not be evident inaés=e
metal ion (Ni + Co) concentration exceeds the concentration of metal-bingkmgl 4.

253 Metal Tolerance and Sequestration

Metal tolerance and accumulation mechanisn. imuraledo not appear
directly correlated A. muraleconcentrates Ni in shoot tissue to abnormal levels
(hyperaccumulation mechanism) and has a Ni-specific tolerance mechaniswigvac
sequestration) to prevent damage to photosynthetically active tissue. rigjraila
muraleconcentrates Co in shoot tissue but lacks an equivalent cellular-level
sequestration mechanism to confer Co tolerance. InMactjson (1980)noted
Alyssumis less tolerant to Co than Ni. An underlying relationship between metal
accumulation and tolerance remains unclear. For instance, variability in Zm¢elera

between populations dihlaspi caerulescerfsom a Zn-mine contaminated and an
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uncontaminated site was not associated with a variation in the ability to acaimulat
Zn, suggesting tolerance and hyperaccumulation were independentritaitsii{le &
Smirnoff 198§. Similarly, high metal transport ability was coupled with low metal
tolerance in the non-accumulafnlaspi arvens¢kramer et al., 1997%a While
correlations between hyperaccumulation and tolerance have been observed in
populations of taxonomically-related hyperaccumulator and non-accumulator species
(Homer et al., 1991; Kramer et al., 1996, 1997a; Chaney et al., 1997; Salt & Kramer,
2000, intraspecies comparisons have revealed independent genetic variation in these
two traits forThlaspi caerulescen@®lacnair et al., 1999, 2000; Schat et al., 2000;
Pollard et al., 2002; Frérot et al., 20@mndArabidopsis haller(Macnair et al., 1999;
Bert et al., 2008

Tolerance strategies are typically metal specBich@t et al., 2000; Walker
& Bernal 2004, relying on unique biochemical processes to mediate metal transport
across cell membranes (e.g. vacuolar tonoplast) as well as intercedjatatdifor
chelation of metalsSchat et al., 2000 Previous research has identified the
importance of organic and amino acids in metal transport and detoxification in
hyperaccumulators (e.§lyssumandThlasp). Since free metal ions are the most
cytotoxic form of trace elements (e.g. Co and Ni), accumulator plants needizpécia
tolerance mechanisms to prevent disruption of normal metabolic functions.

Accumulator plants attain (hyper)tolerance through chemical binding (dettifita
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and intracellular sequestratioBrooks et al., 1977; Baker 1981; Kupper & Kroneck
2009.

A. muraleplants alleviate Co toxicity via an exocellular sequestration
mechanism. Depending on the definition of tolerance, one can Arguerale
achieves Co tolerance through a chemical-binding mechanism, presumably involving
O and N donor ligands, coupled to an exclusion mechanism involving excretion
(possibly via hydathodes) and deposition of the metal on leaf surfaces. Deposition on
leaf surfaces exposes the metal species to diverse environmental condigions (e.
microbial activity, dehydration, light, etc.) and can lead to formation of sparingly-
soluble phases via molecular-level restructuring. Cobalt excretedNromrale
forms cobalt-rich mineral precipitate(s) on leaf surfaces. Several contpone
mechanisms of metal tolerance can be recognized: 1) metal detoxification via
complexation with ligands, 2) metal sequestration in cellular compartmentsta&8) me
sequestration via exocellular deposition, and 4) metal detoxification by fomudti
sparingly-soluble phases.

Ultimately, understanding the physiological and biochemical processes
underlying metal acquisition, accumulation, and tolerance will permit optimizaf
metal phytoextraction and aid developments in the production of nutrient-fortified
foods. A mechanistic understanding of the highly selective metal transpon syste
linked to Ni tolerance i\. murale(vacuolar transporter of leaf epidermal cells)

should prove useful for identifying metal transporter(s) in roots or xylem, thushgffer
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insight to the lack of metal selectivity at the plant-minergBHhterface.

Accumulator plants with the capacity for “simultaneous hyperaccumulation” can
evolve with a cellular-level tolerance mechanism for one metal (Ni) but may not
develop a similar mechanism to confer (hyper)tolerance for a co-accumuldstd me
(Co), especially when environmental conditions limit the need for adaptation (e.g. low
bioavailability in the natural environment). These data agree with previous hypotheses
and support observations suggesting metal tolerance and accumulation mechanisms
can be independent. Accumulator plants lacking cellular-level tolerance for an
accumulated metal must resort to alternate sequestration strategiamtain metal
homeostasisA. muralerelies on an exocellular sequestration mechanism forACo.
muralecan be used to remediate Co-enriched soils or industrial wastewater in select
circumstances, and Ni phytomining can occur successfully with elevated Co or Zn in

(soil) solution.
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Chapter 3

COBALT SPECIATION IN THE NICKEL/ COBALT HYPERACCUMULTOR
ALYSSUM MURALE: AN IN SITU MICROSPECTROSCOPIC

INVESTIGATION

3.1 Summary

In this study, the chemical form of Co in roots, stems, leaves, and leaf
tips of Alyssum muralevere investigateth situ using bulk and microfocused X-ray
absorption fine structure spectroscopy (XAFS). Metal localization and eldmenta
associations in plant tissues were investigated with synchrotron-based X-ray
fluorescence imaging (SXRF) and scanning electron microscopy (SEM-EDXgmXy
fluid chemistry was determined with high performance liquid chromatography. The
ligands involved in Co transport and detoxification in the Ni/ Co hyperaccumiator
muralewere identified as well as the chemical forms of Co preferentially segeest

on leaf tips.

3.2 Introduction

Unigue metallophyte plant species (hyperaccumulators) have evolved an
ability to concentrate trace metals in their harvestable biomass, and tbeslay
sustainable method for treatment of metal contaminated sites (phytoreargdaatil

an opportunity to mine metal rich soils (phytomininGhéney 1988 Metal
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hyperaccumulator plants can absorb, translocate, and compartmentalize about 100
times more metals in aerial tissue than normal crop plants. Several pldmgs in t
Brassicacedamily (includingAlyssum have demonstrated the ability to
hyperaccumulate Ni (up to 10,000 mg/kg) in previous laboratory and field studies.
Cultivating hyperaccumulator plants on Ni-rich soils and ashing the harvestable
biomass to produce Ni ore (bio—ore) is an economically sound alternative for metal
recovery Chaney 1983; Chaney et al., 2004

Synchrotronu—XRF, XAFS, and XRD can be used to proimes{tu) metal
speciation and localization in hyperaccumulator plants with micrometer resoluti
Researchers have applied various synchrotron techniques to the investigation of metals
in hyperaccumulator plant¥tpper et al. (2004)sed XAFS to investigate
differences in metal complexation in the Zn hyperaccumulditaspi caerulescens
exposed to elevated Zn and Cd. Several varieti&slaspican simultaneously
hyperaccumulate zinc and cadmium. The Cd—challenged plants showed mild
symptoms of toxicity during early stages of growth. Zinc was complexed by mtroge
and oxygen ligands in all the tissues analyzed, while a considerable percentdge of C
(=30 %) accumulated Byhlaspiwas bound to sulfur ligands. Age— and tissue—
dependent differences in the metal binding environments were observed for these two
metals. These researchers attribute the differences in metal congpleésalisparate
detoxification strategies, and argue metal detoxification through vacuglassteation

(by organic acids already functioning as counterions) is energetically faxdoabl
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plants rather than investing excess energy to synthesize large amountsatizepeci
ligands (e.g. S—rich) required to bind a specific metal.

Sarrat et al. (2002)sed bulk and microfocused XAFS to investigate the
forms of Zn accumulated irabidopsis halleri In aerial parts, Zn was predominantly
octahedrally coordinated and complexed to malate. A secondary organic species in
which Zn was tetrahedrally coordinated was found in the bases of trichomes by
EXAFS but could not be identified. In the roots of hydroponically-gréwhalleri,
the only Zn species detected was Zn phosphate; the phosphate concentration in
nutrient solutions was too high for the Zn accumulation experiment leading to
chemical precipitation of ZnPQO Zinc speciation in stem tissue was not determined.

Previous work with Ni hyperaccumulators has demonstrated the
importance of organic and amino acids in plant metal homeostasis. For example,
nickel absorbed bglyssunroots becomes complexed by free histidine and
transported to the xyleniK(amer et al., 1996; Kerkeb and Kramer, 200 the
transpiration stream, oxygen-donor ligands (e.g. malate) are involved with Ni
detoxification and transport. The majority of nickel translocated to the shoots is
compartmentalized in epidermal cell vacuoles, forming a metal-ligand comple
unable to exit the tonoplast (vacuolar membrane). Vacuolar sequestration is a key
mechanism for metal (hyper)tolerance in hyperaccumulatoésrier et al., 2000;
Persans et al., 20ploffering a means of metal storage in plants where the least

amount of damage to photosynthetic tissues is expected to occur. Accumulated metals

84



can also be sequestered by association with cell wall material, which haverfahcti
groups bearing net-negative charge (bind metals).

It is crucial to know whether accumulated metals are bound by strong
(specific) ligands or loosely associated with common organic acids withingelét
and cell vacuoles (i.e. metal speciatiadifper et al., 2004 Information on the
speciation, localization, and associations of accumulated metals with othentdan
hyperaccumulator plants can provide insight into the physiological and biochemical
mechanisms of metal tolerance and accumulation. Ultimately, understanding of the
mechanisms underlying metal hyperaccumulation and tolerance will permit
optimization of metal extraction.

In our previous investigation of Co and Ni accumulation and
compartmentalization in Ni/ Co hyperaccumuladyssum muraléChapter 2), it was
determined thaf. muraleuses a different storage mechanism for Co (exocellular
sequestration) than for Ni (vacuolar sequestration), and thus the specialized
biochemical processes linked with Ni (hyper)toleranc&lyssumdo not confer
(hyper)tolerance to Co. Additionally, the formation of Co-rich mineral precagitam
the leaves of Co-treated plants was observed, representing a novel sequestration
mechanism involved in Co detoxification (tolerance). The aim of the present study
was to determine the chemical form of Co in the Co-rich deposits localized on the
surface ofA. muraleleaves as well as determine the speciation of Co in root, stem, and

leaf tissues.
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3.3 Methods

331 Experimental Design

Cobalt speciation in the roots, stems, and leaves of Ni/ Co
hyperaccumulatoA. murale“Kotodesh” was investigatad situ with bulk and micro—
focused X-ray absorption spectroscopy, and results were interpreted in light of
elemental and organic acids concentrations. Cobalt localization and elemental
associations in plant tissue were observed wHBXRF imaging. High-resolution
imaging and light-element detection was conducted with scanning electron mpgrosc
coupled with energy dispersive X-ray spectroscopy (SEM-EDX)muraleplants
cultivated in Co—enriched nutrient solution were harvested and analyzed for total
cobalt content after six weeks metal exposure. Naturally-bleeding fyliehwas
collected from plants grown in Co—enriched and Co—depleted nutrient solutions.
Xylem fluid chemistry was investigated with high performance liquid chromapby
(HPLC). Randomly selected plants were transported to a synchrotron facility for
analysis byu—SXRF,u—XAFS andu—XRD.

3.3.2 Plant Propagation and Cultivation

Alyssunplants were propagated and cultivated by the methods described
by Tappero et al. (2007)Briefly, apical cuttings were collected from a mature
“mother” plant and treated with Indole—3—butyric acid (rooting hormone). Cuttings
were placed into propagation cubes (spun silica glass) and kept in a clone box

(constant light and high humidity) until roots protruded from the bottom of the cube.
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Alyssunplants were transferred into 4—inch pots filled with acid—-washed and rinsed
perlite. Plastic mesh covered the drainage holes to retain the perlite, andod laye
inert rock was placed on top of the perlite to minimize light penetration and algal
growth. Alyssunmplants were placed in a greenhouse and pre—cultured for three weeks
prior to metal exposure. Photoperiod was set to 16 h with #@0m?s™
photosynthetically active radiation from a combination of high—pressure sodium (HPS)
lamps and natural sunlight. The temperature was maintained at 25 and 20° C during
the day and night, respectively. Plants were irrigated with a dilute nutrienbsolut
designed to mimic the conditions in a serpentine soil (3/IN@s; 0.33 MM PQy;
1.33 mM K; 1.25 nM Mg; 0.5 mM Ca; 0.75 M SQ;; 10uM B; 2 uM Mn; 1 uM Zn;
0.1uM Cu; 0.1uM Mo; 20uM Fe—HBED). Iron HBED (Fe-N, N’-di-(2-hydroxy-
benzoyl)-ethylenediamine-N, N’-diacetic acid) was used to prevent metatiohel
interactions Chaney 1988 Nutrient solution contained basal or elevated Co (25 - 50
uM) and was buffered at pH 6.1 with Z4MES (K-salt). Cobalt was added from a
stock solution prepared from the nitrate salt. Nutrient solution was replaced weekly
Plants were harvested and analyzed for total Co content after six weeks meta
exposure. Xylem fluids were collected from plants and analyzed for organic acid
anions.

3.33 Plant Tissue Analysis

Immediately following harvestlyssunmshoots were triple—rinsed in

deionized water to remove any adhering dust particles. Plant material was owen—drie
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at 65° C to a constant weight (approximately 48 h). Dry plant tissue was ground with a
plastic herb grinder (420 Grinder Company) and homogenized. Plant tissue samples
were acid digested using a modified EPA 3051 method. For each sample, 0.500 gram
(+/- 0.05) of plant tissue was microwave digested in 10 mL of concentrated HNO
The digest was filtered (0.32dn) and brought to 30 mL total volume with deionized
water. Samples were analyzed for Co, Ni, Zn, Mn, Fe, Mg, Ca, K, S, B, and P by
inductively coupled plasma atomic emission spectrometry (ICP-AES). Sample
duplicates were within 5 % agreement and the Co and Ni levels measured for the NIST
spinach standard were within the range specified by NIST.

3.34 Extraction and Analysis of Naturally-Bleeding Xylem Fluid

Plants were cultivated in Co-enriched or depleted nutrient solutions for six
weeks, and naturally-bleeding xylem fluid was collected by a method modified from
White et al. (1981) Two hours after onset of the photoperiod, plant stems were cut
several millimeters above the perlite—rock surface, and naturally bleederg Kyid
was collected with a needle and syringe. Xylem fluids were placed intshgtted
PCR vials, filtered (0.4m centrifugal filter device), and analyzed immediately by
HPLC (minimal sample pre-treatment). A separate portion of xylem fluids we
stored in PCR vials at —30 °© C; prior to analysis, these xylem fluids were lgedHib
dryness and then reconstituted in potassium phosphate buffer solution (i.e. mobile
phase). Organic acid anions (OAAs) in xylem fluid were analyzed with a Diogkx hi

performance liquid chromatography (HPLC) system equipped with a C-18 column
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using potassium phosphate solution (25 mM, pH 2.0) as the mobile phase (isocratic).
The sample injection volume was {10 and the flow rate was set at 1 mL fifor

the separations. Absorbance was monitored at multiple wavelengths and was
measured with a UV photodiode array detector at 220 nm wavelength.

3.35 Electron Probe Micro-analysis (EPMA)

SEM-EDX was used to collect high-resolution images of leaves from Co-
treatedA. muraleplants (i.e. observe Co-rich regions near leaf tips) and to detect
correlations between accumulated metals and lighter elements (e.g. Si and S).
Scanning electron micrographs were recorded using a Hitachi 4700 FESEM. Leaves
were dried over Cagpellets in a desiccator (48 hrs.) or were flash frozen in liquid
nitrogen and then freeze dried under vacuum prior to micro-analysis. Plant tissue
samples were mounted on a conductive carbon stub and sputter-coated with carbon to
reduce charging effects. Samples were scanned manually at magm§aHtB5 to
300 x.

3.3.6 Bulk XAFS Spectroscopy

Cobalt K-edge XAFS spectra of plant tissue samples and Co reference
compounds were collected at beamline X-11A at the National Synchrotron Light
Source (NSLS), Upton, NY. The electron storage ring operated at 2.5 GeV yielding an
electron beam of 300—100 mA. Energy resolution was achieved with a silicon (111)
double—crystal monochromator. The ionization chamber (lo) was filled with 19 % N

and 90 % Ar, and the beam was detuned by 30 % in lo to reject higher-order
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harmonics. The beam energy was calibrated by assigning the first inflectionton the
absorption edge of a metal foil to the elemental edge energy (7709 eV). Data were
collected in florescence mode using a Stern—Heald (Lytle) detected (fiith Ar)

equipped with a Fe (Z-1) filter to minimize elastically scattered tiadid_ytle et al.,

1984, or in transmission mode using an ion chamhgfil{ed with nitrogen gas and

trace amounts of argon to achieve optimal absorption in the desired energy range.
Powder samples were mounted into Acrylic sample holders, sealed with Kapton tape,
and run under ambient conditions (25 °C). Multiple scans were collected until
satisfactory signal-to—noise ratios were achieved.

High purity reference compounds were synthesized from reagent grade
materials using procedures established in the literature or were purekased
commercial, high-purity chemical reagents; synthetic precipitatab@most reliable
reference compounds due to the difficulty of obtaining mineralogically-pure geologic
specimens. Reference phases include pure metal hydroxides and carbonates
(purchased from Alfa Aesar), a hydrated cobalt carbonate hydroxide (synthesized by
the method oZheng and Xie, 2004mixed metal-Al hydroxides (synthesized by the
method modified fronTaylor, 1984and described imhompson et al., 199%nd
Peltier et al., 2006 metal-bearing hydrous layer silicates (synthesized by the method
of Decarreau 1981; Decarreau 198%etal-ligand coordination polymers such as Co-
fumarates) MsL, (synthesized by method @heng and Xie, 20Q4and aqueous

solutions of metal-ligand complexes. Aqueous Co standards (metal-ligand
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complexes) were prepared by reacting 300 igand with 30 nM Co(ll) at constant
pH (6.5). Aliquots of the aqueous standards were sealed into acrylic sample holders
with Mylar film, and were refrigerated and stored in the dark until analysis.

3.3.7 Synchrotron-based Spectr omicroscopy

Synchrotron-based spectromicroscopic methods for X-ray fluorescence
imaging (--SXRF) and extended X-ray absorption fine structure spectrosgepy (
EXAFS) were described ihappero et al. (2007)Spectra from hydrated plant tissue
were collected at beamline 10.3.2 of the Advanced Light Source (ALS), Lawrence
Berkeley National Lab, Berkeley, CA. A complete description of the beamline
hardware and operation can be foundlarcus et al. (2004)Fresh plant samples
were excised from live plants, mounted (with no further preparation) in a thin film of
Si grease to a sheet of Mo or Ag foil that was attached to the Peltier (thestnoe
cooler module on the XY sample stage; tissue samples were rapidly cooled’@ —30
Multi-elementu-SXRF images of Co-treateéd muraleleaves were collected to
observe elemental localization and spatial associations; the imagessed to select
regions of interest (ROIs) fa-XAFS andu—XRD data collection.

A novel distance (X) vs. energy (E) scan routine was compiled from pre-
existing SXRF and XAFS scan routine protocds(cus et al., 2004and was tested
in a line-scan mode. An XE scan records the X-ray fluorescence at eachgtdg (
um) along a line (X direction) starting with the incident beam energy fixed blew

elemental absorption edge and then repeating these absorption measurements with
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incrementally higher (e.g. 1 eV) incident beam energies until the desired egy iener
reached (e.g. extended region of XAS). In this way, an XAS spectrum is recorded for
each pixel area in the XE scan. Likewise, one can collect spatiably-@ds

spectroscopic information for a defined sample area (e.g. 100 xmipBy

performing a series of XE scans (i.e. ‘spectromicroscopic imagifigese large

spectral datasets can be analyzed statistically by principle componlksteana
followed by target transformation and a linear least squares fit proceduoiguely
identifiable features in the spectral dataset (i.e. contributions from knowngpeanie
be isolated with software-based algorithms and used to generate images shewing
spatial distribution for each unique chemical species identified within thplsarea;
a similar protocol is used to generate spectromicroscopic images with Symchrot
Reflectance Fourier Transform Infrared Microscopy (SR-FTIR), Scanning
Transmission X-ray Microscopy (STXM), and X-ray microdiffraction, theefatt
technique yielding “mineral maps” (e.g. map of goethite in soil thin section).

3.38 EXAFS Data Analysis

The procedures used for XAFS data analysis were descrili&déifia et al.
(2008a,b) XAFS data reduction was performed by standard metlgrdsv( et al.,
1988. Spectra were energy calibrated, background corrected, and normalized prior to
averaging. Normalized spectra were converted from energy units (keV) to
photoelectron wave vector units (Fby assigning the origin @Eto the first

inflection point of the absorption edge. A spline function was used to extract the chi
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oscillations from the XAFS. Fourier transformation (FT) of the ran*Kk) data was
performed over a consistent region in k spade<(2.0 — 10.5 A") and an analog of

the radial structure function (RSF) was obtained using the Bessel window fuifiction (
= 2). Single scattering paths for Co-O, Co-N, Co-Si, Co-C, Co—Co, Co-Mg and
Co—Mn were generated by FEFFAhkudinov and Rehr, 199 based on the structures
of Co—bearing minerals, or using MO/DFT (molecular orbital/ density fomaki

theory) geometry-optimized molecular clusters of aqueous metal-ligand cesplex
(Persson and Axe 20p5An estimate of the amplitude reduction factor’}Ses
determined by fitting the raw data for a cobalt hydroxide reference material
Multishell fitting (Co—O and Co—Co scattering paths) resulted in a value of
approximately 0.85 for Savhen the first—shell Co—O coordination number (&I

was fixed at 6 (octahedral), and this 8alue was then fixed to fit the experimental
data. The errors in the bond distances (R) were estimated to be accurate to R + 0.02 A
(first shell) and R + 0.04 A (second shell), and coordination numbers (CN) were
accurate to N + 20 % (first shell) and N + 40 % (second shell). Error esimate
determined by a comparison of XRD and EXAFS results for cobalt hydroxide, and
were in agreement with estimates previously publiskeDdy et al., 1994,

Scheidegger et al., 19p7All XAS data analyses were performed with WinXAS
version 3.1 Ressler et al., 199&r IFEFFIT version 1.2.8\ewville, 2001; Ravel and

Newville, 2005.
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Analysis of XAFS spectra collected from multi-component systems often
cannot rely on the more rigorous multi-shell fitting procedures. Rather, a $pectra
dataset obtained from multiple spots throughout the sample can be analyzed
statistically using Principal Component Analysis (PCA). Principle compsnent
analysis (PCA) describes a large dataset as weighted sums of a soralber of
components, and it has been used by a number of reseaktasse(man et al., 1999;
Manceau et al., 2000; Grafe et al., 200&banalyze spectra from complex, multi—
component systems when traditional shell by shell fitting is not appropriate. A
statistical fitting approach is requisite to model a dataset from agetexous system
because mixed or overlapping atomic shells (within a distance < 0.1 A) may not be
separable by shell fitting or may result in erroneous results (e.g. ingathckarge
values for fitting parametersiianceau et al., 2000, 2002PCA determines the
number of abstract factors needed to describe a spectral dataset, and subseguent targ
transformation (TT) of reference spectra provides the identity of the principle
components. Target transformation evaluates reference spectra as components by
mathematically removing any part of the signal not describable as a lineanatiorbi
of the factors, and the amount of signal removed from a reference is measured by a
SPOIL value alinowski, 1977 Manceau et al., 2000 Meaningful SPOIL values
fall between 0 and 4.5 and have been classified as excellent (0 to 1.5), good (1.5 to
3.0), and fair (3.0 to 4.5Malinowski, 1978. Spectra with the lowest SPOIL values

are considered as possible references for the linear least—squared titSRy ¢f the
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spectral dataset. Linear least—squares fit analysis is used to deté&eraneounts
(weight %) of reference material represented in each sample spectrascoytpe
experimental dataset (i.e. indicates proportions of mixed—species). Lirsar lea
squares fits are often performed with raw chi data; however, the real andanyagi
parts of the Fourier transformed data as well as Fourier filtered eh{idatone or

more atomic shells isolated by Fourier back-transformation) can be fit by this
procedure. Fit residuals defined as the normalized root square difference bbaeveen t
data and the fit are minimized during the fitting procedure. Accuracy of the fit is
dependent on the data quality, the data range included in the fit, and how well the
standards represent the unknown samgdigifowski, 1977, 1978 Components with

at least 10 wt % may be detectable by this metMath¢eau et al., 2000
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34 Results and Discussion

In our previous investigation of Co and Ni accumulation and
compartmentalization in Ni/ Co hyperaccumuladyssum muraléChapter 2), it was
determined thaf. muraleuses a different storage mechanism for Co (exocellular
sequestration) than for Ni (vacuolar sequestration), and thus the specialized
biochemical processes linked with Ni (hyper)tolerancglyssumdo not confer
(hypen)tolerance to Co. Additionally, the formation of Co-rich mineral priatgs on
the leaves of Co-treated plants was observed, representing a novel sequestration
mechanism involved in Co detoxification (tolerance). The aim of the present study
was to determine the chemical form of Co in the Co-rich deposits localized on the
surface ofA. muraleleaves as well as determine the speciation of Co in root, stem, and
leaf tissues. Cobalt speciationAnmuralewas studied by Co K-edge EXAFS on
powder samples, and was investigated at the micron scale by X-ray microfunmesc
(u-SXRF) andu-EXAFS spectroscopy.

34.1 Plant Growth and Cobalt Accumulation

All treatments resulted in healthy—looking plants at harvest. Plants in Co-
enriched nutrient media had mean = SrE={@) shoot Co concentrations of 1420 +
137ug/g D.W. (25uM Co treatment) and 2530 + 138/g D.W. (50uM Co
treatment); shoot Co reached 4420 * Lg®y D.W. for plants exposed to Co-enriched
nutrient solution for 12 weeks. Shoot concentrations of Mn and S were significantly

(P < 0.05) higher for Co-treated plants than for the control pldaragpero et al.
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(2007)observed higher shoot S and shoot Mn concentrations for Co-tfeatadrale
plants than for untreated plants, and suggested that elevated uptake of these elements
could be related to Co accumulation. Root Co was 871 H4gPD.W. and stem Co
was 411 + 49.g/g D.W. for the plants from the %0 Co treatment. The Co
translocation factor (i.e. ratio of element concentration in shoot tissue to element
concentration in root tissue) was 2.90 and the Co bioconcentration factor (i.e. ratio of
metal concentration in shoot tissue to metal concentration in growth media) was 858
for plants treated with 50M Co.

3.4.2 Organic acidsin Naturally-bleeding Xylem Fluid

Naturally-bleeding xylem fluid was collected from Co-treated and
untreatedA. muraleplants; three independent sets of experimental plants were grown
between 03/2006 and 08/2007 to obtain naturally-bleeding xylem fluid for repeat
analysis and method optimization. Xylem fluid samples were segregateddrtd
hr fraction and a 1 — 2 hr fraction. Furthermore, xylem fluids were split inteh*fre
(i.e. unaltered) and “lyophilized” samples, the latter were preserved figsisn@ae.
stored at -30 °C; freeze-dried under vacuum; reconstituted in 25 mM phosphate buffer,
pH=2.0) whereas the “fresh” xylem fluid samples were filtered (dm=entrifugal
filtration device) and analyzed immediately for OAAs by HPLC.

Collection time had little influence on the OAA composition of xylem
fluids, but it did influence the concentrations of OAA detected in fresh xylem fluids

the 1 — 2 hr fraction was more dilute in OAAs than the 0 — 1 hr fraction. Sample
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preservation had minimal influence on the HPLC results for the OAAs diiedie
muralexylem fluids; a notable exception was the partial conversion of fumarate to
maleate in standard reference materials carried through lyophilizationefdriee data

from the fresh xylem fluids have been reported in this stidiglé 3.).

Table3.1. Concentrations of major organic acids detected in naturally-bleeding xylem
fluid collected fromAlyssum mural@lants.

Major organic acidsin xylem fluid

Treatment
Fumaric Citric Malic
uM
Control 74.3a (4.36) 1090a (82.7) 1610a (72.7)

25 uM Co 243b (11.2)  2030b (163)  2530b (120)

50 uM Co 441c (20.0) 2180b (167) 2950b (144)

Values are mean (x SH);= 3. Different letters within a column indicate
significant differencel < 0.05) with Tukey HSD comparison

The major carboxylic acids (> 1Q0M) detected imA. muralexylem
exudates are malic and citric acids (control treatment); oxalic acidrtosioens are
constitutively high as well but efforts to dilute the samples for quantificatitmsof
analyte were unsuccessful. Trace amounts of ascorbic and tartaric aedewnel in
all xylem fluid samples. Succinic and iso-citric acids may also bergres&. murale
xylem fluids, but these analyte concentrations were near the instrumenioaeieat

and below the practical limit of quantification. Malonic and maleic acids are
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detected in any of the xylem exudates samples. The absence of malonicracid is i
apparent contradiction with other studies which have found this organic acid in the
extractant solutions prepared from dried and ground whole leaves of other Ni
hyperaccumulator speciesAlfyssum(Pelosi et al., 1976; Pancaro et al., 1977; Shaw
1980; Morrison 198)) however, collection and immediate analysis of naturally-
bleeding xylem fluid is a direct method that avoids extensive sample pretreége.g.
freeze drying, grinding, solvent extraction, volume reduction, treatment with exechang
resins, or derivativization).

The concentrations of malic, citric, and fumaric acids increased
significantly ( < 0.05) upon exposure to Co; however, only fumaric acid
concentrations continued to increase with increasing concentrations of Co in nutrient
solution. Additionally, fumaric acid showed the greatest magnitude of change upon
Co treatment, increasing 3-fold (3™ Co treatment) and 6-fold (5aM Co
treatment) relative to the control plant&/hite et al., (1981jneasured organic acids in
xylem fluids of tomato plants grown with high-Zn and normal-Zn concentrations in
nutrient solution, and observed a substantial increase in fumaric acid concentrations
for the high-Zn treatment.

Analysis of the xylem fluid chemistry of metal accumulator plants has
indicated the involvement of organic acids in metal translocation, transport, and
detoxification Pelosi et al., 1976; Pancaro et al., 1977; Lee et al., 1978; Vergnano and

Gabbrielli, 1979; Morrison 1980; Gabbrielli et al., 1991; Homer et al., 1991; Kramer
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et al., 1996, 1997; Salt et al., 1999; Sarret et al., ROBalic, malonic, and citric
acids have consistently appeared as the major ligands associated with Ni in aqueous
extracts of leaf material from Mediterrane&@lgssumspecies such as bertolonii
(Pelosi et al., 1976; Pancaro et al., 1977; Shaw 1980; Gabbrielli et al), A991
serpyllifoliumsubspeciesRancaro et al., 1977; Lee et al., 1978; Morrison 1980;
Brooks et al., 1981 andA. troodii (Homer et al., 1995). Lee et al. (197 ®ted malic
and malonic acids were the only important acids in purified extracts of the leaes of
serpyllifoliumdespite Ni stability constantslitmalate pK = 3.2; Ni-malonate pK =
3.2) considerably smaller than for citratei{citrate pK = 5.2)which is the primary
ligand responsible for Ni binding in New Caledonian hyperaccumulatadslle
(1979)argued the malic acid structure allows for a multiplicity of chelate rmgs t
further stabilize the complex formed with nick&haw (1980kvaluated the
phytochemistry of several Ni-accumulatiAtyssunspecies and confirmed the
substantial presence of malic aciddlyssum Morison (1980)rofiled organic acids
in leaf extracts fromA. muraleplus extracts from an accumulator and non-accumulator
subspecies dA. serpyllifoliumand reported noticeably higher citric and isocitric acid
levels in the nonaccumulator and observed substantial levels of malic and malonic
acids in the two hyperaccumulators.

Kramer et al. (1996nvestigated xylem fluid composition Alyssunmspecies
exposed to different Ni (and Co) concentrations and observed a linear correlation

between the concentration of metal and free histidine in the xylédmmotirale A.
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bertolonii, andA. lesbiacum At xylem pH, the effective stability constant for the
nickel-histidine complex is higher than for any other amino or organic acid; however,
at vacuolar pH, amino acids (e.g. histidine) form less stable complexes witld Ni a
Co. Organic acids (e.g. malate and citrate) produced by the Krebs TCA cycle are
known to effectively complex metal ions at pH levels encountered in xylem fluid (pH
> 6.5) and plant cell vacuoles (pb.0). Nickel is predominantly complexed with
carboxylic acids in shoots, suggesting the primary role of histidine may be &bechel

Ni absorbed by root cells and to facilitate xylem loading for long distance transpor
the shootBaker et al., 2000; Kerkeb and Kramer, 2003

34.3 Cobalt Localization and Elemental Associationsusing
Synchrotron-based Spectromicroscopy and Electron Microprobe Analysis
(EMPA)

Micro—SXRF images reveal Co preferentially accumulated at leafrighs a
margins ofA. muraleplants Figure 3.); an identical localization pattern for Co was
first observed foA. muraleplants cultivated in a mixed—metal (Ni+Co) system
(Tappero et al., 2007 Multiple leaves from each plant and leaves from different

plants were imaged with SXRF to verify the Co localization pattern is exgsdve.
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Figure 3.1 u-SXRF image showing the distribution of Co (red), Mn (blue), and Ca
(green) in a hydratefllyssum muraléeaf from the 5QuM treatment plus approximate
regions on leaves whepeEXAFS spectra were collected (indicated with circles).

Synchrotron XRD indicates the stellate trichomes on the leaf surface are
composed of calcium carbonate (Caffather than calcium oxalate as had been
speculateqFigure 3.2. In addition,u-XRD revealed the presence of silica phytoliths
in the Co-rich region near leaf tips; a phytolith (“plant stone”) is a rigatascopic
silica body that forms in many plantBiffraction data were consistent with a mixture
of “amorphous” silica (opal-A) and a poorly-ordered layered framework with a
polyhedral local structure resembling that of a sheet silicate (metakdctaare
joined along edges and share corners with ditrigonaj ®1Qs), presumably a Co-rich
phyllosilicate resembling Co-Kerolite (2:1 trioctahedral hydrous sdichformula

(C0,MQ@)%SisO10(0OH)2*nH0) (Figure 3.3.
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Figure 3.2 One-dimensional XRD pattern for a trichome orfamuraleleaf,
numbers indicate respective d-spacing for characteristic calcite ((fpa€&ks. Inset,
SEM image (center) and two-dimensiopakRD pattern (right) for the trichome.
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Figure 3.3 Representative one-dimensional XRD pattern for a Co-rich hotspot near
the tip of a Co-treated. muraleleaf (upper line) and a synthetic, poorly-ordered
hydrous Co silicate (lower), numbers indicate respective d-spacing foakever
characteristic features of the Co-Phyllosilicate (syn. Co-Ker@itgSizO10(OH),).

Inset, two-dimensional-XRD pattern (right) for the Co-rich hotspot.
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Alyssum muraléeaves were investigated with SEM-EDX. Electron
microprobe analysis (EMPA) of leaves from Co-treateduraleshowed elevated
levels of Si, Mg, Ca, and Mn in Co ‘hotspots’, suggesting these elements were
associated with Co on the leaf surfa€gy(re 3.4. Silicon is the only element

associated with the Co-rich deposits that was not detected in the bulk-leakreqgi

Figure 3.4. EMPA backscattered electron (BSE) image of a leaf from a Co-treated
Alyssum mural@lant and associated X-ray fluorescence maps for Co, Si, Ca, Mg, S,
Mn, and K (top panel) plus the corresponding energy-dispersive X-ray spectra
(produced by spectral summation) for the Co-enriched and bulk-leaf regions (next
page)
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Figure 3.4 (cont) Energy-dispersive X-ray spectra (produced by spectral summation)
for the Co-enriched and bulk-leaf regions.

344 Cobalt Speciation in the Bulk Samples

The principle amino and organic acids involved with Co detoxification
and transport i\. muraleinclude fumarate, malate, citrate, and histidine. These same
ligands are involved with Ni detoxification and transporfirmurale Speciation in
leaves of Co+Ni-treatedl. muraleplants (i = 3) was investigated with bulk Ni K-edge
and Co K-edge EXAFS and the primary Ni species were found to be Ni-histidine
(70%) and Ni-malate/Ni-citrate (30%)dble 3.2 & Figure 3)5 Cobalt speciation in
the same leaves from the Co+Ni-treated plants consisted of Co-histidined6@%o)

Co-fumarate (36%).
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Table 3.2 Summary of Co speciation in hyperaccumul#tiyssum murale

,;!’;b Hydrous Hydrous Co- Co-
ﬁ'fe Co- carbonate Co- Co- Co- malateqq/ Energy
fg“} Sample|D silicate® hydroxide® fumaratey® histidingaq fumarate,, Citraten, — shift — NSS™
fa Bulk XAFS % B
.!‘,-u. Leaves
A £ % B0 6wk (CorNi) 62 36 159  3.63E-02
W) 6wk (Co+Ni) 77 25 0.26 2.87E-02
e NAU T BL 2wk 64 36 -0.88  4.04E-02
\:‘.\ B2 4wk 47 55 -1.02  2.01E-02
i 1B3 6wk 37 64 -0.82 1.73E-02
9 B4 6WK (W/o tips) 34 46 17 -1.01  1.91E-02
I Stems
4 .B5 6wk 52 52 -0.76  1.69E-02
fioY
ATH Roots
?.%%l.\.‘. B6 6wk 63 37 -391 9.57E-02
b\ |
p-XAFS (summary)
ul  leaf tip 81 16 0.20 4.97E-02
leaf tip 65 14 21 -0.40 4.95E-03
leaf tip 86 15 162 1.78E-02
leaf margin 25 18 57 0.85 5.19E-02
leaf vein 22 31 46 0.83 3.84E-02
basal 42 20 41 0.65 3.36E-02
basal 34 67 0.27  3.65E-02

\\" *Co Kerolite-like [C@Si;O1¢(OH);*xH 0], °Co Widgiemoolthalite-like [CHCOs)4(OH),*xH ;0], ‘Co-Fumarato Polymer [G(C4H,04),],

= “Normalized Sum of SquareEstimated error in fitting was + 10 I K-edge XAS (Ni-Histidine; Ni-Malate/Citrate)

It is noteworthy that fumarate was associated with Co in leaves from both
the Co-only (i.e. Co-histidine & Co-fumarate) and Co+Ni treatments (i-eliddidine,
Ni-Malate, Co-histidine & Co-fumarate). Analysis of the organidsan naturally-
bleeding xylem fluid fromA. muralecontrol plants revealed that xylem fumarate
concentrations are constitutively low (~iB1); however, xylem fumarate
concentrations are elevated (~6 fold) when plants are exposed to nutrient solution with
50 uM Co. In contrast, the xylem fluid concentrations of malate and citrate are

constitutively high (> 100QM) in both control and Co-treatedd muraleplants.
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Figure 3.5 Cobalt K-edge EXAFS spectra of bulk plant samples, rawdightedy(k)
spectra (dotted line) and corresponding linear combinations fit (solid line)
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Cobalt speciation in the leaves of Co-tregkednuraleplants was
investigated as a function of the time length of metal exposure. Plants weredexpose
to Co-enriched nutrient media for 2, 4, or 6 weeks and the plant tissues were
investigated with bulk Co K-edge EXAFS. Cobalt speciation in the leaves of the 2
week plants consisted of Co-histidine (64%) and Co Fumarate (36%). The proportions
of Co species show a trend with the time length of metal exposure. For instance, the
fraction of Co bound to histidine in leaves decreases from 64% to 47% to 37% (2wk,
4wk, and 6wk, respectively) while the fraction of Co bound to fumarate increases from
36% to 55% to 64%.

The observed trend in Co speciation could be explained by either the
accumulation of Co in leaves as Co-fumarate complexes or the conversion of
histidine-bound Co to fumarate-bound Co; other possibilities to consider include a
proportional decrease in free histidine (biosynthesis) or an increase in levels of
fumarate (biosynthesis). A decrease in histidine biosynthesis could be caused by any
number of unrelated reasons including the normal fluctuations in plant metal
homeostasis resulting from various stages of plant growth and maturity. Withlsever
weeks or more of metal exposure plants can adjust to conditions with elevated metals
and compile their biochemical machinery for optimal metal (hyper)toleralea{ed
production of histidine); once stability is reached the machinery is optimized for
efficiency (suitable production of histidine). The short-term “histidine response”

observed bKramer et al (1996jnay be an early step in a series of biochemical events
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leading to the stable phase of sustained metal uptake and elevated resistarale to met
toxicity. Therefore, a decrease in Co-histidine species (and an increaséum&rate
species) at longer time lengths of metal exposure could reflect changestatubes

plant metal homeostasis.

Another possible explanation for this trend in Co speciation (increase in
Co-fumarate species at longer time lengths of metal exposure) is theuéatoommof
Co-fumarate in leaves and storage as Co-fumarate complexes. Colaaittaim
solutions are unstable; a Co-fumarato coordination polymer forms rapidly in solution
(final pH = 5.5) and crystals develop in a few days at ambient temperatuve (a fe
hours at 50°C)4heng and Xie, 2004 In the cobalt-fumarato coordination polymer
[Co3(H20)4(OH),L2*2H,0 with HL = fumarate, HOOCCH=CHCOOH)], two Cg@O
octahedra are condensed through hydroxide anions to form edge-shared bi-octahedra,
which are bridged by a third Cge@ generate a cobalt oxide chain extending
indefinitely in the [100] directiongheng and Xie, 2004 The bridging Co@
octahedral unit is coordinated by four oxygen atoms of different fumarate anions and
two hydroxo oxygens. Through the bis-bidentate fumarate anions, the cobalt oxide
chains are inter-linked into 3D open framework with rhombic tunnels propagating into
the [100] directionZheng and Xie, 2004 Therefore, fumarate-bound Co has the
potential to accumulate in leaves or at leaf surfaces, condensing into Co-tumarat
coordination polymers as the Co- and fumarate- rich vascular fluids (evapo)trenspira

from leaves (especially near leaf tips and margins).
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Histidine- and fumarate-bound Co are the predominant Co species in
leaves of Co-treatefl. muraleplants; however, a spectral contribution from Co-
malate/citrate becomes more noticeable with increasing plant agen{edetigth of
metal exposure). The spectrum of leaves from the 6 week plants can be correctly
reconstructed with reference spectra of Co-malate/citrate (1394)is@idine (30%),
and Fumarate (56%) (i.e. by allowing@ @®@mponent), but the NSS value (1.61E-2)
does not meet the best established cutoff criteni@reby the fit (judged by the NSS)
must improve by more than 10 % and the added component must be weighted more
than 10 % of the total contributioMénceau et al., 2002; Sarret et al., 2002
Considering the high concentrations of malate and citrate (> d)@etected in
naturally-bleeding xylem fluids collected frofa muraleplants, it is surprising to find
a greater proportion of Co bound to fumarate than to citrate or malate, especially sinc
the latter two should have stronger binding constants (e.g. for Ca ahdSJu;

Critical Database 46 v.8, Smith and Martell, 200@®n the other hand, xylem fluids
contain a complex mixture of inorganic ions (e.g*’Clig®*, SQ?2"), organic anions
(e.g. oxalate) and other solutes and biomolecules that affect metal-ligahioriequi

Agqueous complexes of Co-citrate and Co-malate are difficult to
distinguish by EXAFS spectroscopy. Pure standard reference solutions (pH 6.5) have
x(K) spectra that match almost perfectly in both phase and amplitude (minud a smal
deviation in slope that occurs on the left shoulder of an oscillation in the k-range 5.5 —

6.0 A), and the Fourier Transforms of the rgW)*k > spectra show little differences in
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the modulus or the imaginary pafidure 3.9; pure Ni-malate and Ni-citrate solution
standardsre equally challenging to distinguish with EXAFS. Since malic and citric
acid concentrations are constitutively higlAinmuralexylem fluid (~1-2 mM) and

the Co binding environment is nearly identical for Co-malate and Co-citrate
complexes, the spectra for Co-malate and Co-citrate standard refesiertions were
merged and the average was included in the fit library as a Co-malaigiie-
standard.

Cobalt bound to malate/citrate is detectable in leaves of the 6 week plants
when the leaf tips (~2 mm) are excised. SXRF imaging had indicated Co is
preferentially localized at leaf tips/ margins, with the greatestlenent extending
~2000um from the average leaf tip. Leaf tips (~2 mm) were meticulously excised
from several hundred leaves of Co-treatednuraleand the basal segments of leaves
were pooled and prepared for analysis by EXAFS. Cobalt speciation in the leaves of
the 6 week plants (tips excised) consisted of Co-histidine (34%), Co-fun(Bése,
and Co-malate/citrate (17%), indicating that Co-malate/Coteisijaecies are present
as minor components in the leaves and become more significant to the total speciation
when the leaf tip material is removed (‘'unmasked’). Additionally, it provides an
indication that these species may be present in the leaves from 2, 4, and 6 wk plants;
however, including Co-malate/citrate reference spectra (i.e. byiafand®
component) does not change the fit (NSS) for the 2 wk plants, and only improves the

fit slightly for 4 week and 6 week plants (4% and 7%, respectively).
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Cobalt-fumarate species are more concentrated near theAtiprafrale
leaves. A comparison of the Co speciation in the leaves of 6 week plants without tips
(~2 mm) to the leaves of 6 week plants (whole leaves) reveals that the cut leaves
contain overall less Co-fumarate (46% -decreased from 64%) but nearly #he sam
amount of Co-histidine (34% -compared to 37%) as the whole leaves. In other terms,
the tips of the leaves tend to contain more Co-fumarate than the basal portions;
microprobe findings highlight this trend as well. This finding corroborates the
reasoning presented previously to explain the increase in Co-fumarate species
observed at longer time lengths of metal exposure (i.e. accumulation and storage of
Co-fumarate complexes in leaves).

Cobalt speciation i\. muraleis influenced slightly by the co-
accumulation of Ni (i.e. “simultaneous hyperaccumulation” of Co and Ni). Cobalt
speciation in the leaves of 6wk Co+Ni-treated plants consists of Co-histiding (62%
and Co-fumarate (36%), which is most similar to the speciation observed for 2 week
plants from the Co-only treatment. However, in comparison to plants from the
equivalent 6 wk Co-only treatment, the Co+Ni plants have substantially more Co
bound to histidine (63%-increased from 37%) and considerably less Co bound to
fumarate (36%-decreased from 64%). The larger fraction of histidine-bound Co
observed in the presence of equimolar Ni (Co+Ni treatment) suggests that Ni
stimulates histidine production and Co competes for free histidndener et al.,

1996. Thus, Ni may stimulate Co accumulation and elevate Co toleradgssum
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Figure 3.6 Cobalt K-edge EXAFS spectra of Co reference compouridgeighted
x(K) spectra and corresponding Fourier Transforms (modulus and imaginary part).

113



Similar Co species are detecteddinmuraletissues but their proportions
in root, stem, and leaf tissues reveal an overall trend in bulk Co speciation. Root
tissue of the 6 week plants has more histidine-bound Co (63%) than fumarate-bound
Co (37%); stem tissue of the 6 week plants contains an equivalent amount of Co-
histidine (51%) and Co-fumarate (51%), and leaves of 6 week plants have more
fumarate-bound Co (64%) than histidine-bound Co (37%). An overall trend in Co
speciation that emerges for the 6 week plants is that the greatest amoundioghisti
bound Co occurs in roots (63%) followed by stems (51%) and then leaves (37%).

This unequal distribution of Co-histidine between root, stem, and leaf
tissue agrees with the findingskfamer et al. (1996andKerkeb and Kramer (2003)
which attribute a role for free histidine in the radial transport and xylem loadiNg of
and Co in roots ofAlyssumhyperaccumulators. In a similar manner the current finding
supports the many accounts of hyperaccumulated metals (e.g. Ni, Zn, Co) associated
with oxygen-donor ligands (e.g. organic acids) in hyperaccumulator leaves.
Furthermore, the observed decrease in histidine-bound Co from root to stem to leaf
tissue suggests that a speciation change from histidine-bound Co to fumarate-bound
Co (possibly via a ternary-complex intermediate) might occur somewloerg thle
solute pathway. Metal speciation in hyperaccumulator plants can be expected to vary

between plant structures, tissues, cell types, and cellular compartments.
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345 In situ Cobalt Speciation in Hydrated Alyssum L eaves

Bulk EXAFS spectroscopy shows Co-histidine and Co-fumarate are the
predominant Co species in Co-treafednuraleplants and that Co-malate/Co-citrate
are present as minor species (on a bulk, whole-leaf scale). The increase in Co-
fumarate species observed at longer time lengths of metal exposure (2, 4, and 6 weeks)
suggests accumulation of Co-fumarate in leaves and possible storage asa€efum
coordination complexes. Furthermore, bulk measurements obtained for whole and cut
leaves (excised leaf tips, ~2mm) suggests the tips of the leaves tend to canéain m
Co-fumarate species than the basal segments. Microfocused X-ray absorption
spectroscopyu-XAS includingu-SXRF, u-EXAFS, andu-XRD) can be used to
investigate element speciation and distribution in natural, heterogeneoussattpe
(sub)micron scale. By utilizing these spectromicroscopic tools in conjunctibn wi
electron probe microanalysis (EMPA) and other analytical and wet-chemical
techniques it is possible to study thesitu speciation of elements in soils and plants,
where speciation can vary over tens of microns.

Micro-SXRF and CMT (tomographic) imaging revealed that Co
accumulated by. muraleis localized in the transpiration stream and is eventually
pulled to leaf surfaces, resulting in preferential accumulation of Co atdsaf t
margins and the formation of sparingly-soluble precipitates on leaves. Cobalt
enrichment on the surface of leaves is visible with optical microscopy. Electron probe

microanalysis (EMPA) of leaves from Co-treatednuraleplants shows Co-rich

115



deposits localized on leaf surfaces; the deposits appear massive in habit (no individual
grains or crystals visible) with botryoidal-like morphological featuresr(gal like

bubbles or partial bubbles). Electron diffraction did not identify any “crystalline”
phases associated with the Co-rich deposits on leaves; the Co-rich deposies may
nanocrystalline or “amorphous”. The electron microprobe beam penetrated only a few
microns into the sample, thus the recorded signals were emitted from the laeé surf

or cuticle layer. A comparison of the EDS spectra (prepared by spectrabsiom)

for the Co-rich and bulk-leaf regions shows that Si, Mg, Ca, and Mn are spatially
associated with the Co-rich deposits; these elements are present atlelevat
concentrations in Co-rich areas. Silicon is the only element associated witb-the

rich deposits that is not detected in the bulk-leaf regions.

The Co K-edgei-EXAFS spectra of hydrated leaves from Co-tre#ted
muraleare shown irFigure 3.7and the fit results are showniable 3.3 Initial
spectromicroscopic measurements revealed differences in speciationrbtiey -
rich and bulk-leaf regions plus differences in speciation within the Qaegion. A
microfocused X-ray absorption spectroscopy study was initiated to investigate Co
speciation in the Co-rich deposits near leaf tips and margins and to determine the
ligands involved in Co detoxification and transporAinrmurale(i.e. in plantaCo
speciation). A suite of spectromicroscopic measurements (inclue®XRF, u-

EXAFS, andu-XRD) were performed with fresh, hydrated leaves from healthy, living

plants.
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Results from Co K-edge-EXAFS are in good agreement with those
obtained from the bulk EXAFS analysis of dry plant tissues, which identified Co-
histidine and Co-fumarate as the predominant forms of Co in leaves. Sinpitarly,
EXAFS measurements found that Co-fumarate is the most ubiquitous Co species in
hydrated leaf tissue from Co-treatddmurale Co—fumarate was detected at 83
percent of the locations sampled with the micro-focused X-ray beam; it ranged fr
15 to 57 % of the total Co species in the sample volume measured by the beam (i.e.
spot size x sample thickness). On average, Co-fumarate accounts for about one-third
(32%) of the total Co speciation at the locations in the leaf where it is found.

Although bulk XAFS measurements (dry plant material) indicated that
Co-malate/Co-citrate species are minor species in Co-trAatadraleleaves, they
were the second most prevalenplantaCo species encountered in hydrated leaves by
microspectroscopic analysis. Co-malate/Co-citrate speciesdegzcted at 69 percent
of the locations sampled with the micro-focused X-ray beam; their proportions ranged
from 15 to 57 % of the total Co species in the sample volume measured by the beam.
On average, Co-malate/Co-citrate accounts for about one-half (47%) of theatotal C

speciation at the locations in the leaf where it is found.
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Figure 3.7 Cobalt K-edgau-EXAFS spectra of hydrated leaves from Co-tredted

murale(dotted lines) and corresponding linear combinations fit (solid lines)
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Table 3.3 Linear combination fit results for the XAFS spectra of hydrated leaves
from Co-treatedh. murale(shown inFigure 3.7)

Hydrous Co- Co-
Sample!|D HydrousCo- carbonate Co- Co- Co- Malate/
slicate? hydroxide® fumaratey®  Histidine,, Fumarate,, Citrate,, deta EY  Nss¥
mi 81 16 020  4.97E-02
m2 65 14 21 040  4.95E-03
m3 67 33 020 3.16E-02
ma4 69 18 13 027  7.17E-03
m5 45 18 37 130  6.72E-02
m6 34 41 25 0.89  3.76E-02
m7 34 40 25 071  351E-02
m8 25 30 44 0.63  3.87E-02
m9 82 21 204  4.32E-02
mic 86 15 162  1.78E-02
m11 42 20 Vi1 0.65  3.36E-02
m12 36 25 40 087  3.78E-02
m13 26 25 48 108 4.01E-02
m14 26 27 49 024  5.07E-02
m15 22 31 46 0.83  3.84E-02
m16 17 33 52 050  3.64E-02
m17 33 67 042  3.45E-02
m18 34 67 027  3.65E-02
m19 39 57 011  4.81E-02
m20 41 60 045  3.46E-02
m21 44 57 041  5.11E-02
m22 57 43 001  5.39E-02
m23 52 48 022  5.26E-02
m24 25 41 34 020  7.39E-02
m25 21 34 44 037 5.92E-02
m26 25 18 57 0.85  5.19E-02
m27 20 15 65 017  1.26E-02
m28 62 33 026  4.93E-02
m29 51 44 0.27  5.08E-02

Co Kerolite-like [C@Si;0;o(OH),*xH 0], °Co Widgiemoolthalite-like [CgCO,),(OH),*xH ,0], “Co-Fumarato Polymer [GEC,H,0,),],
dEnergy Shift (eV);Normalized Sum of SquaréE,stimated error in fitting (+ 10 %)

Cobalt-histidine was detected at 31% of the locations sampled with the X-
ray beam, reflecting far fewer occurrences for this Co species than for @oatem
(83%) or Co-malate/Co-citrate species (69%). However, Co-histidine seeiaot
spatially associated with the Co-rich regions near tips (~2mm) and dyedetected
in proximity to the leaf tips or margins; instead they are usually found in the éasal |
regions where Co localization is more diffuse (“diffuse leaf region”u-BXAFS
scan was collected at midleaf in the center of the main vein of a Co-tAdgssdm
leaf and the Co speciation consisted of Co-histidine (22%), Co-fumarate (31%), and

Co-malate/citrate (46%). This finding is consistent with a repokdyear (2006 of
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Ni-histidine species localized in the leaf vein region of a hydrated leaf ficnedded
A. murale On average, Co-histidine accounts for more than one-third (36%) of the
total Co speciation at the locations in the leaf where it is found.

Additionally, theu-XAS investigation aided in the discovery and
identification of sparingly-soluble Co species sequestered on leaf surfagesse
margins). Spectra collected in Co-rich regions near leaf tips showedgstr
differences from spectra collected in bulk-leaf regions (diffuse Thg Co K-edge
k3-weightedy(k) spectrum of a Co-rich spot on Anmuraleleaf had a beat pattern
near 5A* and a split oscillation between 7 and &Ewhereas the(k) spectrum from
a bulk-leaf spot did not have these characteristic structural featuresaspiic
several frequencies are indicative of a long-range ordered binding environment such as
that in a mineral structure, while spectra dominated by a single frequency are
indicative of a short-range ordered environment. Diffraction data from theeRo-ri
region are consistent with a mixture of amorphous silica (opal-A) and a poorlyérdere
sheet silicate. Micro-EXAFS and EMPA indicate the Co-rich region corsa®s
rich precipitate species with a polyhedral local structure resemblingftehéet
silicates (metal octahedral are joined along edges and share corners iginalitr
SiO4 rings), presumably a poorly-ordered Co-rich phyllosilicate reseg@lCo-

Kerolite (2:1 trioctahedral hydrous silicate of formula (Co,Md010(OH),*nH,0).

Cobalt-rich regions near leaf tips and margins host a mixture of stable and

meta-stable phases that form on leaf surfaces via the (evapo)transpiratimogtal

120



fluids rich in Co (i.e. Co-fumarate, Co-malate/citrate, Co-histidame) other non-
essential solute molecules (e.g4§i04]%) carried in the transpiration stream

EXAFS andu-XRD revealed that Co phyllosilicate-like phases (e.g. 2:1 trioctahedral
Co-Kerolite-like, (C03SiyO10(OH),*xH >0) are the most prevalent species formed in
Co-rich leaf regions. These poorly-ordered, biogenic, nano-sized phytoliths afnsist
two-dimensional hydrous cobalt silicate domains embedded in amorphous opal (opal-
A) matrix. Cobalt phyllosilicate-like phases were identified in 28% of thetilmas
sampled with the X-ray beam; proportions of this hydrous Co silicate species at
various point locations in the Co-rich region of the leaves ranged from 25 to 81% of
the total Co speciation. In addition to Co-Kerolite-like phytolith®\omuraleplants
(hereso namedvietallo-Phytoliths”), spectromicroscopic analysis revealed a
significant presence of another Cobaltoan mineral precipitate sequesterefd on lea
surfaces, a hydrated cobalt carbonate hydroxide.

Widgiemoolthalite (N§(COs3)4(OH),*4H0) is the naturally-occurring Ni
analogue of hydromagnesite (hydrated magnesium carbonate hydroxide,
Mgs(COs)4(OH).*4H,0) that was recently discovered and described (1993). An
analogous hydrated Co-carbonate hydroxide mineral can be synthesized by dropwise
addition of NaCO; (1M) to a stirred aqueous solution of Co(ll) (0.5M) at ambient
temperaturedheng and Xie, 200Q3the violet precipitate is a poorly-ordered, “X-ray
amorphous” relative to commercially-available Cobalt Carbonate Basic (a.k.a.

hydrated cobalt carbonate hydroxide, CofzJ(OH),]*xH20). A natural specimen
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of the Co-analogue to Widgiemoolthal{téos(COzs)4(OH).*xH »,0) has not been
discovered or described to date, but the biogenic species observed on leaves of

hyperaccumulatoA. muraleis hereso namée@gwidgiemoolthalite”

Co-Kerolite (Co,Mg) Si,0.(OH),*xH,0

.'._;.I_' - _’

\

Widgiemoolthalite Co,(CO,),(CH),*xH,0

Co-Fumarato coordination polymer ML, [Co,(H,0),(OH),(C,H,0,),]*xH,0

-

Figure 3.8 Molecular-scale representations of the coordination environment in a
Cobalt-rich Kerolite-like 2:1 trioctahedral phyllosilicate, a hydrous Cbarzaite
hydroxide mineral precipitate, and a Co-fumarato coordination polymer.
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Sqgwidgiemoolthalite-like mineral precipitates were detected at 21% ad¢hedns
sampled with the X-ray beam; proportions of this Co-carbonate hydroxide species at
the various point locations in the Co-rich region of the leaf ranged from 18 to 86% of
the total Co speciation.

Co-Kerolite-like phytolith and Co-carbonate hydroxide are both observed
in the Co-rich region of leaves. Both species are most frequently detectédiowith
fumarate Co-Kerolite-like phytolith and Cobalt carbonate hydroxide are frequently
observed as isolated phases surrounded by aqueous Co species, but in other cases they
are co-localized with one another and associated with an aqueous Co species (usually
Co-fumarate).

Bulk and microfocused EXAFS spectroscopies indicate that Co-fumarate
is a primary species in Co-treatddmuraleplants at both the bulk (whole leaf) and
micron (cellular) scale. Bulk EXAFS analysis of cut (leaf tip excised) dradew
leaves suggests Co-fumarate may accumulate in leaves and might be sioftedfne
tips as Co fumarate coordination complexes. Furthermore, bulk EXAFS revealed that
the proportion of Co-fumarate species in leaves increases with longer rigties|ef
metal exposure. Therefore, Co-treafednuraleplants contain localized regions with
elevated concentrations of cobalt and fumarate. Cobalt fumarate solutions are
unstable; a Co-fumarato coordination polymer forms rapidly in solution and crystals
develop at ambient temperature in a few days (a few hours at 207€)g and Xie,

2009). For instance, Co fumarate crystals formed serendipitously in a higi-porit
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fumarate,q) solution that had been prepared as a standard reference material for bulk
XAFS analysis. Therefore, fumarate-bound Co has the potential to accumulate in
leaves or at leaf surfaces, condensing into Co-fumarato coordination polymers as the
Co- and fumarate- rich fluids (evapo)transpirate from leaves (espewaliyjeaf
tips/margins).

A solid-like cobalt fumarate species (Co-fumaggtevas detected on
severalA. muraleleaves withui-EXAFS. Co fumaraig was detected at 24 % of the
locations sampled in hydrated leaves and accounted for about 20% of the total Co
speciation at locations where it was found. Solid-like Co-fumarate isveloserost
often near leaf margins. It is commonly localized with Co-malate/Cateiand Co-
fumarate,q) species. Co-fumaraigis a hydrated cobalt hydroxide fumarato
coordination polymer of type M, [Co3(C4H204}]. A crystalline form of solid
cobalt fumarate was not detecteds}RD. Presumably these coordination polymers
occur on leaves as a gel-like coating of amorphous solids; their stabiléggfon |
surfaces is anticipated to be rather limited.

In summary, Co-fumaratg, is the predominant species in leaves and
accumulates near leaf tips and margins (i.e. regions of maximal traiospirat
presumably leading to the formation of cobalt-fumarato coordination polymers
(especially near the evaporative interface). These C-rich Co-fumaratogrslgre
meta-stable on leaf surfaces because of exposure to light, heat, microorgardsms

drastically altered chemical conditions (e.g. humidity, air, etc.), all of whihtite
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their degradation. These coordination polymers and their degradation byproducts
(bearing resemblance to poorly-ordered Co carbonate hydroxide) may serve as
templating agents for the (surface) precipitation of stable Co/Si-ricarali

precipitates (e.g. Co-Kerolite) ¢ muraleleaves. Thus a possible mechanism of
deposition involves 1) accumulation of Co-fumaggim leaves, 2) condensation of
Co-fumaratg) near evaporative surfaces (e.g. leaf tips/ margins), 3) partial degradation
of C-rich Co-fumarate polymers on leaf surfaces with restructuring to iGorete
hydroxide-like matrix, and 4) formation of stable Co/Si-rich mineral pretgsita.e.

Co-Fumaratgq) > Co-Fumaratg) - Co-Widgiemoolthalite=> Co-Kerolite).
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Chapter 4

SUMMARY AND RESEARCH NEEDS

4.1 Summary

In this investigation, a combination of nowelsitu techniques (e.g.
synchrotron-based spectroscopies), advaegegituanalytical methods (e.g. electron
microprobe analysis), and wet-chemical procedures (e.g. high performance liquid
chromatography) were used to investigate the localization and speciatmbvatifin
the Ni/Co hyperaccumulator plamlyssum murale Synchrotron-based
microspectroscopic tools were applied to gain (sub)micrometer-scale itifmmma
regarding then situ chemical form (i.e. molecular speciation), spatial location, and
elemental associations of the plant-accumulated metals (Co and Ni). sEtmedearch
objective was to investigate aspects of Co accumulation and storagmuraleand
to determine the influence of simultaneous hyperaccumulation (i.e. Ni and Co) on
metal localization. The second objective was to examine the molecular speofati
Co in variousA. muraletissues (e.g. roots, stems, shoots, leaf tips) in an effort to
improve our understanding of the biochemical mechanisms regulating Co transport
and tolerance (i.e. metal homeostasis).

The research findings presented in Chapter 2 revealed a novel metal

sequestration mechanism for accumulated Co (exocellular sequestitzios) t
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potentially involved with Co tolerance A&a murale Furthermore, the sequestration
mechanism for Co is completely different from the intracellular mechams&t to
sequester Ni i\. murale(i.e. vacuolar compartmentation) and otABrssum
hyperaccumulators; compartmentalization of metals in the epidermal cetlleaof
leaves has been established as a key component of the (hyper)tolerance mechanism
used by the majority of hyperaccumulator plants.

The specialized biochemical processes linked with Ni (hyper)tolerance in
A. muraledo not confer (hyper)tolerance to cobalt, tAusnuraleplants alleviate Co
toxicity via exocellular sequestration. The two-dimensigr&XRF images of Ni in
hydratedA. muraleleaves show the nearly uniform Ni distribution that is indicative of
metal enrichment in leaf epidermal tissue. In contrast, images of Co in hyléated
show preferential localization of Co at leaf tips and margins, indicating that
accumlated Co is not compartmentalized with Ni in the leaf epidermal Gélés.
three-dimensional tomographic images (CMT) of metals in hydfateduraleleaves
show leaf epidermal layers are enriched with Ni but devoid of Co. Additionlly, CMT
images reveal the majority of Qo plantais localized in the apoplasm of leaf ground
tissue (i.e. fluid between cells); the majority of €oplantais sequestered as Co-rich
mineral precipiates on leaf surfaces near the leaf tips and marginses€éaech
findings presented in Chapter 2 were publisheldew Phytologis{Tappero et. al.,

2007).
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A mechanistic understanding of the highly selective metal transport
system linked to Ni tolerance in shootsfofmurale(i.e. vacuolar transporter of leaf
epidermal cells) should prove useful for elucidating the biochemical basis for plant
metal tolerance or (hyper)tolerance and for unraveling the logistics of metal
hyperaccumulation. Ultimately, understanding the physiological and biochemical
processes underlying metal acquisition, accumulation, and tolerance will permit
optimization of metal phytoextraction and aid developments in the production of
nutrient-fortified foods.

The research findings presented in Chapter 3 represent the first report on
the occurrence of Co/Si-rich biogenic nanopatrticles (e.g. Phytoliths with two-
dimensional hydrous cobalt silicate domains) and other Cobaltoan mineral prexipitate
(e.g. Widgiemoolthalite, Co-analogue) and polymers (e.g. Cobalt hydroxide fumarato
coordination polymer, [C#€H.0)4(OH),(C4H204)]xH,0) sequestered on the leaf
surface of a metal hyperaccumulator plant.

Analysis of the organic acids in naturally-bleeding xylem fluid frdm
muraleplants revealed constitutively high (> 100d) concentrations of malate and
citrate. Xylem fumarate concentration was constitutively low @V however,
fumarate concentration was elevated (~6 fold) for plants exposed to nutrient solution
containing 5QuM Co.

The principle amino and organic acids involved with Co detoxification

and transport i\. muraleinclude fumarate, malate, citrate, and histidine. These same
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ligands are involved with Ni detoxification and transporipssum Nickel

speciation in leaves of 6 week Co+Ni-treafednuraleplants @ = 3) consisted of Ni-
histidine (70%) and Ni-malate/Ni-citrate (30%); cobalt speciation in the $sanes
from the Co+Ni-treated plants consisted of Co-histidine (62%) and Co-fiemarat
(36%). A Ni-fumarate EXAFS standard should be prepared and tested against Ni-
malate in the fitting procedure.

Cobalt speciation i\. muraleis influenced slightly by the co-
accumulation of Ni (i.e. “simultaneous hyperaccumulation” of Co and Ni). Cobalt-
treated plants had substantially less Co bound to histidine (37%- decreased from 62%)
and considerably more Co bound to fumarate (64%- increased from 36%) than the
Co+Ni-treated plants. A larger fraction of histidine-bound Co observed in the
presence of equimolar Ni (Co+Ni treatment) suggests that Ni stimulatesre
production Kramer et al., 1996 Thus, Ni additions have the potential to stimulate
Co accumulation and elevate Co tolerancAlyssum

Cobalt speciation in leaves of Co-treafednuralevaried as a function of
the time length of metal exposure (2, 4, or 6 weeks). The fraction of Co bound to
histidine in leaves decreased from 64% to 47% to 37% (2 wk, 4 wk, 6 wk,
respectively) while the fraction of Co bound to fumarate increased from 36% to 55%
to 64%. A possible explanation for this trend in Co speciation (increase in Co-

fumarate species at longer time lengths of metal exposure) is the acoumofi&to-
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fumarate in leaves and storage as Co-fumarate complexes; Xa@probe findings
highlight this trend.

Cobalt speciation varied between root, stem, and leaf tissues. The greatest
amount of histidine-bound Co occurs in roots (63%) followed by stems (51%) and
then leaves (37%). This unequal distribution of Co-histidine between root, stem, and
leaf tissue agrees with the findingskafimer et al. (1996andKerkeb and Kramer
(2003),which attribute a role for free histidine in the radial transport and xylem
loading of Ni and Co in roots &lyssumhyperaccumulators. In a similar manner, the
current finding supports the many accounts of hyperaccumulated metals (e.g. Ni, Zn,
Co) associated with oxygen-donor ligands (e.g. organic acids) in hyperaccumulator
leaves. Metal speciation in hyperaccumulator plants can be expected to wasrbet
plant structures, tissues, cell types, and cellular compartments.

A microfocused X-ray absorption spectroscopy study was initiated to
investigate Co speciation in the Co-rich deposits near leaf tips and margins and to
determine the ligands involved in Co detoxification and transpdst murale(i.e.in
plantaCo speciation). Results from Co K-edg&XAFS are in good agreement with
those obtained from the bulk EXAFS analysis of dry plant tissues, which identified
Co-histidine and Co-fumarate as the predominant forms of Co in leaves. Simiarl
EXAFS identified Co-fumarate as the most ubiquitous Co species in hydrated le

tissue from Co-treatefl. murale

135



Additionally, theu-XAS investigation aided in the discovery and
identification of the Co species sequestered on leaf surfaces (near tigis'sinair Co-
treatedA. murale The Co-rich regions near leaf tips and margins host a mixture of
sparingly-soluble phases that form on leaf surfaces via the (evapo)transpiration of
biological fluids rich in Co (i.e. Co-fumarate, Co-malate/citrate, Coelme) and
other non-essential solute molecules (e.gSiB4]°) carried in the transpiration
stream. u-EXAFS andu-XRD revealed that Co phyllosilicate-like phases (e.g. 2:1
trioctahedral Co-rich Kerolite, (Co,MgJisO10o(OH).*xH»0) are the most prevalent
species formed in Co-rich leaf regions. These poorly-ordered, biogenic, nano-sized
phytoliths consist of two-dimensional hydrous cobalt silicate domains embedded in
amorphous opal (opal-A) matrix. In addition to Co-Kerolite-like phytolithé&.on
muraleplants (hereso naméiietallo-Phytoliths’), spectromicroscopic analysis
revealed a significant presence of another Cobaltoan mineral precipitaté on lea
surfaces, a hydrated cobalt-carbonate hydroxide. Widgiemoolthalite
(Nis(CO3)4(OH),*4H,0), a naturally-occurring Ni analogue of hydromagnesite
(hydrated magnesium carbonate hydroxides( @s)4(OH),*4H,0), has been
recently discovered and described (1993). A natural specimen of the Co-analogue to
Widgiemoolthalite(Cos(CO3)4(OH),*xH »0) has not been discovered or described to
date, but the biogenic species observed on leaves of Co hyperaccuumatoaleis
hereso nametqwidgiemoolthalite” A solid cobalt fumarate species (Co-

fumaratg;) was detected on sevefal muraleleaves withu-EXAFS. Solid Co-
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fumarate is observed most often near leaf margins. Co-furggsagehydrated cobalt
hydroxide fumarato coordination polymer of typglM[Cos(C4H204}]. A

crystalline form of solid cobalt fumarate species was not detectgeeKRD; these
coordination polymers occur as poorly-ordered, amorphous solids, and their stability
on the leaf surface is anticipated to be rather limited.

Co-fumaratgq) is the predominant species in leaves and accumulates near
leaf tips and margins (i.e. regions of maximal transpiration), presumablydetadine
formation of cobalt-fumarato coordination polymers (especially near the evaporati
interface). These C-rich Co-fumarato polymers are meta-stable onftzafes
because of exposure to light, heat, microorganisms and drastically alteredathemi
conditions (e.g. humidity, air, etc.), all of which facilitate their degradation. eThes
coordination polymers and their degradation byproducts (bearing resemblance to
poorly-ordered Co carbonate hydroxide) may serve as templating agents for the
(surface) precipitation of stable Co/Si-rich mineral precipitates (@g4<&tolite) onA.
muraleleaves. Thus a possible mechanism of deposition involves 1) accumulation of
Co-fumaratgq)in leaves, 2) condensation of Co-fumaggtesar evaporative surfaces
(e.q. leaf tips/ margins), 3) partial degradation of C-rich Co-fumarate potyom leaf
surfaces with restructuring to Co carbonate hydroxide-like matrix, and 4) fommudti
stable Co/Si-rich mineral precipitates (i.e. Co-Fumggteé Co-Fumaratgy - Co-

Widgiemoolthalite > Co-Kerolite).
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