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The Kotodesh genotype of the nickel (Ni) hyperaccumulator Alyssum murale was examined to determine
the compartmentalization and internal speciation of Ni, and other elements, in an effort to ascertain the
mechanism used by this plant to tolerate extremely high shoot (stem and leaf) Ni concentrations. Plants
were grown either hydroponically or in Ni enriched soils from an area surrounding an historic Ni refinery
in Port Colborne, Ontario, Canada. Electron probe micro-analysis (EPMA) and synchrotron based micro
X-ray fluorescence ([.-SXRF) spectroscopy were used to determine the metal distribution and co-locali-
zation and synchrotron X-ray and attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopies were used to determine the Ni speciation in plant parts and extracted sap. Nickel is con-
centrated in the dermal leaf and stem tissues of A. murale bound primarily to malate along with other low
molecular weight organic ligands and possibly counter anions (e.g., sulfate). Ni is present in the plant sap
and vasculature bound to histidine, malate and other low molecular weight compounds. The data pre-
sented herein supports a model in which Ni is transported from the roots to the shoots complexed with
histidine and stored within the plant leaf dermal tissues complexed with malate, and other low molecular
weight organic acids or counter-ions.

Malate
Histidine
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1. Introduction

There is much to be learned about the biochemical or physio-
logical mechanisms responsible for excess metal uptake and
storage in hyperaccumulating plants. Understanding these mecha-
nisms would be beneficial for increasing the efficiency of current
hyperaccumulating cultivars or transferring this quality to higher
biomass, faster growing and climactically adapted plant species
for use in either phytoremediation or phytomining of metal-en-
riched soils across a variety of landscapes. Improving our under-
standing of metal physiology in hyperaccumulating plants will
also assist in efforts to fortify staple agronomic food crops with
essential metal micro-nutrients (e.g., Zn, Fe) (White and Broadley,
2009).

A component of deciphering the biochemical and/or physiolog-
ical mechanisms responsible for metal hyperaccumulation is
determining where and in what chemical form the metal is being
stored and how it is translocated from the root zone to these loca-
tions. There have been a number of studies directed at elucidating
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these mechanisms which established that a plant’s ability to
hyperaccumulate metals can depend on the plant species, the
chemical properties of the element being detoxified (Assuncao
et al., 2003) or, in some cases, tissue type and age (Kupper et al.,
2004). For Ni (and other transition metals), most studies have
implicated oxygen or nitrogen donor ligands such as citrate, ma-
late, malonate or histidine as the compounds responsible for
transport and storage of the metal. Histidine, in the Ni hyperaccu-
mulator Alyssum lesbiacum, is the only amino acid shown to
increase in xylem sap in response to increased metal concentra-
tions in the growth media (Kramer et al., 1996). There is no evi-
dence to support that endogenous overproduction of either
organic or amino acids are a specific response resulting from ele-
vated metal exposure. Instead, selected hyperaccumulators have
been found to have a constant and unusually high organic and/or
amino acid concentration which implies that excess metal accu-
mulation in some species may be a constitutive property (Boyd
and Martens, 1998; Ostergren et al., 1999). In this case, tolerance
to internally high heavy metal concentrations, perhaps as an
evolutionary adaptation to growing either on metal rich soils or
in response to selective pressures from herbivores, would be a suf-
ficient explanation for increased metal uptake.
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In some plants, the cysteine-containing metal binding ligands
metallothioneins (MT) and phytochelatins (PC) have been shown
to play a role in metal tolerance when accumulated metals are at
phytotoxic levels, but less so in metal tolerant plants (Schat
et al.,, 2002). Phytochelatins are comprised of cysteine, glycine
and glutamate and are used in algae and plants to detoxify excess
cellular metal. PCs are readily produced in metal stressed, non-
hypertolerant organisms (plants, insects), but their production in
hypertolerant species is only inducible at extremely high exoge-
nous metal concentration (Schat et al., 2002; Ebbs et al., 2002).
Therefore, it is unlikely that they have a direct role in transition
metal tolerance in hyperaccumulating plants. Phytochelatins have
been found to have a role in the detoxification of arsenic in Pteris
vittata (Chinese Brake fern), which several researchers have shown
to have inducible PC production (Zhang and Cai, 2003).

Nickel hyperaccumulating plants have been the most studied of
the hyperaccumulators, likely because over three quarters of the
roughly 450 metal hyperaccumulators identified to date are hyper-
accumulators of Ni. In the current paper, we investigated the bio-
chemical mechanisms of Ni hyperaccumulation in Alyssum
murale; one of the few hyperaccumulators to be developed as a
commercial crop for the removal of metals from metal-enriched
soils (Zhang et al., 2007). A. murale is native to Mediterranean ser-
pentine soils and has the ability to hyperaccumulate Ni and Co
(Broadhurst et al., 2004b), using different mechanisms to tolerate
each.

Tappero et al. (2007), using a variety of techniques, examined
the co-tolerance mechanisms in A. murale exposed to different
combinations of Zn, Co and Ni. They showed that A. murale does
not hyperaccumulate Zn and stores Co in the apoplasm of leaf
mesophyll, in the leaf tips and possibly as extracellular precipitates
on the leaf surface. They found that exposure of A. murale to either
Zn or Co had no effect on the amount and localization of Ni within
the plants, that Zn was not accumulated, nor did it interfere with
Ni uptake, finally concluding that A. murale used different tolerance
mechanisms for Co and Ni. Broadhurst et al. (2004b, 2009), using
scanning electron microscopy with energy dispersive X-ray detec-
tion (SEM/EDX), also reported that A. murale preferentially stores
Mn in the basal compartments of the Ca rich leaf trichomes. From
these studies, it is apparent that different biochemical mechanisms
govern the way in which A. murale tolerates each of these metals.

More is known about the chemical mechanisms used for Ni tol-
erance in A. murale compared to either Mn or Co. Nickel accumu-
lates primarily in the cell vacuoles of epidermal stem and leaf
tissues and trichome basal compartments (Broadhurst et al.,
2004a; McNear et al., 2005), with palisade mesophyll cells becom-
ing important only at higher soil Ni concentrations probably result-
ing from overflow of the primary cellular storage compartments
(Broadhurst et al., 2004a). The transport and storage of Ni in sev-
eral Alyssum species has been attributed to organic acids and pos-
sibly histidine. Little information has been reported, however, on
the mechanism used by A. murale to tolerate such high Ni concen-
trations, let alone the chemical mechanism used to tolerate Co, Mn
and Ca. Montarges-Pelletier et al. (2008) using unfocused (bulk)
synchrotron X-ray spectroscopy found that A. murale stored Ni in
its leaves as Ni-malate and in the stems as Ni-citrate complexes.
The bulk X-ray methods used in their studies relied on dried and
homogenized tissues which provided a good measure of the aver-
age Ni speciation present in the plant tissues. One drawback, as
pointed out by Sarret et al. (2002), when analyzing ground and
homogenized plant samples, is the possibility that contents of dif-
ferent cellular compartments can come into contact and thus
change the metal speciation. In addition, in heterogeneous materi-
als like plant tissues, where the metal speciation can vary over mi-
crons depending on the tissue it is found in, bulk-EXAFS
spectroscopy may not adequately ascertain the minor metal com-

plexes which may have a major role in the plants mechanisms of
detoxification, transport or storage. The authors themselves note
this limitation and state that microbeam methods are necessary
to “unravel the complete Ni pathway”.

The objectives of this research were to perform a detailed char-
acterization of the chemical mechanisms responsible for the trans-
port and storage of Ni in the ‘Kotodesh’ genotype of the Ni
hyperaccumulator A. murale using a combination of synchrotron
based microspectroscopic techniques, electron microscopy and
Fourier transform infrared spectroscopy, respectively.

2. Results
2.1. Element distribution and compartmentalization

Fig. 1a is a false colored confocal micrograph showing the pri-
mary fluorescence generated from the different tissue types within
a leaf from A. murale and is provided here to highlight the location
of the epidermal and vascular tissues (green') in relation to the
mesophyll (red). Presented in Fig. 1b is the scanning electron micro-
graph (SEM) of an entire leaf cross-section with boxes highlighting
examples of the regions analyzed in Fig. 1c and d. Fig. 1c and d pre-
sents the backscattered electron (BSE; large) and energy dispersive
(EDS; small) micrographs of mid-leaf and mid-rib cross-sections.
Ni is located in the dermal tissues, vascular bundles, mid-rib and leaf
veins (Fig. 1c and d), and is absent from the mesophyll. Sulfur and
potassium are concentrated in the mesophyll and calcium to the leaf
surface, none of which are correlated with Ni. The distribution of Mn
is less obvious from Fig. 1c, although Mn does appear more enriched
in the dermal tissues than the mesophyll. Fig. 2a-f presents the syn-
chrotron based X-ray fluorescence spectroscopy (SXRF) images
simultaneously showing the distribution of Ni, Mn and Ca within
several leaves from soil and hydroponically grown A. murale plants.
Ni appears evenly distributed throughout all of the leaves, with
enrichment in the vascular tissues (Fig. 2a, b and f), as well as an
apparent enrichment in the leaf margins (Fig. 2b, e and c). Vascular
enrichment was observed with SEM in this study and others
(McNear et al., 2005; Tappero et al.,, 2007) and is not interpreted
as Ni bound to vascular tissues. Instead, because the leaves were
analyzed relatively fresh (i.e., removed from the plant just prior to
analysis), Ni was likely trapped there upon freezing. The apparent
enrichment of the leaf margins is likely an aberration of the 2D tech-
nique resulting because the X-ray beam samples a larger volume of
dermal tissue (which was noted to contain the most Ni) at these
locations compared to others. For example, the influence of sample
volume on fluorescence response is apparent in Fig. 2a, where the
leaf tip was folded over and the X-ray beam sampled two layers of
leaf tissue resulting in higher relative fluorescence from this region.
Similar to the study of Broadhurst et al. (2004), Mn (green) was
found to be localized in the region of the Ca rich trichomes (blue)
on the leaf surface of A. murale.

2.2. Spectroscopic characterization of standards

The ATR-FTIR spectra for oxalate, malonate, acconitate, citrate,
malate, tartrate, histidine and each with and without Ni, are
shown in Fig. 3. For all IR spectra (Fig. 3), the region between
1000 and 1800 cm™! (i.e., near-IR region) was isolated because
it provided the most information about the coordination environ-
ment of the metal complexes with the functional groups found in
organic and amino acids. The pH of the aqueous standards was
adjusted to match the pH found in typical plant xylem (i.e., pH

! For interpretation of color in Figs. 1 and 2, the reader is referred to the web
version of this article.

Please cite this article in press as: McNear, D.H,, et al. The hyperaccumulator Alyssum murale uses complexation with nitrogen and oxygen donor ligands
for Ni transport and storage. Phytochemistry (2009), doi:10.1016/j.phytochem.2009.10.023



http://dx.doi.org/10.1016/j.phytochem.2009.10.023

D.H. McNear et al./ Phytochemistry xxx (2009) XxX—Xxx 3

Fig. 1. Panels (a) and (b) show a laser scanning confocal micrograph and backscatter electron (BSE) image of an Alyssum murale leaf cross-section, respectively (bar = 250 pm).
Panels (c) and (d) show a BSE close-up (large) and energy dispersive spectroscopy (EDS) elemental distribution maps (small) through the mid-leaf (c) and mid-rib regions (d)
(bar = 20 um), of an A. murale leaf cross-section (boxes in panels (a) and (b) indicate regions analyzed in panels (c) and (d)). The circle in panel (c) indicates the location of the

vascular tissue and the arrows point in the direction of the leaf margin.

6.5-7.0). At these values, all of the carboxyl groups of the organic
and amino acids are expected to be fully deprotonated in Ni free
solutions. For the Ni-organic/amino acid complexes, the ligand
was provided in considerable excess (4-10x) in order to assure
that the standard represented the fully complexed Ni-organic/
amino acid species.

In general, the IR features (Fig. 3) occurring between 1690-1750
and 1200-1300 cm™! are attributed to carbonyl stretching (vC=0)
and C-OH vibrations (vC-OH) of the protonated carboxylate anion
(Cabaniss et al., 1998). Upon deprotonation, the vC=0 stretching
mode becomes more symmetric and shifts to higher energy and
the asymmetric mode of the vC-OH to lower energy. Shifts in this
region are most notable for oxalate followed by citrate and malate
indicating the involvement of one or more carboxyl groups in the
complexation of Ni by these stronger metal chelates. Conversely,
the acconitate spectra changes very little with Ni addition indicat-
ing only a week, outer sphere association between the two.
Changes in the 1300-1500 cm™! range of the malonate spectra,
notably the peak at 1440 cm™!, are attributed to dipole moment

changes resulting from straining of the central -CH, group most
likely from Ni complexation with the two malonate carboxyl
groups forming a mononuclear, bidentate configuration (Dobson
and McQuillan, 1999). For the organic acids malate, tartrate, citrate
and the amino acid histidine (Fig. 3), absorption bands between
1000 and 1200 cm~! were observed which may be attributed to
the C-O stretching of the intermediary alcohol groups (v(C-
OH)) (Cabaniss and McVey, 1995) or, for histidine, C-N stretching
(v(C-N)). Also in the histidine IR spectra (Fig. 3) were absorption
bands at 1602 and 1518 cm™' associated with the imidazole ring
motion and ring vibration, respectively.

The IR spectrum for cysteine (Fig. 3) contains absorption bands
at ~1600 and 1400 cm™! representing the v,s(C-OH) and v{(C-OH)
stretching modes, respectively, of the carboxyl group. The bands
remain virtually unchanged after Ni addition indicating that the
carboxyl group is not participating in Ni complexation. The absorp-
tion band at 1620 cm™! result from interactions with the amine
group (5(NH)) and is shifted to lower energy after complexation
with Ni. The sharp peaks below the v,(C-OH) band at
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Fig. 2. (a-g) Micro-SXRF tricolor maps of leaves from Alyssum murale. Red, green and blue indicate the distribution of Ni, Mn and Ca, respectively. The numbered circles
indicate locations where micro-EXAFS spectra were collected which are shown in Fig. 5. The yellow box in panel (c) indicates the location where a finer map was collected

which is shown in the upper right of the panel.

1400 cm™!, specifically bands at 1348 and 1302 cm™!, whose
intensity increases upon complexation with Ni are likely due to
either bending or twisting modes of the coordinating amine group
(Pawlukojc et al., 2005; Ramos et al., 2008). From the IR data, it is
difficult to assess the involvement of S in the complexation of Ni as
the associated IR bands appear around 300 cm~! and which is be-
low the resolution of the instrument. No IR spectra were collected
for either Ni-glutathione or Ni-glycine.

Fig. 4 shows the XANES, k>y(k)-spectra and radial structure
functions (RSF) for the organic reference phases, and Table S1
(Supplementary data), the results from non-linear least squares
fitting. Notable features in these spectra, which indicate the for-
mation of stronger metal ligand complexes, include a widening of
the first primary absorption peak at 8.33 keV and a shoulder be-
tween 8.34 and 8.35 keV in the XANES spectra (arrows Fig. 4a)
and the appearance of a pronounced second shell carbon contri-
bution in the RSF (Fig. 4c). Strathmann and Myneni (2004), using
both FTIR and synchrotron X-ray spectroscopy to characterize the

binding environment of Ni with several organic acids, noted that
longer chain organic acids, where the carboxylate functional
groups are separated by one or more methylene groups form
weak complexes with Ni and thus have spectra similar to that
of the hydrated Ni species. However, those organic or amino
acids with shorter chains or closely packed carboxyl (COOH)
groups supported by adjacent alcohol (o(C-OH)) donor groups
or ring structures (e.g., the imidazole ring of histidine) form more
rigid bonds (i.e., stronger complexes) leading to the diagnostic
spectral features described previously. Supporting these observa-
tions (Table S1 Supplementary data), only the first coordination
shell of oxygen could be fit (CNyi_o =~ 6; Rni_o=2.05A) for Ni-
succinate, Ni-aconitate and the aqueous Ni standard while the
remaining organic/amino acid standards (histidine, malate,
malonate, citrate, oxalate, tartrate, cysteine and glycine) all had
significant second shell carbon contributions (CNyj_c ~ 1.9-5.5;
Rni_c ~ 2.82-2.92) (see Supplemental data for further fitting
details).
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Fig. 3. ATR-FTIR near-IR spectra for selected organic/amino acids with and without Ni. Dotted lines indicate regions where significant changes have occurred.

Additional diagnostic features in the include asymmetry in the
oscillations between 3 and 7 A~! in the k3y(k)-spectra (arrows
Fig. 4b). Montargeés-Pelletier et al. (2008), using multiple Fourier
back-filtering ranges of the RSF, demonstrated for the Ni-citrate
standard that the asymmetry that occurs in the 3-7 A~! region of

the k3y(k)-spectra can be attributed to C or O atoms beyond the
second coordination shell. Extending the Fourier filtering range be-
yond 4 A, while certainly contributing to the features in the overall
k3 (k)-spectra, had more of an influence at higher k ranges (i.e.,
>10) in the k*y(k)-spectra. Therefore, the features between 3 and
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Fig. 4. (a) X-ray absorption near-edge spectra (XANES), (b) k*y(k)-spectra and (c) radial structure functions of Ni aqueous standards.

7 A-! may prove more diagnostic than the region of the k®y(k)-
spectra >7 A~! since the higher k region of the spectra tends to
be very noisy.

Unique among the XAFS standard spectra were those for the tri-
peptide glutathione and its components (along with glutamate)
glycine and cysteine (Fig. 4). Most notably, cysteine had a signifi-
cant pre-edge peak in the XANES spectra (arrow Fig. 4) indicating
significant orbital mixing (1s — 3d or 1s — 4pz) because of the
non-centrosymmetric structure formed when complexed with Ni.
Best fits for the Ni cysteine complex were achieved by including
both N and S donor ligands in the first shell (CNyj_s =2 sulfur
atoms at Rnis=2.14 A and CNy_n =2 nitrogen atoms at Ryi_n =
1.96 A) with C and the oxygen of the hydrating water in the second
(CNni_c = 4 carbon atoms at Ryj_c = 2.98 A and CNy;_o = 1.10 A oxy-
gen atoms at Ryi_o = 2.41 A). Fits for the Ni-glycine complex indi-
cates that Ni is bound to the amine group and terminal carboxyl
groups (CNyi_n =2 nitrogen atoms at Ryi_o=2.04A and CNy;
o =2 oxygen atoms at Ryi_o = 2.13 A) of two glycine molecules with
Ni acting as the bridging atom forming a dimer.

2.3. Ni speciation in A. murale — evidence from X-ray and ATR-FTIR
spectroscopy

The numbered spots in the p-SXRF maps in Fig. 2 correspond to
the XANES, k3y(k)-spectra and RSF shown in Fig. 5. The dataset in-
cluded a total of 19 spectra including bulk-EXAFS spectra from ex-

tracted sap (#15) and freeze-dried and ground stem (spectra #16
and 18) and leaf tissue (#17 and 19) from soil grown plants. While
the spectra are very similar, there are subtleties in each that pro-
vide an indication of the Ni coordination. The arrows in Fig. 5a
and b point to regions in the XANES and ky(k)-spectra possessing
the most diagnostic features. As mentioned previously, the feature
in the XANES spectra at about 8.338 keV results from 1s — 3d or
1s — 4pz electronic transitions (i.e., orbital mixing), and is indica-
tive of non-centrosymmetric coordination resulting from either
tetrahedral or square pyramidal complexes (Colpas et al., 1991;
Feth et al., 2003; Strathmann and Myneni, 2004). In the sample
spectra, this feature is small, likely arising from slight distortions
in symmetry permitting some p-d orbital mixing which increases
the probability of 1s — 3d transitions. The fact that this feature is
small and similar to those found in the Ni carboxylic acid and hy-
drated Ni standard spectra indicates that Ni in the samples has an
octahedral geometry.

In some of the spectra (e.g., 1 and 2), there is obvious splitting in
the peak around 5.8 A~! in the k®y(k)-spectra which, as was ob-
served while fitting the standards, is indicative of a stronger Ni-li-
gand complex. The RSF of all spectra show a prominent first shell
peak at ~1.6 A (uncorrected for phase shift) and, in many, another
smaller peak at ~2.3 A (uncorrected for phase shift).

An initial assessment of the coordination environment of Ni in
the plant tissues was conducted using conventional NLLSF. Table 1
shows the NLLSF results from fitting the sample spectra using phase
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Fig. 5. (a) X-ray absorption near-edge spectra (XANES), (b) k®x(k)-spectra and (c) radial structure functions from the points indicated in Fig. 2 throughout several Alyssum
murale leaves. Note: spectra 15 was collected from pressure bomb extracted plant sap and 16-19 were collected from homogenized muck and loam grown, stem and leaf

tissues, respectively, and thus are not represented in Fig. 2.

and amplitude functions generated from either Ni(sal),(H,0),
(Stewart et al., 1961) for Ni-C paths or Ni-imidazole ((C3H4N;)g-
Ni(NOs),) for Ni-N paths (Santoro et al., 1969). The first coordina-
tion shell in all the spectra is occupied by approximately six
oxygen/nitrogen atoms at Ryj_o/n ~ 2.03-2.06 A indicating, as was
suggested by the small pre-edge feature in the XANES spectra, that
the Ni is in an octahedral coordination. Some spectra had a signifi-
cant second shell contribution from carbon at Ryi_c = 2.76-2.91 A
with coordination numbers ranging from CNy;_c 1.00 to 4.67. It
should be noted that second shell coordination numbers less than

2 are outside the error associated with EXAFS spectroscopy second
shell coordination number estimates (+40%). However, each of the
fits was performed with carbon and without, and carbon was only
included when it significantly improved the fit (based on a 20% or
greater improvement in the % residual error; X%, (%)). The NLLSF
results show that only oxygen or nitrogen donor ligands participate
in the complexation of Ni in the tissues of A. murale.

The species contributing to these fitting results were deter-
mined by principal component analysis (PCA) using all 19 sample
spectra over the k range of 2-10 A~'. The weights of the first four
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Table 1

Non-linear and linear least squares fitting results for all micro- and bulk-EXAFS sample spectra.

Non-linear least squares fitting

Linear least squares fitting

Spectra # Atom  First shell Atom Second shell AEy Xlz'es (%) Ni-organic/amino acid composition Total NSS
C(N R Ad? CN R Ag? (ev) %)
A (A A) (A
1 N/O 5,60 2.05 0.005 C 4.67 291 0.008 -2.19 3.57 26% Tartrate, 30% histidine, 39% 95 0.0320
acconitate
2 N/O 630 2.04 0.006 C 3.00 2.89 0.004 -3.56 13.89 27% Tartrate, 29% malate, 34% 93 0.0509
acconitate
3 (0] 6.80 2.05 0.006 C 1.18 2.87 0.001 1.19 2.09 57% Malate, 40% aconitate 97 0.0513
4 (6] 6.50 2.05 0.005 C 150 2.86 0.007 0.59 3.01 52% Malate, 43% aconitate 95 0.0417
5 (0] 6.75 2.06 0.006 C 1.00 2.81 0.002 2.07 2.74 52% Malate, 35% aconitate 89 0.0455
6 (] 6.53 2.05 0.005 C 230 2.84 0.009 1.03 6.0S 54% Malate, 52% Ni(aq) 106 0.0484
7 (] 6.50 2.05 0.005 C 1.64 2.78 0.005 1.30 4.53 99% Succinate 99 0.0614
8 (o] 6.07 2.05 0.005 C - - - 1.77 4.98 96% Ni(aq) 96 0.1240
9 (0] 6.32 2.04 0.004 C 230 2.88 0.004 0.44 4.22 101% Malate 101 0.1410
10 (] 6.00 2.05 0.005 C 2.70 2.88 0.008 2.38 9.02 92% Malate 92 0.1690
11 (o] 521 2.03 0.005 C 2.58 2.78 0.003 —-0.45 8.17 94% Ni(aq) 94 0.1060
12 (0] 6.20 2.06 0.006 C 2.00 2.83 0.005 1.55 2.83 55% Malate, 38% histidine 93 0.1850
13 (0] 6.24 2.04 0.004 C 150 2.83 0.005 -0.25 5.00 56% Malate, 38% acconitate 94 0.0749
14 (o] 6.39 2.04 0.005 C 1.93 2.88 0.007 0.64 4.10 93% Malate 93 0.1130
Bulk plant sap (o] 4.50 2.03 0.005 C 3.00 2.76 0.005 -0.21 3.30 43% Tartrate, 24% Ni(aq), 23% 86 0.1430
(15) histidine
Bulk stem muck 0 6.50 2.03 0.004 C - - - -2.60 10.19 67% Tartrate, 34% Ni(aq) 101 0.1770
(16)
Bulk leaf muck (0] 6.00 2.05 0.004 C 2.00 2.84 0.006 —-0.09 5.72 67% Succinate, 30% tartrate 97 0.0567
(17)
Bulk stem loam (0] 6.00 2.04 0.005 C 1.50 2.81 0.009 -0.11 9.27 51% Succinate, 46% tartrate 97 0.0168
(18)
Bulk leaf loam 0] 6.00 2.04 0.005 C 130 2.86 0.004 -0.92 9.95 50% Tartrate, 44% succinate 94 0.0193
(19)

CN = coordination number (+20% (Scheidegger et al., 1997)).

R = inter-atomic distance (+0.02 A for first shell and +0.05 A for second shell (Scheidegger et al., 1997)).

Ac? (A?) = Debye-Waller factor.

AE, = phase shift.

X2 (%) = residual.

NSS = Sk x(K)exp — K x(K)reconstr. 2 S [k 1 (K)exp -

components were 140, 21, 18 and 13 with indicator values of
0.0286, 0.0280, 0.0275 and 0.0288, respectively. The total normal-
ized sum square values (a “badness” of fit parameter) significantly
improved when going from 2 to 3 components (from 0.0526 to
0.0376), but not four. Therefore, PCA indicates that, while the first
component contributes significantly more to the overall fit (i.e.,
indicating one dominant species), the dataset can best be described
by three components. Target transformation (TT) was done using
our characterized references to determine the species represented
by the abstract principal components. We initially used a reference
dataset that included both inorganic and organic standards (see
McNear et al. (2007) for entire data set); however, the spoil values
for the inorganic standards were large enough (ranging from 6.2 to
25) to exclude them from further consideration. Target transforma-
tion indicated that the top three species most likely in our dataset
(Table S2 Supplementary data; 2-10 A~') are Ni(aq) (2.04), Ni-tar-
trate (2.43) and Ni-malate (2.73).

Linear least squares fitting (LLSF) of the sample spectra with
combinations of the identified references resulted in normalized
sum squared values (NSS) ranging from 0.0254 to 0.256 (Table 1).
For some of the spectra, linear combinations of tartrate, malate and
Ni(aq) alone do not appear sufficient to adequately describe the
composition at the sample point, as indicated by high NSS values
relative to the average (i.e., NSS > 0.100), and poor fitting of the
diagnostic features between 3 and 7 A~! in the k®y(k)-spectra. To
optimize the fits, PCA-LLSF was performed using only the 3-
7 A= region of the k®y(k)-spectra. Using this approach, PCA iden-
tified Ni-succinate, Ni-aconitate, Ni(aq) and Ni-malate as the pri-
mary components (Table S2 Supplementary data; 3-7 A~'). Unique
to the fits over both spectral regions were Ni-malate and Ni(aq),

while PCA over the 3-7 A~! left out Ni-tartrate, but included both
Ni-succinate and Ni-aconitate. Including Ni-succinate and Ni-
aconitate in the LLSF of the entire spectra resulted in an improve-
ment of the original fits for most of the spectra with the exception
of those collected at points 1, 12 and 15 (Fig. 2). Point 1 was col-
lected from a vein of a leaf, point 15 was the bulk-EXAFS spectra
collected from the extracted plant sap and point 12 was collected
from a non-specific region within a plant leaf. Since points 1 and
15 were collected either from a vein or bulk plant sap, further ef-
forts were made using ATR-FTIR to assess whether Ni in the vascu-
lature of the plant was present in a different chemical form
compared to that stored in the bulk of the leaf dermal tissues.
FTIR has been used to investigate a variety of constituents in
plants including proteins (Surewicz et al., 1993) and cell wall
materials (McCann et al, 1992). No studies, to these authors’
knowledge, have used ATR-FTIR methods to characterize plant
sap extracts from specialized hyperaccumulating plants. Fig. 6a
shows the IR spectra for sap extracted from A. murale grown with
excess (50 uM) and basal (0.125 pM) amounts of Ni, and Fig. 5b
and c the same spectra with malate and histidine reference IR spec-
tra included. In general, because all standards contain one or more
carboxyl anions, all of the spectra had two primary absorption
bands at ~1640 and 1400 cm™! resulting from carbonyl (vC=0)
stretching and C-OH vibrations (vC-OH), respectively. The higher
and lower energy of the vC=0 and vC-OH bands, respectively, in
the sap indicate that in each case (with and without Ni) the carbox-
ylate and alcohol anion of the contributing organic ligands in the
plant sap are fully protonated (with Ni or other cations). Of all
the standard spectra compared to the sap, histidine shared the
most spectral features. Most notably the broad absorption band
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Fig. 6. (a) Near-IR ATR-FTIR spectra of pressure bomb extracted sap from Alyssum murale grown with (—) and without (- - -) 50 uM Ni, and near-IR spectra for A. murale grown

(b) without and (c) with Ni compared to malate and histidine standards.

at 1300-1380 cm~! which was only found in the histidine spectra.
Malate is included for comparison because, as was demonstrated
earlier, it has consistently been identified using PCA as a compo-
nent within our sample EXAFS spectral dataset. There are, how-
ever, few similarities between the Ni-malate IR standard and the
plant saps, lending some support to the hypothesis that Ni is
sequestered by a different combination of ligands during transport
and for storage.

Based on these findings, all of the sample spectra were re-eval-
uated using the following criteria: (1) NLLSF parameters, (2) diag-
nostic features in the XANES spectra, (3) goodness (based on NSS)
of the LLSF with particular attention paid to the diagnostic features
between 3 and 7 A~! and (4) ATR-FTIR data. For example, fits with
a high NSS value were inspected to determine where the data were
inadequately fit, paying particular attention to the diagnostic re-
gion between 3 and 7 A~!. In addition, the coordination number
and atomic distances for the ligand identified by NLLSF, and the
metal species identified by LLSF for the sample spectra were com-
pared to determine if it was appropriate to include the identified
ligand in the NLLSF. That is, if the NLLSF indicates that the EXAFS
spectra are comprised primarily of histidine, there should be a sig-
nificant second shell carbon contribution at a slightly longer bond
distance in the LLSF of that spectra, as well as splitting in the
I3y (k)-spectra at ~5.8A~! and broadening of the maximum
absorption peak in the XANES spectra.

The LLSF results from using these revised fitting criteria can be
found in Table 1. The average distribution of Ni species within all
of the sample spectra was found to be 34% Ni-malate, 16% Ni(aq),
15% Ni-tartrate, 14% Ni-succinate, 12% Ni-aconitate and 5% Ni
histidine. The inclusion of Ni-succinate and Ni-aconitate was
found to significantly improve the fit for some of the spectra.
We interpret this improvement in the fit to indicate the presence
of a weakly complexing donor ligand instead of solely the hy-
drated Ni species. Keeping with this interpretation, 55% of the
Ni in the plant tissues appears to be complexed by stronger li-
gands (malate, histidine and tartrate), with the remaining 42%
as either weak complexes with non-specific oxygen donor ligands
(e.g., succinate, aconitate) or possibly counter-ions (e.g., sulfate).
Spectra taken from leaf veins and sap contribute most to the his-
tidine complexed Ni fraction. Fits from the bulk-EXAFS spectra of
leaves and stems from plants grown in Ni enriched soils (Fig. S1;
Supplemental data) show a similar trend in that 30-67% of the Ni
is complexed with tartrate and the balance with succinate and/or
counter-ions.

3. Discussion

Determination of metal speciation in plant tissues is difficult
due to the complex and dynamic matrix within which they reside.
Identification of ligands responsible for metal detoxification in
hyperaccumulating plants using solely chromatographic methods
are limited by the typically low recovery of metals from the tissue
extractions, the inability to specify which cellular compartments
the complex comes from (e.g., vacuole vs vasculature), as well as
potential mixing, degradation or transformation of the cellular
components once extracted. Direct measures of metal speciation
in plant tissues using spectroscopic methods may overcome some
of these limitations, but they too have their drawbacks. Using so-
lely hard X-ray spectroscopic methods to directly speciate metals
in biological tissues is complicated because the ligands often asso-
ciated with the metals are comprised of weak backscattering atoms
(e.g., C) which provide very little structure to the EXAFS spectra. In
this paper, we have attempted to overcome many of these con-
cerns by combining multiple analytical techniques and statistical
data fitting methods to ascertain the speciation and distribution
of Ni within A. murale.

Using electron microscopy and p-SXRF we found that Ni is
evenly distributed throughout the epidermal tissues, entrained in
xylem vesicles, and absent from the mesophyll of the leaf. There
is no clear correlation of Ni with any of the other elements ana-
lyzed. Sulfur was found to be concentrated in the mesophyll where
it has been shown to have a functional role in several metabolic
processes. The majority of sulfur is stored in a plant as the inor-
ganic anion sulfate with the remainder incorporated into organic
forms such as proteins, chloroplast lipids, or secondary metabolites
(Marschner, 1995). Sulfur is a key constituent, both structural and
functional, in proteins, namely cysteine, and the strong antioxidant
glutathione. Many of the functions requiring S take place in chloro-
plasts of photosynthetically active tissues of the plant and thus it is
not surprising that the S content of these tissues would be ele-
vated. Kupper et al. (2001) and Broadhurst et al. (2004) both found
Ni to be associated with sulfur in the plant epidermal cell vacuoles
in A. lesbiacum, A. bertolonii and A. murale, which is opposite to the
pattern we observed. They concluded that the excess sulfur was
probably sulfate acting as a counter-ion to Ni, and possibly an inor-
ganic nickel sulfate species stored in the epidermal vacuoles. In the
Kupper et al. (2001) study, the excess Ni treatments were supplied
to the plants as NiSO4 (up to 4000 mg/kg) which may have induced
the observed Ni-S associations. Sulfate can be directly taken up
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from the growth solution and, if not used for other plant functions,
the excess stored in the cell vacuole (Lombi et al., 2002). However,
Broadhurst et al. (2004 ) noted in their studies that regardless of the
sulfate concentration and type of Ni supplied (i.e., NiSO4 vs Ni-
C4Hg04), S concentration in the leaves (on a total S basis) was still
elevated. Tappero et al. (2007) also found elevated shoot S concen-
trations in A. murale grown in mixed metal (Ni + Co, Ni+Zn and
Ni + Co + Zn) hydroponic solutions noting that in the Co treated
plants (Ni + Co, Ni + Co + Zn) the S content significantly increased
compared to the Ni only treatment and, based on the SXRF maps,
was correlated with Co. Their study suggests that the mechanisms
used by A. murale to detoxify Ni are different than those used for
Co, for which S may play a role. Ingle et al. (2005) found that at
Ni concentrations high enough to support Ni hyperaccumulation
(i.e.,, 0.03 mM NiSO,4) there were no S-metabolism-related genes
upregulated; however, when moderately high Ni was added
(0.3 mM NiSQ,), genes responsible for S-metabolism were upregu-
lated. This only highlights the point that even metal hyperaccumu-
lating plants that have evolved the ability to tolerate high metal
concentrations have an upper threshold beyond which inducible
chemical stress responses are upregulated. In the current study,
these solution concentrations were not exceeded.

Our analyses indicated that more often than not Ni within A.
murale is complexed with malate or tartrate, with the remaining
fractions existing either as weak complexes with non-specific oxy-
gen donor ligands, or as complexes with counter-ions. The consis-
tent statistical identification of tartrate in many of the sample
spectra (particularly freeze-dried and ground tissues) is surprising
as few studies investigating Ni hyperaccumulation in Mediterra-
nean Alyssum species have demonstrated an obvious role for tar-
trate in metal hyperaccumulation, more often malic or citric
acids are implicated. Tartrate has been found, however, in other
hyperaccumulating species. In Solanum nigrum plants exposed to
elevated Cd, tartrate was found to be the second most abundant
organic acid after acetic acid in young leaves, followed by malic
acid (an order that was reversed after plant maturity) (Sun et al,,
2006). Callahan et al. (2008), using LC-MS and GC-MS, also iden-
tified Ni-tartrate in latex from the Ni hyperaccumulating tree Seb-
ertia acuminate (along with citric and malic acids). In addition to
identifying a new Ni-ligand, they also noted that citric acid con-
centrations were not sufficient enough to satisfy the necessary
charge balance with Ni and, more than likely, tartrate and malate
were fulfilling this role. The nickel stability constant for malate
(Ni-malate pK=3.2) is similar to that of tartrate (Ni-tartrate
pK=3.2) but much lower than that of citrate (Ni-citrate
pK =5.2) indicating that if citrate was around it would be the dom-
inant ligand for Ni followed by malate and/or tartrate. Attempts
were made to re-fit the sample spectra using citrate instead of tar-
trate, but these always resulted in a much poorer fit. It is possible
that even with the robust fitting procedures used in this study, the
subtle differences between Ni-citrate and Ni-tartrate (each having
similar NLLSF parameters and k>y(k)-spectra) along with the data
quality of the standards and samples may have resulted in some
fitting error. Nevertheless, the statistical and analytical analyses
used in this study indicate that tartrate is playing a role in Ni
sequestration in A. murale. In addition to malate, malonate has
been implicated in the complexation of Ni in several Ni hyperaccu-
mulating Alyssum species including A. bertolonii (Pelosi et al., 1976)
and A. serpyllifolium (Brooks et al., 1981). Boominathan and Doran
(2003), Tolra et al. (1996), and Shen et al. (1997) found organic
acid concentrations to be endogenously higher in several hyperac-
cumulating plants, finding no specific response (i.e., increased OA
production) when the plants were exposed to metals. They all
noted that the constitutively high organic acid concentrations
were enough to complex the increased Ni concentrations in the
plants tested.

In addition to organic acids, we also found evidence of Ni-histi-
dine complexes in leaf veins and pressure-bomb extracts. Kramer
et al. (1996) showed that exposure of A. lesbiacum to 0.3 mM Ni
in hydroponic cultures resulted in a 36-fold increase in xylem his-
tidine levels implying that histidine plays a key role in the trans-
port of Ni from the roots to the shoots. Ostergren et al. (1999)
showed that transcript levels for the first enzyme in the biosyn-
thetic pathway of histidine, ATP-phosphoribosyltransferase
(ATP-PRT), were constitutively higher in the Ni hyperaccumulator
A. lesbiacum when exposed to elevated Ni. They found overexpres-
sion of an ATP-PRT cDNA in A. thaliana resulted in an increase in
the levels of histidine in the shoots and a concomitant increase
in Ni tolerance, but no increase in Ni accumulation. Kerkeb and
Kramer (2003) showed that Ni was taken up by A. lesbiacum as
the free hydrated ion and that the constitutively higher histidine
concentration in the roots was important for the loading of Ni from
the roots into the xylem; a process they determined to be interde-
pendent. It should be noted, however, in their study there was a
leveling off and an eventual decline in xylem histidine concentra-
tions after approximately 11 h of Ni exposure (see Fig. 1 Kerkeb
and Kramer (2003)). This may indicate that while histidine is
important in the delivery of Ni to the xylem from the roots, and
some histidine may concurrently be released into the xylem, other
ligands or counter-ions will be necessary to balance the molar ex-
cess of Ni. The results in this study are in agreement with this
interpretation, and supports a model where transport in the xylem
is facilitated by chelation of Ni in some part by histidine and other
non-specific organic acids, after which it is delivered from the leaf
veins to the vacuoles of the leaf epidermal cells where it is stored
complexed with organic acids (most notably malate) or with less
specific ligands (e.g., aconitate, succinate) or counter-ions (e.g.,
sulfate).

4. Conclusions

The findings contained herein contribute to the current under-
standing of metal tolerance and hyperaccumulation and provide
an example of how coupling complementary techniques at multi-
ple scales can provide a unique picture of metal sequestration
and compartmentalization in biological tissues. While this study
contributes to the growing evidence for the importance of organ-
ic/amino acids and counter-ions in the transport and storage of
metals, there are still many questions to be answered regarding
metal uptake, delivery and storage in hyperaccumulating plants.
Little is known about the physiological, biochemical and genetic
mechanisms involved in metal uptake from the rhizosphere, trans-
port through the vasculature and preferential offloading of metals
into cellular compartments within leaf and stem tissues (e.g., epi-
dermal vacuoles, trichome basal compartments). Understanding
these mechanisms will not only satiate our curiosity as to the fun-
damental evolutionary and ecological processes that guided these
plants to the hyperaccumulation phenotype, but they will also help
in efforts to improve food crop production via, for example, biofor-
tification or improved pathogen resistance. The results obtained
and methods used in this study should assist in these efforts.

5. Experimental
5.1. A. murale propagation

The ‘Kotodesh’ accession of the Ni hyperacumlator A. murale
(Waldst. & Kit.) was grown in a glass house in nickel enriched soils
collected from an area adjacent to an historic Ni refinery in Port
Colborne, Ontario, Canada. The speciation of Ni in these soils and
the soil physicochemical characteristics have been described
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elsewhere (Kukier and Chaney, 2001; McNear et al., 2005). Soils
were sieved wet, mixed thoroughly and 1.5 kg (dry weight) of loam
soil or 0.8 kg (dry weight) of muck soil were placed in 1.5 1 plastic
pots. Based on Mehlich III soil test analyses, the total amounts of
macro- and micro-nutrients applied to each pot were: 154 mg N
(as calcium nitrate), 291 mg P (as calcium phosphate and potas-
sium phosphate), 231 mg K (as potassium phosphate), 22 mg Mg
(as magnesium sulfate) and 1 mg B (as boric acid) (Siebielec
et al., 2007). All fertilizers were added as solutions with the excep-
tion of calcium phosphate, which was added as a dry powder. A
previous study has shown that Port Colborne soils can develop a
Mn deficiency, particularly when limed to alleviate Ni phytotoxic-
ity (Kukier and Chaney, 2001). Therefore, MnSO4 was added at a
rate of 200 kg Mn/h to each pot (Siebielec and Chaney, 2006).
The fertilizers were mixed with the soil in plastic bags and added
to the pots. The pots were watered and incubated for 7 days after
which the soils were mixed again and cultivated. Pots were wa-
tered as needed using reverse osmosis filtered H,O and saucers
were used to prevent loss of leachate. Control plants were grown
in soils from the same region but without Ni enrichment. Some
plants were grown in the greenhouse aeroponically in a General
Hydroponics Clone Machine 20 (General Hydroponics, Sebastopol,
CA) using modified 1/4 strength Hoagland’s with Fe(Ill)-HBED
(N,N'-di-(2-hydroxybenzoyl)-ethylenediamine-N,N'-diacetic acid)
to avoid metal chelator interactions (Chaney, 1988). Control plants
were grown in solutions containing 0.125 pM Ni while elevated
treatments had 50 uM Ni (added as Ni(NOs),). Both soil and aerop-
onically grown plants received light for 16 h each day using a com-
bination of high pressure sodium vapor lamps and natural sunlight.
Day/night temperatures were approximately 25 and 21 °C,
respectively.

5.2. Electron probe micro-analysis (EPMA)

Plant samples were prepared by immersing whole sections of
shoot in lig. N, after which they were dried under vacuum at
—80 °C for 24 h to prevent ice crystal formation. Leaves were then
fractured to expose the interior of the leaf and pieces were placed
on end on a carbon stub. Prior to analysis the samples were sput-
ter-coated with carbon and then examined on a JOEL JXA-8600
microprobe (John Hopkins University) with wavelength and energy
dispersive detectors (WDS and EDS, respectively). Samples were
first scanned manually from 50 to 300x using background scat-
tered electron (BSE) imaging to find regions of high Ni concentra-
tion after which EDS was used to generate elemental maps for O,
K, Ca, Fe, Al and Ni.

5.3. ATR-FTIR standard and plant sap characterization

Attenuated total reflectance-Fourier transform infrared (FTIR)
spectroscopy was employed to characterize the organic and amino
acid standards used in EXAFS PCA-LLSF, as well as in characteriza-
tion of extracted xylem sap from A. murale. Plant sap was collected
from hydroponically grown A. murale plants by inserting cut sec-
tions of shoots into a pressure bomb apparatus (Soil Moisture
Equip. Corp., Goleta, CA), adjusting the pressure to ~15 bar and
using a hypodermic needle to extract the sap (~1 mL) as it exuded
from the cut stem over a 1 h period. A Thermo Electron NEXUS 670
FTIR spectrometer equipped with a PIKE Technologies horizontal
attenuated total reflectance (HATR) flow-through accessory and a
germanium (Ge) internal reflection element was used for data col-
lection. The organic acids citrate, malate, malonate, oxalate, tar-
trate, aconitate, and the amino acids histidine, cysteine and
glycine were examined with and without Ni present to verify the
type of complex formed. Standards in the concentrations detailed

below and extracted sap were pipetted directly onto the germa-
nium crystal prior to analysis.

5.4. EXAFS spectroscopy standard preparation, data collection and
characterization

Atotal of 12 aqueous organic standards were prepared as follows:
Ni-aqueous, 30 mM Ni(NO3),; Ni-aconitate, 50 mM Ni(NO;3), +
150 mM aconitate; Ni-malate, 30 mM Ni(NO; ), + 300 mM malate;
Ni-malonate, 30 mM Ni(NO5), + 300 mM malonate; Ni-citrate,
30 mM Ni(NO;), + 120 mM citrate; Ni-oxalate, 30 mM Ni(NO; ), +
300 mM oxalate; Ni-tartrate, 50 mM Ni(NO5 ), + 500 mM tartrate;
Ni-succinate, 30 mM Ni(NO3), + 150 mM succinate; Ni-histidine,
30mM Ni(NO3), +300 mM histidine; Ni-glutathione, 30 mM
Ni(NO3), + 300 mM glutathione; Ni-cysteine, 30 mM Ni(NO;3), +
300 mM cysteine; Ni-glycine, 30 mM Ni(NOy ), + 300 mM glycine.
ACS trace metal grade chemicals, acid washed containers and ul-
tra-pure double-deionized (18.2 Q Millipore) water were used to
generate all standards. The pH was adjusted using trace metal grade
nitric acid (HNOs) or potassium hydroxide (KOH).

XAS data for standards were collected on beamline X-11A at the
National Synchrotron Light Source (NSLS), Brookhaven National
Laboratory, Upton, NY (unless otherwise stated). The electron
beam energy was 2.5-2.8 GeV with a maximum beam current of
300 mA. The monochromator consists of two parallel Si(1 1 1) crys-
tals with a vertical entrance slit opening of ~0.5 mm. The beam
size on the sample was maintained at 2 x 10 mm for all samples
and standards. Prior to data collection, the energy was calibrated
to the first inflection point on the K adsorption edge of a Ni metal
foil standard (Eo=8.333keV for Ni). Aqueous standards were
loaded into individual acrylic sample holders and sealed with Kap-
ton™ tape. A non-adhesive Kapton™ film was placed on the adhe-
sive side of the tape where it covered the sample reservoir to avoid
any interaction of the sample with the tape adhesive. The samples
were then mounted 45° to the incident beam and data collected at
the Ni K-edge over the energy range 8183-9082 eV in fluorescence
mode using a N,/Ar (95/5%) filled Lytle Cell. To optimize the Ni sig-
nal and remove elastically scattered radiation, the fluorescence sig-
nal was filtered using a Co foil, one to two sheets of aluminum foil
and Soller slits. Harmonic rejection was achieved by detuning the
monochromator 20% of Iy. Multiple scans (>3) were collected for
each sample to improve the signal-to-noise ratio.

EXAFS spectroscopy data analyses were performed using Win-
XAS 3.1 (Ressler, 1997). Prior to averaging, the individual spectra
were background corrected and normalized. Background subtrac-
tion was performed by fitting a linear polynomial to the pre-edge
region between 150 and 50 eV below the Ni K-edge. The edge jump
was normalized to unity by fitting a linear polynomial between
100 and 500 eV above the Ni K-edge. The threshold energy (Eo)
was determined by selecting the root of the second derivative
through the absorption edge of the differentiated spectra, and used
to convert the spectra from energy to k-space (photoelectron wave
vector (A™1)). A cubic spline function with <7 knots was then used
to remove the contribution to the spectrum resulting from atomic
absorption in the absence of backscattering contributions. This
step generated the EXAFS function (yx(k)), which was then
weighted by k>, to compensate for dampening of the EXAFS ampli-
tude with increasing k. The k*y(k)-spectra were then Fourier trans-
formed using a Bessel window with a smoothing parameter of 3-4
to reduce artifacts due to the finite Fourier filtering range used.
This step produced radial structural functions (RSF) which were
not corrected for phase shift.

The first two major shells below 3.5 A~! were individually se-
lected, back-transformed, and fit using a non-linear least squares
fitting (NLLSF) approach and theoretical scattering paths generated
using ATOMS and FEFF 7.02 software packages (Zabinsky et al.,
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1995). The Ni-O and Ni-C (organic acids) phase and amplitude
functions were generated using either nickel acetate tetrahydrate
(Ni(CH)3C00),-H,0) (Nicolai et al., 1998) or diagua-bis(salicylade-
hydato) nickel (Ni(sal),(H,0),) (Stewart et al., 1961) and Ni-N
(amino acids) paths wusing Ni-imidazole (C3H4N;)gNi(NO3),
(Santoro et al., 1969). The Ni-N, Ni-S, N-C and Ni-O phase and
amplitude functions for fitting the cysteine standard were gener-
ated using Kx(Ni(cys),) (Leung et al., 2008). The parameters ob-
tained fitting the individual shells were then refined using a
multi-shell fit over the entire spectra in k and R spaces. The energy
shift parameters (Ey) were set equal for all paths and the root mean
square disorders (RMSD (o2 (A2)) or the Debye-Waller factor) and
bond distance (R) were set equal for those metals sharing atomic
shells. The amplitude reduction factor (Sé) was fixed at 0.85. The
number of variables used in the fits were always less than the
number of independent points (NIP) calculated as Ny = 2AKAR/
7. Errors in the bond distance (R) are estimated to be R +0.02 A
and R+0.05 A, and errors for the coordination number (CN) are
estimated to be CN +20% and CN *40%, for the first (Ni-O/S/N)
and second shells (Ni-Ni//C), respectively. These estimates are
based on the fitting results provided by WinXAS and comparison
with previously published XRD and EXAFS spectroscopy data on
similar systems (O’Day et al., 1994).

5.5. u-SXRF and u-EXAFS spectroscopy’s data collection and analysis

Micro-EXAFS and p-synchrotron X-ray fluorescence (1-SXRF)
data were collected on beamline 10.3.2 (1.9 GeV and 300 mA) at
the Advanced Light Source, Lawrence Berkeley National Lab
(Berkeley, CA). Leaves and stems were removed from living plants
and mounted directly to a Peltier cold stage using metal-free sili-
con vacuum grease and rapidly frozen to ~—30°C. The sample
stage was then oriented 45° to the incident X-ray beam. Fluores-
cence signals were collected using a Ge solid-state multi-element
detector. To assess the spatial distribution of Ni and other elements
in the samples, fluorescence maps were collected over 1000 pm?
(coarse map) and 200 pm? (fine map) with a beam size of 16 x 7
and 5 x 5 um, respectively, using a step size of 20 and 5 pm and
an integration time of 100 ms. For mapping, the beam energy
was set to 11 keV to allow the detection of Ni, Fe, Ca, Co, Cu, Zn,
and Mn. To determine the Ni speciation at regions of interest in
the maps, p-XAS spectra were collected up to 500 eV above the
Ni K-edge. Prior to p-XAS data collection, the beamline energy
was calibrated to the first inflection point of the Ni metal foil stan-
dard (Eq = 8.333 keV).

Analysis of the EXAFS spectra was done using both NLLSF as was
described above for fitting the standards and principal component
analysis linear least squares fitting (PCA-LLSF). Traditional shell fit-
ting was used as an initial assessment of the coordination environ-
ment of Ni with particular focus on the second shell coordination
number as an indication of the relative strength of the complex.
PCA-LLSF was then performed using Labview™ based data analysis
software developed by 10.3.2 beamline scientists (available for free
download at their website; http://xraysweb.lbl.gov/uxas/Beamline/
Software/Software.htm), to identify and quantify the Ni-ligand
complexes contributing to the spectra. Both of these fitting proce-
dures were chosen because analysis of EXAFS spectra collected from
multicomponent systems (such as plants) cannot rely on traditional
fitting procedures alone in which atomic shells are individually se-
lected and fit. The difficulty arises because multiple species in the
system may have overlapping atomic shells making it difficult if
not impossible to separate each of them out. Therefore, to determine
the species present within a mixed system, a dataset of spectra from
multiple spots throughout a sample are analyzed statistically using
principal component analysis (PCA) (Wasserman et al., 1999). The
PCA technique determines if the data set can be described as

weighted sums of a smaller number of components, which would
be the case if each spot in the dataset is comprised of a smaller num-
ber of distinct compounds. Selection of the number of principal com-
ponents was made where the empirical indicator (IND) and
Eigenvalues were at their minimum (Malinowski, 1977). Target
transformation (TT) was then used to identify the components by
taking a spectrum of a known reference compound and mathemat-
ically removing from the spectrum anything that did not look like
principal components identified by PCA. If minimal information is
removed from the known reference spectrum, then it is most likely
present in the sample. Reference spectra are evaluated for their
“goodness of fit” by the SPOIL value (Malinowski, 1978). Generally,
numbers <1.5 are considered excellent, 1.5-3 good, 3-4.5 fair, 4.5-
6 poor and >6 unacceptable. After the contributing standard phases
are identified, linear least squares fitting (LLSF) is used to determine
the amount (%) of each standard within the individual sample spec-
tra making up the dataset. The fit is optimized where the normalized
sum squared (NSS= Z[kg)((k)exp - kg){(k)reconstnlz/z{k3X(k)exp]2)
value is at a minimum. A reference phase was included in the fit only
if it decreased the NSS by 20% or more. The accuracy of this fitting
approach is dependent upon the data quality, the completeness of
the standards data set, and the range over which the data were fit
(Manceau et al., 2002).
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