










































































































































































































































 104

Alyssum murale leaves were investigated with SEM-EDX.  Electron 

microprobe analysis (EMPA) of leaves from Co-treated A. murale showed elevated 

levels of Si, Mg, Ca, and Mn in Co ‘hotspots’, suggesting these elements were 

associated with Co on the leaf surface (Figure 3.4).  Silicon is the only element 

associated with the Co-rich deposits that was not detected in the bulk-leaf regions.   
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Figure 3.4.  EMPA backscattered electron (BSE) image of a leaf from a Co-treated 
Alyssum murale plant 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. 

 

3.4.4 Cobalt Speciation in the Bulk Samples 

The principle amino and organic acids involved with Co detoxification 

and transport in A. murale include fumarate, malate, citrate, and histidine.  These same 

ligands are involved with Ni detoxification and transport in A. murale.  Speciation in 

leaves of Co+Ni-treated A. murale plants (n = 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%) (Table 3.2 & Figure 3.5).  Cobalt speciation in 

the same leaves from the Co+Ni-treated plants consisted of Co-histidine (62%) and 

Co-fumarate (36%).
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Table 3.2 Summary of Co speciation in hyperaccumulator Alyssum murale 

NSSd,e

Bulk XAFS
Leaves

B1b B0 6wk (Co+Ni) 62 36 -1.59 3.63E-02

B1b B0f 6wk (Co+Ni) 77f 25f 0.26 2.87E-02
B1b

B1b B1 2wk 64 36 -0.88 4.04E-02
B2 4wk 47 55 -1.02 2.01E-02

B1b B3 6wk 37 64 -0.82 1.73E-02
B4 6wk (w/o tips) 34 46 17 -1.01 1.91E-02

B2

Stems

B3 B5 6wk 52 52 -0.76 1.69E-02

Roots
µ1 B6 6wk 63 37 -3.91 9.57E-02
µ2

µ3 µµµµ-XAFS (summary)

µ1 leaf tip 81 16 0.20 4.97E-02

µ4 µ2 leaf tip 65 14 21 -0.40 4.95E-03
µ5 µ3 leaf tip 86 15 1.62 1.78E-02

µ4 leaf margin 25 18 57 0.85 5.19E-02
µ6 µ5 leaf vein 22 31 46 0.83 3.84E-02
µ7 µ6 basal 42 20 41 0.65 3.36E-02

µ7 basal 34 67 0.27 3.65E-02
aCo Kerolite-like [Co3Si4O10(OH)2*xH2O], bCo Widgiemoolthalite-like [Co5(CO3)4(OH)2*xH2O], cCo-Fumarato Polymer [Co3(C4H2O4)2], 
dNormalized Sum of Squares, eEstimated error in fitting was ± 10 %, fNi K-edge XAS (Ni-Histidine; Ni-Malate/Citrate)

Hydrous 
Co-

silicateaSample ID

 % 

Co-

fumarate(s)
c

Co-
malate(aq)/ 
citrate(aq)

Energy 
shift

Co-
histidine(aq)

Hydrous Co-
carbonate 
hydroxideb

Co-
fumarate(aq)

ΒΒΒΒ

µµµµ

ΒΒΒΒ

ΒΒΒΒ

 
 

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.e. Ni-Histidine, 

Ni-Malate, Co-histidine & Co-fumarate).  Analysis of the organic acids in naturally-

bleeding xylem fluid from A. murale control plants revealed that xylem fumarate 

concentrations are constitutively low (~70 µM); however, xylem fumarate 

concentrations are elevated (~6 fold) when plants are exposed to nutrient solution with 

50 µM Co.  In contrast, the xylem fluid concentrations of malate and citrate are 

constitutively high (> 1000 µM) in both control and Co-treated A. murale plants. 
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Figure 3.5 Cobalt K-edge EXAFS spectra of bulk plant samples, raw k2-weighted χ(k) 
spectra (dotted line) and corresponding linear combinations fit (solid line)  
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Cobalt speciation in the leaves of Co-treated A. murale plants was 

investigated as a function of the time length of metal exposure.  Plants were exposed 

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.  With several 

weeks or more of metal exposure plants can adjust to conditions with elevated metals 

and compile their biochemical machinery for optimal metal (hyper)tolerance (elevated 

production of histidine); once stability is reached the machinery is optimized for 

efficiency (suitable production of histidine).  The short-term “histidine response” 

observed by Krämer et al (1996) may 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 resistance to metal 

toxicity.  Therefore, a decrease in Co-histidine species (and an increase in Co-fumarate 

species) at longer time lengths of metal exposure could reflect changes in the status of 

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 the accumulation of 

Co-fumarate in leaves and storage as Co-fumarate complexes.  Cobalt fumarate 

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 temperature (a few 

hours at 50°C) (Zheng and Xie, 2004).  In the cobalt-fumarato coordination polymer 

[Co3(H2O)4(OH)2L2*2H2O with H2L = fumarate, HOOCCH=CHCOOH)], two CoO6 

octahedra are condensed through hydroxide anions to form edge-shared bi-octahedra, 

which are bridged by a third CoO6 to generate a cobalt oxide chain extending 

indefinitely in the [100] direction (Zheng and Xie, 2004).  The bridging CoO6 

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] direction (Zheng and Xie, 2004).  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 vascular fluids (evapo)transpirate 

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-treated A. murale plants; however, a spectral contribution from Co-

malate/citrate becomes more noticeable with increasing plant age (i.e. time length of 

metal exposure).  The spectrum of leaves from the 6 week plants can be correctly 

reconstructed with reference spectra of Co-malate/citrate (13%), Co-histidine (30%), 

and Fumarate (56%) (i.e. by allowing a 3rd component), but the NSS value (1.61E-2) 

does not meet the best established cutoff criteria whereby 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 contribution (Manceau et al., 2002; Sarret et al., 2002).  

Considering the high concentrations of malate and citrate (> 1000 µM) detected in 

naturally-bleeding xylem fluids collected from A. murale plants, it is surprising to find 

a greater proportion of Co bound to fumarate than to citrate or malate, especially since 

the latter two should have stronger binding constants (e.g. for Ca and Cu; NIST 

Critical Database 46 v.8, Smith and Martell, 2004).  On the other hand, xylem fluids 

contain a complex mixture of inorganic ions (e.g. Ca2+, Mg2+, SO4
2+), organic anions 

(e.g. oxalate) and other solutes and biomolecules that affect metal-ligand equilibria. 

Aqueous complexes of Co-citrate and Co-malate are difficult to 

distinguish by EXAFS spectroscopy.  Pure standard reference solutions (pH 6.5) have 

χ(k) spectra that match almost perfectly in both phase and amplitude (minus a small 

deviation in slope that occurs on the left shoulder of an oscillation in the k-range 5.5 – 

6.0 Å), and the Fourier Transforms of the raw χ(k)*k3 spectra show little differences in 
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the modulus or the imaginary part (Figure 3.6); pure Ni-malate and Ni-citrate solution 

standards are equally challenging to distinguish with EXAFS.  Since malic and citric 

acid concentrations are constitutively high in A. murale xylem 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 reference solutions were 

merged and the average was included in the fit library as a Co-malate/Co-citrate 

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 greatest enrichment extending 

~2000 µm from the average leaf tip.  Leaf tips (~2 mm) were meticulously excised 

from several hundred leaves of Co-treated A. murale and 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-fumarate (46%), 

and Co-malate/citrate (17%), indicating that Co-malate/Co-citrate species 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. by allowing a 3rd 

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 the tip of A. murale 

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 the same 

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 in A. murale is 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-histidine (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 histidine (Krämer et al., 

1996).  Thus, Ni may stimulate Co accumulation and elevate Co tolerance in Alyssum. 
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Figure 3.6 Cobalt K-edge EXAFS spectra of Co reference compounds, k3-weighted 
χ(k) spectra and corresponding Fourier Transforms (modulus and imaginary part). 
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Similar Co species are detected in A. murale tissues 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 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 findings of Krämer et al. (1996) and Kerkeb and Krämer (2003), 

which attribute a role for free histidine in the radial transport and xylem loading of Ni 

and Co in roots of Alyssum hyperaccumulators.  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 somewhere along the 

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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3.4.5 In situ Cobalt Speciation in Hydrated Alyssum Leaves 

Bulk EXAFS spectroscopy shows Co-histidine and Co-fumarate are the 

predominant Co species in Co-treated A. murale plants 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 as Co-fumarate 

coordination complexes.  Furthermore, bulk measurements obtained for whole and cut 

leaves (excised leaf tips, ~2mm) suggests the tips of the leaves tend to contain more 

Co-fumarate species than the basal segments.  Microfocused X-ray absorption 

spectroscopy (µ-XAS including µ-SXRF, µ-EXAFS, and µ-XRD) can be used to 

investigate element speciation and distribution in natural, heterogeneous samples at the 

(sub)micron scale.  By utilizing these spectromicroscopic tools in conjunction with 

electron probe microanalysis (EMPA) and other analytical and wet-chemical 

techniques it is possible to study the in situ 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 A. murale is localized in the transpiration stream and is eventually 

pulled to leaf surfaces, resulting in preferential accumulation of Co at leaf tips/ 

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-treated A. murale plants shows Co-rich 
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deposits localized on leaf surfaces; the deposits appear massive in habit (no individual 

grains or crystals visible) with botryoidal-like morphological features (formed like 

bubbles or partial bubbles).  Electron diffraction did not identify any “crystalline” 

phases associated with the Co-rich deposits on leaves; the Co-rich deposits may be 

nanocrystalline or “amorphous”.  The electron microprobe beam penetrated only a few 

microns into the sample, thus the recorded signals were emitted from the leaf surface 

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

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 at elevated 

concentrations in Co-rich areas.  Silicon is the only element associated with the Co-

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

The Co K-edge µ-EXAFS spectra of hydrated leaves from Co-treated A. 

murale are shown in Figure 3.7 and the fit results are shown in Table 3.3.  Initial 

spectromicroscopic measurements revealed differences in speciation between the Co-

rich and bulk-leaf regions plus differences in speciation within the Co-rich region.  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 transport in A. murale (i.e. in planta Co 

speciation).  A suite of spectromicroscopic measurements (including µ-SXRF, µ-

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

plants. 
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Results from Co K-edge µ-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.  Similarly, µ-

EXAFS measurements found that Co-fumarate is the most ubiquitous Co species in 

hydrated leaf tissue from Co-treated A. murale.  Co–fumarate was detected at 83 

percent of the locations sampled with the micro-focused X-ray beam; it ranged from 

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-treated A. murale leaves, they 

were the second most prevalent in planta Co species encountered in hydrated leaves by 

microspectroscopic analysis.  Co-malate/Co-citrate species were detected 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 the total Co 

speciation at the locations in the leaf where it is found. 
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Figure 3.7 Cobalt K-edge µ-EXAFS spectra of hydrated leaves from Co-treated A. 
murale (dotted lines) and corresponding linear combinations fit (solid lines)  
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Table 3.3 Linear combination fit results for the µ-XAFS spectra of hydrated leaves 
from Co-treated A. murale (shown in Figure 3.7) 

Sample ID
delta Ed NSSe,f

m1 81 16 0.20 4.97E-02
m2 65 14 21 -0.40 4.95E-03
m3 67 33 -0.20 3.16E-02
m4 69 18 13 0.27 7.17E-03
m5 45 18 37 1.30 6.72E-02
m6 34 41 25 0.89 3.76E-02
m7 34 40 25 0.71 3.51E-02
m8 25 30 44 0.63 3.87E-02
m9 82 21 2.04 4.32E-02
m10 86 15 1.62 1.78E-02
m11 42 20 41 0.65 3.36E-02
m12 36 25 40 0.87 3.78E-02
m13 26 25 48 1.08 4.01E-02
m14 26 27 49 -0.24 5.07E-02
m15 22 31 46 0.83 3.84E-02
m16 17 33 52 0.50 3.64E-02
m17 33 67 0.42 3.45E-02
m18 34 67 0.27 3.65E-02
m19 39 57 0.11 4.81E-02
m20 41 60 -0.45 3.46E-02
m21 44 57 0.41 5.11E-02
m22 57 43 -0.01 5.39E-02
m23 52 48 -0.22 5.26E-02
m24 25 41 34 -0.20 7.39E-02
m25 21 34 44 -0.37 5.92E-02
m26 25 18 57 0.85 5.19E-02
m27 20 15 65 0.17 1.26E-02
m28 62 33 -0.26 4.93E-02
m29 51 44 0.27 5.08E-02

aCo Kerolite-like [Co3Si4O10(OH)2*xH 2O], bCo Widgiemoolthalite-like [Co5(CO3)4(OH)2*xH2O], cCo-Fumarato Polymer [Co3(C4H2O4)2], 
dEnergy Shift (eV), eNormalized Sum of Squares, fEstimated error in fitting (± 10 %)

Co-
Fumarate(aq)

Co-
Malate(aq)/ 
Citrate(aq)

Hydrous Co-

silicatea

Hydrous Co-
carbonate 

hydroxideb

Co-
fumarate(s)

c
Co-

Histidine(aq)

 

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 Co-fumarate 

(83%) or Co-malate/Co-citrate species (69%).  However, Co-histidine species are not 

spatially associated with the Co-rich regions near tips (~2mm) and are rarely detected 

in proximity to the leaf tips or margins; instead they are usually found in the basal leaf 

regions where Co localization is more diffuse (“diffuse leaf region”).  A µ-EXAFS 

scan was collected at midleaf in the center of the main vein of a Co-treated Alyssum 

leaf and the Co speciation consisted of Co-histidine (22%), Co-fumarate (31%), and 

Co-malate/citrate (46%).  This finding is consistent with a report by McNear (2006) of 
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Ni-histidine species localized in the leaf vein region of a hydrated leaf from Ni-treated 

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, the µ-XAS investigation aided in the discovery and 

identification of sparingly-soluble Co species sequestered on leaf surfaces (near tips/ 

margins).  Spectra collected in Co-rich regions near leaf tips showed striking 

differences from spectra collected in bulk-leaf regions (diffuse Co).  The Co K-edge 

k3-weighted χ(k) spectrum of a Co-rich spot on an A. murale leaf had a beat pattern 

near 5 Ǻ-1 and a split oscillation between 7 and 8.5 Ǻ-1 whereas the χ(k) spectrum from 

a bulk-leaf spot did not have these characteristic structural features; spectra with 

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 the Co-rich 

region are consistent with a mixture of amorphous silica (opal-A) and a poorly-ordered 

sheet silicate.  Micro-EXAFS and EMPA indicate the Co-rich region contains a Co-

rich precipitate species with a polyhedral local structure resembling that of sheet 

silicates (metal octahedral are joined along edges and share corners with ditrigonal 

SiO4 rings), presumably a poorly-ordered Co-rich phyllosilicate resembling a Co-

Kerolite (2:1 trioctahedral hydrous silicate of formula (Co,Mg)3Si4O10(OH)2*nH2O).  

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)transpiration of biological 
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fluids rich in Co (i.e. Co-fumarate, Co-malate/citrate, Co-histidine) and other non-

essential solute molecules (e.g. [H4SiO4]
0) carried in the transpiration stream.  µ-

EXAFS and µ-XRD revealed that Co phyllosilicate-like phases (e.g. 2:1 trioctahedral 

Co-Kerolite-like, (Co)3Si4O10(OH)2*xH2O) 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.  Cobalt phyllosilicate-like phases were identified in 28% of the locations 

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 phytoliths on A. murale plants 

(hereso named “Metallo-Phytoliths”), spectromicroscopic analysis revealed a 

significant presence of another Cobaltoan mineral precipitate sequestered on leaf 

surfaces, a hydrated cobalt carbonate hydroxide. 

Widgiemoolthalite (Ni5(CO3)4(OH)2*4H2O) is the naturally-occurring Ni 

analogue of hydromagnesite (hydrated magnesium carbonate hydroxide, 

Mg5(CO3)4(OH)2*4H2O) that was recently discovered and described (1993).   An 

analogous hydrated Co-carbonate hydroxide mineral can be synthesized by dropwise 

addition of Na2CO3 (1M) to a stirred aqueous solution of Co(II) (0.5M) at ambient 

temperature (Zheng and Xie, 2003); the violet precipitate is a poorly-ordered, “X-ray 

amorphous” relative to commercially-available Cobalt Carbonate Basic (a.k.a. 

hydrated cobalt carbonate hydroxide, Co[CO3]1-a[(OH)2]a*xH2O). A natural specimen 
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of the Co-analogue to Widgiemoolthalite (Co5(CO3)4(OH)2*xH2O) has not been 

discovered or described to date, but the biogenic species observed on leaves of 

hyperaccumulator A. murale is hereso named “Sqwidgiemoolthalite”.   

 

Figure 3.8 Molecular-scale representations of the coordination environment in a 
Cobalt-rich Kerolite-like 2:1 trioctahedral phyllosilicate, a hydrous Co-carbonate 
hydroxide mineral precipitate, and a Co-fumarato coordination polymer. 
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Sqwidgiemoolthalite-like mineral precipitates were detected at 21% of the locations 

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 detected with Co-

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-treated A. murale plants at both the bulk (whole leaf) and 

micron (cellular) scale.  Bulk EXAFS analysis of cut (leaf tip excised) and whole 

leaves suggests Co-fumarate may accumulate in leaves and might be stored near leaf 

tips as Co fumarate coordination complexes.  Furthermore, bulk EXAFS revealed that 

the proportion of Co-fumarate species in leaves increases with longer time lengths of 

metal exposure.  Therefore, Co-treated A. murale plants 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 50°C) (Zheng and Xie, 

2004).  For instance, Co fumarate crystals formed serendipitously in a high-purity Co-
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fumarate(aq) 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 (especially near leaf 

tips/margins). 

A solid-like cobalt fumarate species (Co-fumarate(s)) was detected on 

several A. murale leaves with µ-EXAFS.  Co fumarate(s) 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 is observed most 

often near leaf margins.  It is commonly localized with Co-malate/Co-citrate and Co-

fumarate(aq) species.  Co-fumarate(s) is a hydrated cobalt hydroxide fumarato 

coordination polymer of type M3L2 [Co3(C4H2O4)2].  A crystalline form of solid 

cobalt fumarate was not detected by µ-XRD.  Presumably these coordination polymers 

occur on leaves as a gel-like coating of amorphous solids; their stability on leaf 

surfaces is anticipated to be rather limited. 

In summary, Co-fumarate(aq) is the predominant species in leaves and 

accumulates near leaf tips and margins (i.e. regions of maximal transpiration), 

presumably leading to the formation of cobalt-fumarato coordination polymers 

(especially near the evaporative interface).  These C-rich Co-fumarato polymers are 

meta-stable on leaf surfaces because of exposure to light, heat, microorganisms and 

drastically altered chemical conditions (e.g. humidity, air, etc.), all of which facilitate 
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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-rich mineral 

precipitates (e.g. Co-Kerolite) on A. murale leaves.  Thus a possible mechanism of 

deposition involves 1) accumulation of Co-fumarate(aq) in leaves, 2) condensation of 

Co-fumarate(s) near evaporative surfaces (e.g. leaf tips/ margins), 3) partial degradation 

of C-rich Co-fumarate polymers on leaf surfaces with restructuring to Co carbonate 

hydroxide-like matrix, and 4) formation of stable Co/Si-rich mineral precipitates (i.e. 

Co-Fumarate(aq) �  Co-Fumarate(s)  �  Co-Widgiemoolthalite  �  Co-Kerolite). 
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Chapter 4 

SUMMARY AND RESEARCH NEEDS 

4.1 Summary 

In this investigation, a combination of novel in situ techniques (e.g. 

synchrotron-based spectroscopies), advanced ex situ analytical methods (e.g. electron 

microprobe analysis), and wet-chemical procedures (e.g. high performance liquid 

chromatography) were used to investigate the localization and speciation of cobalt in 

the Ni/Co hyperaccumulator plant (Alyssum murale).  Synchrotron-based 

microspectroscopic tools were applied to gain (sub)micrometer-scale information 

regarding the in situ chemical form (i.e. molecular speciation), spatial location, and 

elemental associations of the plant-accumulated metals (Co and Ni).  The first research 

objective was to investigate aspects of Co accumulation and storage in A. murale and 

to determine the influence of simultaneous hyperaccumulation (i.e. Ni and Co) on 

metal localization.  The second objective was to examine the molecular speciation of 

Co in various A. murale tissues (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 sequestration) that is 
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potentially involved with Co tolerance in A. murale.  Furthermore, the sequestration 

mechanism for Co is completely different from the intracellular mechanism used to 

sequester Ni in A. murale (i.e. vacuolar compartmentation) and other Alyssum 

hyperaccumulators; compartmentalization of metals in the epidermal cell vacuoles of 

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. murale do not confer (hyper)tolerance to cobalt, thus A. murale plants alleviate Co 

toxicity via exocellular sequestration.  The two-dimensional µ-SXRF images of Ni in 

hydrated A. murale leaves show the nearly uniform Ni distribution that is indicative of 

metal enrichment in leaf epidermal tissue.  In contrast, images of Co in hydrated leaves 

show preferential localization of Co at leaf tips and margins, indicating that 

accumlated Co is not compartmentalized with Ni in the leaf epidermal cells.  The 

three-dimensional tomographic images (CMT) of metals in hydrated A. murale leaves 

show leaf epidermal layers are enriched with Ni but devoid of Co.  Additionlly, CMT 

images reveal the majority of Co in planta is localized in the apoplasm of leaf ground 

tissue (i.e. fluid between cells); the majority of Co ex planta is sequestered as Co-rich 

mineral precipiates on leaf surfaces near the leaf tips and margins.  The research 

findings presented in Chapter 2 were published in New Phytologist (Tappero et. al., 

2007). 



 133

A mechanistic understanding of the highly selective metal transport 

system linked to Ni tolerance in shoots of A. murale (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 nanoparticles (e.g. Phytoliths with two-

dimensional hydrous cobalt silicate domains) and other Cobaltoan mineral precipitates 

(e.g. Widgiemoolthalite, Co-analogue) and polymers (e.g. Cobalt hydroxide fumarato 

coordination polymer, [Co3(H2O)4(OH)2(C4H2O4)2]xH2O) sequestered on the leaf 

surface of a metal hyperaccumulator plant.   

Analysis of the organic acids in naturally-bleeding xylem fluid from A. 

murale plants revealed constitutively high (> 1000 µM) concentrations of malate and 

citrate.  Xylem fumarate concentration was constitutively low (~70 µM); however, 

fumarate concentration was elevated (~6 fold) for plants exposed to nutrient solution 

containing 50 µM Co.  

The principle amino and organic acids involved with Co detoxification 

and transport in A. murale include fumarate, malate, citrate, and histidine.  These same 
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ligands are involved with Ni detoxification and transport in Alyssum.  Nickel 

speciation in leaves of 6 week Co+Ni-treated A. murale plants (n = 3) consisted of Ni-

histidine (70%) and Ni-malate/Ni-citrate (30%); cobalt speciation in the same leaves 

from the Co+Ni-treated plants consisted of Co-histidine (62%) and Co-fumarate 

(36%).  A Ni-fumarate EXAFS standard should be prepared and tested against Ni-

malate in the fitting procedure. 

Cobalt speciation in A. murale is 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 stimulates histidine 

production (Krämer et al., 1996).  Thus, Ni additions have the potential to stimulate 

Co accumulation and elevate Co tolerance in Alyssum. 

Cobalt speciation in leaves of Co-treated A. murale varied 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 accumulation of Co-
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fumarate in leaves and storage as Co-fumarate complexes; X-ray microprobe 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 findings of Krämer et al. (1996) and Kerkeb and Krämer 

(2003), which attribute a role for free histidine in the radial transport and xylem 

loading of Ni and Co in roots of Alyssum hyperaccumulators.  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 vary between 

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 transport in A. murale (i.e. in 

planta Co speciation).  Results from Co K-edge µ-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.  Similarly, µ-

EXAFS identified Co-fumarate as the most ubiquitous Co species in hydrated leaf 

tissue from Co-treated A. murale.   
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Additionally, the µ-XAS investigation aided in the discovery and 

identification of the Co species sequestered on leaf surfaces (near tips/ margins) of Co-

treated A. 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, Co-histidine) and 

other non-essential solute molecules (e.g. [H4SiO4]
0) carried in the transpiration 

stream.  µ-EXAFS and µ-XRD revealed that Co phyllosilicate-like phases (e.g. 2:1 

trioctahedral Co-rich Kerolite, (Co,Mg)3Si4O10(OH)2*xH2O) 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 phytoliths on A. 

murale plants (hereso named “Metallo-Phytoliths”), spectromicroscopic analysis 

revealed a significant presence of another Cobaltoan mineral precipitate on leaf 

surfaces, a hydrated cobalt-carbonate hydroxide.  Widgiemoolthalite 

(Ni5(CO3)4(OH)2*4H2O), a naturally-occurring Ni analogue of hydromagnesite 

(hydrated magnesium carbonate hydroxide, Mg5(CO3)4(OH)2*4H2O), has been 

recently discovered and described (1993).  A natural specimen of the Co-analogue to 

Widgiemoolthalite (Co5(CO3)4(OH)2*xH2O) has not been discovered or described to 

date, but the biogenic species observed on leaves of Co hyperaccumulator A. murale is 

hereso named “Sqwidgiemoolthalite”.  A solid cobalt fumarate species (Co-

fumarate(s)) was detected on several A. murale leaves with µ-EXAFS.  Solid Co-
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fumarate is observed most often near leaf margins.  Co-fumarate(s) is a hydrated cobalt 

hydroxide fumarato coordination polymer of type M3L2 [Co3(C4H2O4)2].  A 

crystalline form of solid cobalt fumarate species was not detected by µ-XRD; these 

coordination polymers occur as poorly-ordered, amorphous solids, and their stability 

on the leaf surface is anticipated to be rather limited.   

Co-fumarate(aq) is the predominant species in leaves and accumulates near 

leaf tips and margins (i.e. regions of maximal transpiration), presumably leading to the 

formation of cobalt-fumarato coordination polymers (especially near the evaporative 

interface).  These C-rich Co-fumarato polymers are meta-stable on leaf surfaces 

because of exposure to light, heat, microorganisms and drastically altered chemical 

conditions (e.g. humidity, air, etc.), all of which facilitate 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-rich mineral precipitates (e.g. Co-Kerolite) on A. 

murale leaves.  Thus a possible mechanism of deposition involves 1) accumulation of 

Co-fumarate(aq) in leaves, 2) condensation of Co-fumarate(s) near evaporative surfaces 

(e.g. leaf tips/ margins), 3) partial degradation of C-rich Co-fumarate polymers on leaf 

surfaces with restructuring to Co carbonate hydroxide-like matrix, and 4) formation of 

stable Co/Si-rich mineral precipitates (i.e. Co-Fumarate(aq) �  Co-Fumarate(s)  �  Co-

Widgiemoolthalite  �  Co-Kerolite). 
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