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ABSTRACT: Most nonoccupational human exposure to thallium
(T1) occurs via consumption of contaminated food crops. Brassica
cultivars are common crops that can accumulate more than 500 pg
Tl g~'. Knowledge of TI uptake and translocation mechanisms in
Brassica cultivars is fundamental to developing methods to inhibit
T1 uptake or conversely for potential use in phytoremediation of
polluted soils. Brassica cultivars (25 in total) were subjected to TI
dosing to screen for Tl accumulation. Seven high Tl-accumulating
varieties were selected for follow-up TI dosing experiments. The
highest Tl accumulating Brassica cultivars were analyzed by
synchrotron-based micro-X-ray fluorescence to investigate the TIl
distribution and synchrotron-based X-ray absorption near-edge
structure spectroscopy (XANES) to unravel Tl chemical
speciation. The cultivars exhibited different TI tolerance and accumulation patterns with some reaching up to 8300 ug Tl g~
The translocation factors for all the cultivars were >1 with Brassica oleracea var. acephala (kale) having the highest translocation
factor of 167. In this cultivar, Tl is preferentially localized in the venules toward the apex and along the foliar margins and in minute
hot spots in the leaf blade. This study revealed through scanning electron microscopy and X-ray fluorescence analysis that highly T1-
enriched crystals occur in the stoma openings of the leaves. The finding is further validated by XANES spectra that show that TI(I)
dominates in the aqueous as well as in the solid form. The high accumulation of Tl in these Brassica crops has important implications
for food safety and results of this study help to understand the mechanisms of T1 uptake and translocation in these crops.

KEYWORDS: Brassicas, bioconcentrations, health risk, phytoextraction, thallium

Thallium distribution in Brassica oleracea acephala |.

B INTRODUCTION

Thallium (TI) is more toxic to mammals than arsenic (As),

transported as the hydrated ion through K'- and Na*-selective
channels."” A recent study on Arabidopsis thaliana reported
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cadmium (Cd), mercury (Hg), or lead (Pb)." It is listed among
the US Environmental Protection Agency’s 13 priority
pollutant metals.” Thallium occurs in the environment at
very low concentrations, with an average crustal abundance of
~0.8 ug Tl g™'.> However, geochemically anomalous areas and
sites in the vicinity of base metal mines can have elevated TI
concentrations in the soil, e.g., 185 ug Tl g_1 in top soils at the
Pollone Mine, Italy, a maximum of 280 ug TI g_ 1n the
bottom soils of the Jas Roux site, France,” 124 ug Tl g ! at the
Lanmuchang deposit in Guizhou Province, China,%” and up to
18,000 ug Tl g~! at the Allchar outcrop, North Macedonia.*’
Thallium occurs in two oxidation states in geochemical
environments as TI(I) and TI(III), with the latter being
50,000-fold more toxic to phytoplanktons (unicellular algae,
Chlorella sp.)."

Thallium is not essential for living organisms,“ although it is
readily taken up from soil by plants because it is generally
present as the thermodynamically stable monovalent ion, with
chemical properties similar to potassium (K).'” In plants, T1" is
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that TI interferes in K-dependent processes, inhibits photo-
synthetic activity, and enhances oxidative stress.'* In Dittrichia
plants exposed to 100 uM TI, oxidative stress was observed as
well as a decline of some nutrients (Fe, Mg, and K)."> A study
on Sinapsis alba (white mustard) showed that Tl tolerance
decreased in higher TI treatments, with evident effects on
growth inhibition, ox1dat10n of pigments, and a decline in
photosystem core proteins.'® Of all the nonessential trace
elements, Tl has some of the highest bioaccumulation
coefficients among plants, with high values reported in
members of the Brassicaceae family.'” The vegetable kale
(Brassica oleracea var. capitata) and green cabbage (Brassica
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oleracea) accumulated >300 ug T1 g~' when growing in soils
with <70 ug Tl g7'.%'®'” The Brassicaceae contains species
that have been reported to accumulate TI in edible parts and
are commonly used as food crops (e.g, mustard, broccoli,
Brussel sprouts, cabbage, cauliflower, and kale).”°~** This
suggests that T1 toxicity from vegetable consumption can easily
occur. The World Health Organization set a maximum value of
Tlin diet at 0.18 ug/kg body weight per day.”> Exposure to, or
consumption of, Tl can cause adverse health effects, including
gastroenteritis, polyneuropathy, and alopecia, which can
ultimately lead to death.”

Several Brassica crops have been studied for their ability to
accumulate metal(loid)s and potential to remediate soils, e.g.,
Brassica napus”’ and Brassica oleracea var. capitata.”® Indian
mustard (Brassica juncea) is one of the most geographically
distributed Brassicaceae crops and has been identified to
withstand high Tl concentrations, with 3-fold potential
benefits: (i) plant-based extraction of metals with economic
value (phytomining) or of environmental concern, such as TJ,
(ii) sustainable soil management, and (iii) use in bioprospect-
ing during exploration for ore deposits. Plants grown in
contaminated soil can contain ~500 ug Tl ¢”' and with an
estimated biomass of 15 t ha™ can yield a crop containing
~7.5 kg Tl/ha/ harvest.”' Thallium hyperaccumulation in
plants occurs in nature and is recognized in plants with in
excess of 100 ug g~' in above ground tissues,” although only
six species have been reported so far. Two belong to the
Brassicacea family, Biscutella laevigata (up to 32,700 ug Tl g™'
in their leaves)® and Iberis intermedia (up to 4000 ug TI
g™"),”" one to the Caryophyllaceae family, Silene latifolia (up to
35,700 ug Tl g™'),** and three other are Viola taxa from the
Violaceae family (Viola tricolor subsp. macedonica, Viola
allcharensis, and Viola arsenica) with up to 58,900 ug TI gfl.g

Despite the human health risk of consuming Brassicaceae
crops grown in Tl-contaminated soils, there is a paucity of
studies on the chemical speciation and compartmentation of T1
in these crops, given the extreme toxicity of TI(III) compared
to TI(I). Chemical speciation of Tl in I intermedia, a TI
hyperaccumulator plant, has been studied to date using
hyphenated chromatography methods™ and synchrotron
spectroscopy.'” Synchrotron-based micro-X-ray fluorescence
(uXRF) can shed light on the distribution of elements within
plant tissues and cells, while synchrotron-based X-ray
absorption near-edge structure spectroscopy (XANES) allows
the understanding of the molecular forms and bonding of
elements based on their wavelength and energy without using
destructive sample preparation, which in plants might affect the
elemental distribution and oxidation state of T1.**

The aims of this study were (i) to compare TI accumulation
and tolerance in 25 cultivars of Brassica crops: Brassica oleracea,
Brassica juncea, and Brassica rapa (B. rapa); (ii) to unravel TI
spatial distribution in Brassica crops with higher T uptake; and
(iii) to elucidate Tl speciation in Brassica crops. Laboratory-
based yXRF and synchrotron-based yXRF were used for the
elemental distribution in Brassica leaves. Synchrotron-based
XANES spectroscopy was used for Tl speciation analysis. This
information can be used to better understand the ecotoxicol-
ogy of these edible crops and to limit uptake of edible crops or
conversely exploit the potential of these cultivars for
remediation of Tl-polluted soils.
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B MATERIALS AND METHODS

Plant Culture Conditions. Seeds from 25 Brassica species
and cultivars (Table S1) were germinated over 7 days in plastic
trays (44 X 33 X 7 cm) filled with a mixture of a
perlite:vermiculite (1:1, v:v) substrate. Seeds were sown 1
cm deep and 2 cm apart from each other and watered
accordingly to water capacity. The growth chamber conditions
were a 12/12 h light/dark cycle, using high-intensity
photosynthetically active radiation (PAR) LED lights (Valoya
model B200, Helsinki, Finland) at a photosynthetic photon
flux density of 350 ymol m™ s, and a 26/20 °C day/night
temperature regime. Five seedlings from each cultivar were
then transferred to hydroponic cultures after the cotyledons
had fully emerged. The hydroponics experiment was
conducted in a temperature-controlled room with four
containers (11 X 30 X 40 cm; capacity, ~12 L). The solutions
were aerated with air-stone diffusers at the base of each
container. For experiment 1, on the 11th day, the nutrient
solution was spiked with thallium(I)nitrate to make 7.5 uM TI
in a modified 1/2 strength Hoagland’s solution. This 1/2
strength-modified Hoagland’s formulation was prepared with K
(3 mM as KNO,), Ca (2 mM as Ca(NO;),-4H,0), P (1 mM
as NH,H,PO,), N (8 mM as KNO;, Ca(NO;),4H,0, and
NH,H,PO,), Mg (0.5 mM as MgSO,-7H,0), Fe (40 uM as
Fe(K)-HBED), CI (1 M as KCI), B (25 uM as H;BO;), Mn
(2 uM as MnSO,-4H,0), Zn (2 uM as ZnSO,7H,0), Cu
(0.1 uM CuSO,-5H,0), Mo (0.1 uM as Na,MoO,-2 H,0),
and 2 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer
adjusted to pH 5.5 with KOH.” After 11 days of exposure to
Tl-spiked nutrient solution, leaves from each cultivar were
imaged with laboratory-based yXRF analysis (Figure S1).
Brassica oleracea cultivars with high TI in their leaves (IDs 6, 9,
10, 11, 13, 15, and 16) were then selected for experiment 2
(Figure S2). The seven selected cultivars were germinated and
grown in control nutrient solution for 11 days and then
exposed to different levels of T1 (0, 1, 2.5, and 5 M T1). Some
Brassica oleracea cultivars (IDs 6, 10, and 11) grown in § uM
Tl (experiment 2) were transported to the Australian
Synchrotron for XFM, and the remainder was harvested after
11 days of Tl exposure. Additionally, Brassica oleracea cultivars
(IDs 10 and 11) grown in 7.5 uM TI (following protocols of
experiment 1) were transported to the Australian Synchrotron
for X-ray absorption spectroscopy (XAS) analysis on bulk
tissue samples.

Chemical Analysis of Plant Tissues. Harvested plant
samples were thoroughly washed with distilled water and oven-
dried for 72 h at 40 °C. Plant samples were homogenized and
weighed to 100 + S mg in 6 mL polypropylene tubes for
predigestion using 2 mL HNO; (70%) for 24 h before
digestion in a block heater (Thermo Scientific digital dry bath)
for a 2 h program (1 h at 70 °C followed by 1 h at 125 °C).
Ultrapure water (Millipore, 18.2 MQ-cm at 25 °C) was added
to the digested samples to make to 10 mL volume for
elemental analysis using a Thermo Scientific iCAP 7400
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) instrument. Either radial or axial mode was used
depending on the approximate element concentrations in the
solution. Matrix-based interferences were compensated using
yttrium as in-line internal addition standardization. Quality
controls included certified reference solution (Sigma-Aldrich
Periodic Table Mix 1 for ICP TraceCERT, 33 elements, 10 mg

https://doi.org/10.1021/acs.est.3c08113
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L™ in HNO; 70%, v/v), standard reference material (NIST
Apple Leaves1515) treated as samples, and matrix blanks.
Scanning Electron Microscopy with Energy-Disper-
sive X-ray Spectroscopy (SEM-EDS). Small leaflet frag-
ments were excised from the plant with a razor blade and
immediately shock-frozen by quickly pressing against a solid
block of stainless steel with a high thermal mass (2 kg) that
was cooled by liquid nitrogen (—196 °C). Subsequently, the
whole block (with samples in thermal contact) was moved into
the vacuum chamber of a lyophilizer (Thermoline) and
immediately pumped down. Vacuum (0.004 mbar) was
achieved in <S5 min, which ensured thermal insulation and
ensured that the metal block remained cold and very slowly
warmed to the set temperature of the lyophilizer (—85 °C).
After 48 h, freeze-drying was progressed in increments of S °C
and for another 24 h to room temperature (a total of 72 h).
The samples were then stored in a box with silica gel, mounted
on stubs, sputter-coated with carbon, and analyzed using
scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDS, Hitachi SU3500), at 100—3000%
magnification at 15—20 kV, as described previously.*®
Laboratory-Based Micro-X-ray Fluorescence (uXRF)
Elemental Mapping. The University of Queensland (UQ)
micro-X-ray fluorescence spectroscopy (uXRF) facility is a
custom-built system assembled by IXRF Systems (TX, USA),
which has two 50 kV—1000 uA sources fitted with
polycapillary focusing optics. We used the microfocus Mo-
target tube that produces 17.4 keV X-rays (flux of 2.2 X 10°® ph
s7') focusing to 25 um. The fresh hydrated specimens
belonging to the 25 Brassica cultivars were mounted between
two sheets of Ultralene thin films (6 ym thick) stretched over a
Perspex frame magnetically attached to the x—y motion stage
at atmospheric temperature (~20 °C) (Figure S1). The XRF
spectra were acquired in mapping mode using the instrument
control package, Iridium (IXRF Systems).
Synchrotron-Based Micro-X-ray Fluorescence (uXRF)
Elemental Mapping. The XFM beamline of the Australian
Synchrotron employs an in-vacuum undulator to produce a
brilliant X-ray beam with a focus down to 1 gm. A double-
crystal monochromator Si(111) and Kirkpatrick—Baez mirrors
produce a monochromatic focused incident beam onto the
sample.””*® The beamline is equipped with a Maia XRF
detection system, which enables short per pixel dwell times
(down to submilliseconds) and large pixel counts (up to
megapixels) for high-definition elemental imaging.”” The
UXRE elemental mapping used an incident energy of 15.8
keV. Three Brassica oleracea var. acephala cultivars were
transported to the synchrotron XFM beamline (Brassica IDs 6,
10, and 11). Tissues (roots, stem, petiole, and leaf) and cross
sections were imaged mounted between two sheets of 4 um
thick Ultralene thin films in a tight sandwich to limit
evaporation. These tissue samples were sectioned with a
vibratome using a “dry knife” method to avoid elemental
redistribution and losses and this approach has been
extensively validated in previous experiments.”>*" The
radiation dose to which the hydrated plant specimens were
subjected was much lower (<0.5 kGy) than the dose required
(>4 kGy) to induce noticeable damage.41
Synchrotron-Based X-ray Absorption Near-Edge
Structure Spectroscopy (XANES). Solid standards were
prepared with TI(I)NO; and TI(III),0; by mixing into
cellulose powder at a final concentration of 5 ug Tl g~', and
approximately 60 mg of each mixture was compressed to yield
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4 mm-diameter pellets. The aqueous standards were prepared
from TI(I)(NO;), or TI(III)(NO,)s() with ultrapure water
(Millipore), 100 mM HEPES (4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid), and 100 mM BICINE (N,N-bis(2-
hydroxyethyl)glycine) buffers, depending on the pH, and then
with the following ligands: citrate, glutathione, and acetate.
The pH of the ligands was adjusted with 5 M NaOH and 35%
HCL The solutions were diluted to $ mM [T1*/3*], as follows:
S mM [TI*] in 100 mM HEPES, pH 8; 5 mM [TI*] in 25 mM
citrate in 100 mM HEPES, pH 7.5; S mM [TI*] in 25 mM
glutathione in 100 mM HEPES, pH 7.5; S mM [TI**] in 100
mM acetate, pH 4; 5 mM [TI'] in 25 mM glutathione in 100
mM BICINE, pH 9. Glycerol was added to avoid ice crystal
formation (final concentration, 33 v/v%) to each standard
before loading into plastic cells sealed with Kapton tape and
plunge freezing in liquid nitrogen. Two cultivars from Brassica
oleracea var. acephala were transported to Melbourne (IDs 10
and 11), and fresh hydrated dissected samples were inserted
into the same plastic holders as the aqueous standards prior to
rapid freezing in liquid nitrogen. Data collection was
conducted at the XAS beamline at the Australian Synchrotron
with the samples and standards at ~5 K with the aid of a
pulsed He expansion cryostat with Kapton windows. The
incident X-ray beam was monochromated with a pair of
Si(111) crystals, and harmonic rejection was achieved using a
Rh-coated mirror. The data were collected in the fluorescence
mode using an 18-element solid-state HP-Ge detector (Mirion,
France), and the X-ray energy was calibrated by simultaneously
collecting the transmission spectrum of an elemental selenium
foil downstream of the sample (first peak of the first derivative
assumed to be 12,658 eV). The XAS data were interpreted
with standard approaches using EXAFSPAK software. All data
were energy-calibrated, background-corrected, and normalized.
Each XANES spectrum was then fit with a linear combination
of the spectra of the following standards: TI(III),0; (solid),
TI(I)NO; (solid), S mM TI* solution in 25 mM citrate in 100
mM HEPES, pH 7.5, and § mM TI* solution in 25 mM
glutathione in 100 mM BICINE, pH 9. The spectra of these
standards were distinct from each other and sufficient together
to generate satisfactory fits to the various sample spectra.
Components with a linear combination fit fraction less than
three times the estimated standard deviation for that parameter
were excluded.

Statistical Analyses. Statistical analyses were performed
using R version 4.2.0 with RStudio 2022.02.2 with a
significance level of p < 0.05. The assumption of data
normality was evaluated using the Shapiro—Wilk test, and
the homogeneity of variances was tested with Levene’s test.
The test of normality failed; therefore, nonparametric tests
were conducted. For the experiment 1, the significance of
differences in biomass and Tl concentration in shoots across
the 25 cultivars was evaluated by a Kruskal—Wallis test
followed by Dunn’s pairwise post hoc tests. For experiment 2,
biomass was assessed by a Kruskal-Wallis test followed by
Dunn’s pairwise post hoc tests for the seven selected cultivars.
The significance of differences in thallium concentration in
shoots, across different levels of Tl in nutrient solution in
experiment 2, was evaluated with the nonparametric Scheirer—
Ray—Hare test, equivalent to two-way ANOVA, followed by
Dunn’s pairwise post hoc tests. To identify if these food crops
behave as thallium hyperaccumulators, the 25 cultivars were
compared using the translocation factor (ratio of the element
concentration in shoots to the element concentration in roots).

https://doi.org/10.1021/acs.est.3c08113
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Figure 1. Thallium concentration graphs of seven selected Brassica cultivars grown in nutrient solution with different T1 concentrations (0, 1, 2.5,
and S uM TI). For each treatment, median values (line inside the box), 25—75% interquartile range boxes, and whiskers are displayed. The
terminals of whiskers represent the lowest datum point still within 1.5 times the interquartile range of the lower quartile and the highest datum
point still within 1.5 times the interquartile range of the upper quartile. Whiskers are not represented if the 25% interquartile was equal to the
lowest datum point, or if the 75% interquartile was equal to the highest datum point (excluding outliers). Data were analyzed by the nonparametric
Scheirer—Ray—Hare test followed by Dunn’s test for the mean comparison (p < 0.05).

B RESULTS

Plant Growth Performance in the Thallium Dosing
Experiments. Total biomass results are presented in Figures
S3a and S4 and Tables SI1 and S2. For experiment 1, a
Kruskal-Wallis test showed that there were significant
differences in the biomass of the 25 cultivars subjected to
7.5 uM TI (H(24) = 57.036, p = 0.00016). The cultivars that
had the highest biomass were cabbage and kale (Brassica
oleracea), IDs 7, 8, 10, and 19, with median masses of 498,
1510, 632, and 410 mg, respectively, whereas the lowest
biomass was recorded in mustard greens (Brassica juncea), IDs
23 and 24 with median masses of 35.7 and 26.3 mg per plant,
respectively (Figure S3a and Table S1). For experiment 2, a
Kruskal-Wallis test showed that there was a statistical
difference in biomass across the seven selected cultivars (IDs
6,9, 10, 11, 13, 15, and 16) across the different T treatments
(0, 1, 2.5, and S uM TI) (Hg) = 15.125, p = 0.0017). The
biomass of these cultivars decreased as the T concentrations in
the nutrient solution increased (Figure S4). The cultivar ID 11
had the lowest biomass in the control solution (260 + 103 mg
per plant) and in the highest Tl treatment of S M TI (248 +
32.7 mg per plant). In the 1 M TI treatment, all of the plants
had slightly higher biomass compared to the other treatments,
with the highest being cabbage, ID 6 (1930 + 743 mg) (Figure
S4 and Table S2).

Accumulation of Thallium in Roots and Shoots.
Thallium accumulation in the Brassica cultivars is shown in
Figure S3b, Figure 1, and Tables S1 and S2. For experiment 1,
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the uptake of Tl was statistically different across the 2§
cultivars (H(,4) = 58.686, p < 0.001). Brassica oleracea varieties
had the highest translocation factors compared to B. juncea and
B. rapa subspecies. Brassica oleracea var. acephala, kale, ID 10
recorded a translocation factor of 167, which was >100-fold
higher than that of B. juncea var. rugosa, mustard green, ID 22
(Table S1). For experiment 2, a Scheirer—Ray—Hare test
showed a significant effect of Tl in nutrient solution for TI
accumulation in the Brassica selected cultivars (H(3 40 =
49.086, p < 0.001), whereas the type of cultivar did not
influence the Tl uptake (H(g140) = 1.174, p = 0.978). Thallium
concentrations in the selected cultivars increased mirroring the
concentration in the nutrient solution (Figure 1). The highest
tissue T1 concentration was recorded at 5 uM TI treatment in
B. oleracea var. acephala, kale, ID 11, with a median of 5710 +
905 pg Tl g, and the lowest in B. oleracea capitata with 1210
+ 685 pug Tl ¢! growing in the 5 uM TI treatment (Table S2).

Plant and Tissue-Level Distribution of Thallium
Revealed by pXRF Analysis. Thallium spatial distributions
in Brassica cultivar tissues and cross sections are shown in
Figures 2—4 and Figures S1, SS, and S6. For comparison
purposes, the macroelements calcium (Ca) and K distributions
are included, as well as that of the micronutrient Zn. The
UXRE spatial analysis confirmed high prevailing Tl concen-
trations in cultivars IDs 6, 9, 10, 11, 15, and 16 (Figure S1) and
showed that Tl accumulation occurred mostly in the borders of
the leaf, toward the apex. A closer view of old leaves of Brassica
IDs 6 and 11 shows that Tl is distributed in a higher
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Figure 2. Synchrotron-based s XRF elemental maps of K, Ca, and Tl in leaves of Brassica oleracea var. acephala, kale, ID 10, midnight magic. On the
left side of the image, a young leaf is shown, and on the right an old leaf. Scale bars denote S mm.

proportion in the margin protrusions closer to the apex. In
both cultivars, Ca is distributed along the blade, with lower
concentrations in the veins, midrib, and leaf base. Conversely,
K is evenly distributed along the blade, although in a lower
concentration (Figure S5). Young and old leaves of Brassica ID
10 display Tl accumulation toward the margin protrusions; in
the old leaf, TI is also present in the venules close to the
margins (Figure 2). Calcium in Brassica ID 10 in the young leaf
is higher in the blade close to the apex and lower close to the
base leaf; however, Ca is higher in the young specimen.
Potassium in the young leaf is evenly distributed along the
blade, different from the old one in which K is lower. A high-
resolution image of the margins of Brassica ID 10 shows a TI
enrichment in the venules (Figures 3 and 4). Calcium is low in
the venules, whereas K is slightly higher in those areas (Figure
4). Cross sections of Brassica ID 10 showed Tl enrichment in
the cambium and cortex of the stem and in the roots overall in
the cortex (Figure S6). Notably, T1 enrichment in the stem and
roots resembles that of K. Calcium in both the stem and roots
is high in the cortex. The emerging lateral root is enriched in
T], K, and Ca, whereas Zn is lower.
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The SEM-BSE and EDS images of Brassica oleracea var.
acephala abaxial leaflets are shown in Figure S and Figures S7
and S8, and the composition of major elements is summarized
in Table S3. Major elements detected were O (range, 34.9—
§7.1wt %), K (range, 13.9—35.1 wt %), Ca (6.6—17.6 wt %), P
(range, 3.5—13.1 wt %), Mg (1.7—5.2 wt %), and S (range,
0.9—8.5 wt %). From the area EDS analysis, the spots 1, 3, S,
and 7 were located where TI was below the detection limit to
contrast with bright areas in the spots 2, 4, 6, and 8 where Tl is
in the range from 0.3 to 1.7 wt % (Figure S7 and Table S3).
Notably, Tl enrichment co-locates with Ca and S, which
contrasts to K (Figure S8 and Table S3). A higher-
magnification image of the abaxial old leaflets shows TI-
enriched crystals in the guard cells of the stomata (Figure 5).

Thallium Chemical Speciation in Brassica oleracea
var. acephala Revealed by XANES Analysis. X-ray
absorption spectra at the Tl Ly; edge were collected from
different sample locations of old and young leaves from the
cultivars noted to have the highest T1 accumulation (IDs 10
and 11). The various sample spectra were fit with the spectra
of a selection of standards as noted above. The standard set
size was minimized by noting that the spectra for aqueous
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Figure 3. Synchrotron-based yXRF elemental maps of Ca, Tl, and K in an old leaf of Brassica oleracea var. acephala, kale, ID 10, midnight magic.
On the left side of the image, an old whole leaf is shown, and on the high-resolution areas around the leaf veins.

solutions of TI(I) in the presence of an excess of either
glutathione or citrate at pH ~7.4 were essentially indistin-
guishable (see trace D in Figure S9) and that the spectrum of
TI(I)NO;(,) was also indistinguishable from the spectrum of
TI(1),SOy(, previously published by another group.'”” We
noted that the spectra of the TI(I) sulfate, chloride, and nitrate
salts in aqueous solution as reported by Scheckel et al.'* were
all similar to each other and similar to our aqueous TI(I)
standard spectra and as such chose to use our spectrum
(aqueous TI(I) in excess citrate at pH ~7.4) as a spectral
model to represent “aqueous TI(I)”. A spectrum of aqueous
TI(I) in excess glutathione at pH ~9 (Figure S9, trace B) was
also included in the fits as it was distinct from the lower-pH
aqueous TI(I) spectrum, but we are unable to determine the
exact nature of the T coordination in that solution (i.e., we do
not know if TI(I) is coordinated by a thiolate donor from
glutathione or coordinated by just the carboxylates that are
likely donors at lower pH, with a change in spectral features
just reflecting a change in the protonation state of the
complex). We chose our spectrum of TI(I)NOs,) to represent
TI(I) in a solid form, and the spectrum of this standard (Figure
S9, trace C) is distinct from those of the aqueous spectra, with
the first main peak appearing at ~2 eV lower in energy. The
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spectrum of TI(III)ZO3(S) was included in the linear
combination fits and is unsurprisingly distinct from the spectra
of the TI(I) compounds. We were unable to collect reliable
spectra of other TI(III) compounds, but the quality of the fits
that we obtain with the four standards that we chose, the
similarity of the various TI(III) spectra reported by Scheckel et
al,, and the fact that the thallium(III) oxide is only ever found
as a minor component in the fits indicate that other TI(III)
contributions are not important in the context of these
samples. Figure 6 shows the Tl XANES spectra that were
collected from Brassica IDs 10 and 11 from different leaflet
sections, and Table S4 shows the results of linear combination
fits of the set of four spectral models to the respective plant
spectra (see also Figures S10 and S11). In most cases, the fits
reveal that the primary chemical form of TI in the plant
samples is a mixture of solid and aqueous forms of TI(I), with
occasional moderate contributions from the pH 9 GSH model
and/or minor TI(III),O5). The latter is never present at more
than 5% in any of the sample fits, but given that its spectrum is
very distinct from the other models, it may well be reliably
identified in this analysis. The importance of the inclusion of
the pH 9 GSH spectrum is unclear, especially because the
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Figure 4. Synchrotron-based yXRF elemental maps of K, Ca, Zn, and Tl in old leaf veins of Brassica oleracea var. acephala, kale, ID 10, midnight

magic. Scale bars denote 250 ym.

coordination environment in the standard is not well-
characterized.

B DISCUSSION

This study provides further information about T1 tolerance and
(hyper)accumulation in 25 edible Brassica species/varieties by
examining T1 distribution and speciation in the most tolerant
cultivars. All of the cultivars subjected to 7.5 uM TI exceeded
the threshold for TI hyperaccumulation of 100 ug g~ foliar
TL* The Brassicaceae family has most of the known metal
hyperaccumulator plants.**** Our study showed that crops
belonging to B. oleracea (cabbage), B. oleracea var. capitata
(cabbage), B. oleracea var. acephala (kale), and Brassica oleracea
var. italica (broccoli) accumulated over 3000 ug Tl g™' in
shoots, while B. juncea (mustard greens) recorded lower
concentrations, up to 1250 ug Tl g~ (Table S1). There is
consensus in previous research showing up to 30-fold higher T1
uptake of B. oleracea var. acephala (kale) compared to white
cabbage (B. oleracea var. capitata).**

Green cabbage (Brassica oleracea) has one of the highest
known Tl bioaccumulation factors (ratio of plant:soil) and
translocation factors (ratio of shoot:root) with 1.35 and 2.92,
respectively.”” Biscutella laevigata, the strongest Tl hyper-
accumulator known to date, was reported with a translocation
factor of 19.4 + 17.2.*° Thallium can be easily transported
through the food chain even from very low soil concentrations.
For example, rape (Brassica napus) was reported to have ~33
ug Tl g7 in leaves whilst growing on soils with 0.4—40 ug Tl
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g~'; as the seed of this plant is used for rape cake in cattle feed,
it makes bioaccumulation and biomagnification possible
through the food chain."”

The Tlrich crystals observed in the scanning electron
micrographs and in the X-ray fluorescence maps could be
formed by guttation through hydathodes and stomata, as a
result of an excess of T1 (Figure S); this process was observed
for Ni and Mn in hyperaccumulator plants growing in
ultramafic soils.”” The Tl-rich crystals are likely evaporites
(salt deposits) that are left behind in the stoma openings. We
hypothesize that Tl could be stored in guard cells of the
stomata and transferred to other subsidiary cells, following the
same pathway of K*.** Thallium accumulation predominates
around the foliar margins, where hydathode stomata secrete
water. This process is likely similar to that of many halophytes
expelling excess salts.”’

The determination of the oxidation state of Tl and its
distribution and detoxification in plants is fundamental to
address the food safety risks, as one of the pathways to humans
is through the food chain.*® A study on Tl speciation using ion
chromatography and inductively coupled plasma-mass spec-
troscopy (ICP-MS) focusing on I intermedia reported that TI
was present in the reduced form TI(I), and that it did not
oxidize to TI(III) in the plant.33 This finding was later
validated using XANES analysis, where TI(I) in the aqueous
form was found in the vascular system of I intermedia."** In
Sinapis alba (white mustard), XANES analysis reported spectra
similar to aqueous TI(I) and TI(I)-acetate; S-coordinated
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Figure S. Scanning electron microscopy-backscattered electron (SEM-BSE) images of a freeze-dried Brassica oleracea var. acephala, kale, (midnight
magic) leaf specimen from the S M Tl treatment: (a) graphical representation of Tl crystallization in the stomata and guard cells of the specimen;
(b) low-magnification image of the abaxial old leaflet with bright areas (Tl-enriched); (c) higher-magnification image of the abaxial leaflet area

where TI crystals can be observed.
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Figure 6. Tl Ly;-edge X-ray absorption edge spectra of plant samples.
(A) B10 old leaf, border; (B) B10 old leaf, center; (C) B10 old leaf,
border; (D) B10 old leaf, border; (E) B10 old leaf, mush; (F) B10,
root; (G) B10 young leaf, tip; (H) B11 old leaf, border; (I) B11 old
leaf, center; (J) B11 old leaf, border; (K) B11 old leaf, border; (L),
B11 old leaf, tip; (M) B10 old leaf, tip. B10 denotes Brassica oleracea
var. acephala, kale, ID 10, midnight magic. B11 denotes Brassica
oleracea var. acephala, kale, ID 11, Scotch (Borecole).
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TI(I) spectra were not related to the plant Tl spectra.”® In our
study, the Tl Ly; edge XANES spectra of hydrated Brassica
samples (ID 10 and ID 11 cultivars) showed that TI(I)
predominates in the aqueous as well as in the solid form
(Table S4). This solid form was observed in Tl-enriched
crystals in SEM-EDS analysis (Figure 5) and found in
inclusions in the margins of fresh leaves (Figure 4). Minor
contributions of TI(III), less than 5%, were also identified in
the ID 10 cultivar (Table S4). A similar result was reported in
S. alba with approximately 10% of extracted Tl present as
TI(III) using high-performance liquid chromatography
(HPLC) with ICP-MS analysis.”' It has been hypothesized
that TI(IIT) in S. alba is present as an unstable compound that
it is easily reduced to TI(T).>* Thallium(III) is very unstable in
aqueous solution as the reduction potential of TI(III) to TI(I)
requires only +1.26 V.** Oxidation of TI(I) to TI(II) might
occur in small quantities in plants, and despite the higher
toxicity of TI(III), it forms more stable complexes with organic
ligands (cysteine or glutathione), and does not interfere with K
metabolism.' >

Brassica crops are considered healthy superfoods, especially
kale (B. oleracea var. acephala)®, but there is a risk for Tl
accumulation when grown in certain soils contaminated with
Tl Government regulations regarding Tl food safety and
maximum permissible levels are scarce. In fact, T has not been
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listed as a contaminant for food according to Australian
regulations; only Pb has a maximum level of 0.3 ug g~' for
Brassica.” The National Health and Medical Research Council
did not include the reference value for Tl and other toxic
elements such as As and Pb.*° Additionally, Tl levels for
ecological investigation in soils are not present in the
Australian ecological risk assessment guideline NEPC.”’
Similarly, in other countries there is a lack of guidelines for
Tl in soils and food stuffs, despite concerning research findings
in eg, China* and Korea.’® In Canada, the Tl soil quality
guideline for environmental health is 1 mg kg™ considering
soil and food ingestion for agriculture,59 and in Germany, the
Tl maximum permissible level for food stuffs is 0.5 mg kg™.*
The European Food Safety Authority has been working toward
developing a chemical food risk assessment for Tl and has
highlighted the need of human toxicity studies as the release of
Tl into the environment has increased as a consequence of
industrial processes and contamination.”’

The combination of many Brassicaceae as being active TI
bioaccumulators and food crops presents both environmental
and human health risks. The results of this study help to better
understand the mechanisms of T1 uptake and translocation in
Brassicaceae crops, which is fundamental to developing
effective methods to inhibit Tl uptake, or conversely, for
potential use in phytoremediation aimed at extracting TI from
contaminated soils. Further studies involving comparative
transcriptomics using Brassica cultivars contrasting in their T1
accumulation and tolerance can lead to the discovery of genes
involved in enhanced root Tl uptake and tolerance
mechanisms.
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