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Abstract

Neptunia amplexicaulis is a legume that grows on seleniferous soils in Queensland, Australia. It is one of the strongest known selenium
(Se) hyperaccumulators, capable of accumulating up to 13,600 ug Se g~* in its leaves. This study aimed to investigate the distribution
and translocation of Se within N. amplexicaulis tissues compared to a non-accumulator Neptunia species, Neptunia heliophila.
Synchrotron-based X-ray fluorescence microscopy was used to determine the in situ distribution of Se within the organs and
tissues of N. amplexicaulis and N. heliophila. A pulse chase experiment was also undertaken to reveal Se translocation, using a
control plant that was analyzed repeatedly after exposure to Se over a 74-h period. Selenium distribution in N. amplexicaulis
resembled that of N. heliophila, albeit at orders of magnitude higher prevailing Se concentrations. In both species, Se
concentrations were highest in the youngest/developing plant organs and preferentially localized in the vascular tissues, though
Se was also strongly present in the xylem and pith of N. amplexicaulis. A phloem-sink model is proposed as the basis of Se
distribution in N. amplexicaulis. Future studies should focus on elucidating the subcellular distribution of Se and on obtaining
insights in the phloem loading and unloading processes of Se.

Introduction high accumulation exceeding 10,000 pg Se g~* in its shoot tissues
(Schiavon and Pilon-Smits 2017). Species of the family
Brassicaceae, such as Princes’ Plume (Stanleya pinnata) and
Cardamine enshiensis are also notable Se hyperaccumulators re-
corded with >4,000 ug Se g™* in their tissues, respectively, where
most non-tolerant, non-accumulator plants cannot tolerate in ex-
cess of 25 ug Se g7* in their tissues (White et al. 2004; Cappa and

Pilon-Smits 2014; White 2016; Both et al. 2020).

Selenium (Se) hyperaccumulators, plants that uptake and accu-
mulate the element Se in concentrations exceeding
1,000 pg Se g~ within their aerial shoots, were initially discovered
growing in regions of the central Western United States with
Se-enriched “seleniferous” soils (Beath et al. 1934, 1939).
Consumption of these plants by cattle and horses can lead to Se
toxicity known as “selenosis”, which has historically been the
common method of identifying seleniferous regions and Se hyper-
accumulators (Rosenfeld and Beath 1964). Seleniferous soils are
defined as any soil > 2 mg Se kg™?, though Se has been recorded
in concentrations > 100 mg Se kg™* in some locations (Rosenfeld
and Beath 1964; Oldfield 2002). Seleniferous soils not only support

The Australian selenium hyperaccumulator
Neptunia amplexicaulis

Selenium weed (Neptunia amplexicaulis Domin.; Fabaceae), a her-
baceous leguminous plant endemic to north-west Queensland

to hyperaccumulators, but also to plants classified as secondary
Se accumulators (with 100 to 1,000 pg Se g™" in their shoots) and
non-accumulators (<100 pg Se g™* in their shoots) when growing
in their natural habitat (Brown and Shrift 1982; Anderson 1993).
Selenium hyperaccumulation occurs in many different species
across many families, the genus Astragalus (Fabaceae), notably,
has 25 different taxa capable of hyperaccumulating Se (Rosenfeld
and Beath 1964; White 2016). The two-grooved milkvetch
(Astragalus bisulcatus) and the cream milkvetch (Astragalus racemo-
sus) growing on soils with <10mgSekg™, has exceptionally

(Australia), has been recorded with up to 4,334 ugSe g™ in its
shootsinnature (Knott and McCray 1959). Identified as a Se hyper-
accumulator as a result of an investigation of cases of cattle sele-
nosis in Richmond, Queensland, the original field studies of
N. amplexicaulis examined plant Se concentrations in relation to
soil Se concentrations over a geographical area; the highest Se
plants were found in a particularly highly seleniferous “poison
strip” with up to 69 mg Se kg™* in soil (Knott and McCray 1959;
McCray and Hurwood 1963). When Se in native soils is lower, con-
centrations of Se in the plant are also lower, often under the
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“hyperaccumulation threshold” (McCray and Hurwood 1963).
What is not studied in the early field investigations, but examined
in later experiments, is the distribution of Se throughout the tis-
sues of this plant species (Harvey et al. 2020; van der Ent et al.
2023). The distribution of Se in organs and tissues was revealed
by laboratory X-ray fluorescence-based microscopy (XFM) analy-
sis in plants grown on selenate dosed soil (Harvey et al. 2020),
and by using synchrotron-based X-ray fluorescence microscopy
(XFM) in specific tissues of plants grown on soil dosed with selen-
ate:selenite solution (van der Ent et al. 2023). This showed that Se
occurred in the high concentrations in the youngest and undevel-
oped leaves (up to 13,600 ug Se g™%), while older leaves contained
gradually lowering concentrations of Se. Flowers and seed tissues
also had relatively high concentrations of Se. Once the leaves ma-
tured, Se strongly accumulated in the vascular tissues before
translocation to the youngest leaves. Selenium was notably dis-
tributed in the phloem of stems and taproot of this species. Due
to high prevailing Se concentrations in the root, it was posited
that the taproot was the main storage organ for Se in the plant.
Additionally, the secondary pulvini (i.e. the nodes attaching the
compound leaves to the rachis/petiole) were identified as a struc-
ture of interest given the presence of Se in this tissue at the base of
older leaves. Investigation into the Se distribution of several other
hyperaccumulator species have shown similar results, with high-
er concentrations of Se in the younger leaves compared to mature
leaves, and Se concentrations in fruit and floral tissues highest in
the plant (Quinn et al. 2011; Lima et al. 2018). Some differences
were also noted with Se concentrated in the marginal leaf tissues
of S. pinnata, and within the leaf lamina surrounding the vascular
tissuesin A. racemosus (Freeman et al. 2006, 2010; van der Entet al.
2023). Typically, where trichomes are present, they contain no Se
(van der Ent et al. 2023).

The sympatrically occurring comparison species
Neptunia heliophila
The native sensitive weed (Neptunia heliophila A.R. Bean.; Bean 2022;
referred to as Neptunia gracilis in Harvey et al. 2020 and Pinto Irish
et al. 2021) is a plant found growing sympatrically with
N. amplexicaulis, though it has a far less restricted geographic and
edaphic range than the seleniferous species N. amplexicaulis (Atlas
of Living Australia 2022). It is considered a non-accumulator, re-
corded with up to 25 ug Se g™* in its shoots from near the “poison
strip” and up to 63 ugSeg! in flowers (McCray and Hurwood
1963; Harvey et al. 2024). It was noted that the distribution of Se
within the plant was similar to that of N. amplexicaulis but with a
less defined gradient between the Se concentrations in younger
and slightly older leaves (Harvey et al. 2020). The capacity of
N. heliophila to uptake and tolerate certain concentrations of Se
while also remaining a non-accumulator and its sympatry with a
hyperaccumulator from the same genus makes it the ideal compa-
rative system to study the ecophysiology of Se hyperaccumulation.
This study aimed to investigate the distribution of Se within the
tissues of hyperaccumulator N. amplexicaulis and the related non-
accumulator N. heliophila using synchrotron-based XFM coupled
with Se dosing experiments. Specifically, the in situ distribution
of Se within tissues, such as the stem, root and leaf, were
determined, and finer scale details in fine roots and leaflets were
examined. As XFM analysis allows for living plants to be scanned
multiple times over without experiencing radiation damage, we
aimed to examine Se uptake and translocation using a time-
resolved pulse chase experiment in a whole living plant (Blamey
et al. 2018). Combining these analytical approaches should

advance our understanding of Se distribution and add to the
knowledge of Se metabolism in N. amplexicaulis.

Results
Whole plant biomass across different treatments

Plants grown under a range of Se treatment conditions were
examined for differences in whole plant biomass (Fig. 1,
Supplementary Tables S1 to S3). In N. amplexicaulis, the control
plants weighed significantly less (mean is 1,885 mg DW; Padj <
0.004; Supplementary Table S3) than all Se treatments, excluding
100 pM  selenate treatment (mean is 1,812mg DW).
Comparatively, the 100 uM selenite treated plants weighed the
most (mean is 4,685 mg DW), significantly more than the 100 pM
selenate plants (Padj=0.007). All other treatments were not stat-
istically different from either of the 100 yuM treatments. For
N. heliophila, however, the plants from the control (mean is
3,963 mg DW) were similar in weight to those from the 10 and
25 pM Se treatments, however the plants from the 25 uM selenate
treatment (mean is 2,101 mg DW) were significantly smaller than
plants from 10 and 25 pM treatments (Padj < 0.001). There appears
to be a nonsignificant increase in plant weight in the treatment
with the low Se doses, compared to the control (means are 8,476
and 6,806 for 10 pM selenite and selenate plants, respectively;
Fig. 1, Supplementary Table S2). The plants from the 50 pM dosed
treatments were smaller than those in all other treatments (Padj <
0.047), with the 50 pM selenate plants being the smallest (mean is
405 mg DW).

Whole plant selenium concentrations in bulk
tissues

Plants grown under a range of Se treatment conditions were ex-
amined to determine Se distribution ranges between the different
plant tissues (Fig. 2; Supplementary Tables S1, S2, and S4). In
N. amplexicaulis, most commonly the young leaves, taproot, and
fine roots were the highest in Se (maximum of 6,631, 2,928, and
6,421 ug Se g™, respectively; Supplementary Table S4), with no
statistical difference between these tissues in half the treatments.
In three other treatments, there was no difference between the
young leaves and fine roots and/or young leaves and taproot
(Fig. 2, Supplementary Table S2). The tissues with the lowest con-
centration of Se were the old leaves then the stems, which showed
no statistical difference in Se concentration across the 6 treat-
ments. The control specimens exhibited a similar pattern, accu-
mulating up to 26 ug Se g~ in the young leaves, likely from Se in
the seeds collected from the seleniferous field site
(Supplementary Table S4). For N. heliophila selenate dosed sam-
ples, the young leaves were more concentrated in Se than all other
tissues (maximum of 2,625ugSeg % Fig. 3; Supplementary
Table S4), but in one case statistically similar to the fine roots
(means 523 to 454ugSeg !, respectively, in the selenate
10 pM Se treatment). In the selenite treatments, the fine roots
were more concentrated in Se than all other tissues (maximum
of 1,164 ngSe g™, followed by the young leaves (maximum
of 661 g Se g~?). For the control N. heliophila specimens, the range
of Se concentrations was very low, though there was some detect-
able Se in the roots (up to 5.35 pg Se g™4).

Elemental distribution in the leaves of

N. amplexicaulis

N. amplexicaulis exhibited its strongest accumulation of Se in the
youngest undeveloped leaves (4,540 pg Se g™%), followed by the
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Figure 1. Boxplots showing whole plant biomass dry weight (DW) of Neptunia amplexicaulis and Neptunia heliophila. Biomass in mg, presented on a log10
scale. Treatments include dosing plants with 0, 10, 25, 50, or 100 uM Se as selenate or selenite. Letters indicate treatments where the plant biomass
showed no statistical difference (Tukey’s HSD/Dunn's test, P <0.05; Supplementary Tables S1 and S2). Box limits show upper and lower quartiles,

centerline shows median, whiskers as +1.5x interquartile range, circles indicate outliers. For graphing and statistical purposes, half the controls were

randomly removed to ensure all treatments had n=6 samples.

youngest part of the stem (Fig. 4A; Supplementary Table S5;
Supplementary Fig. S1). Lower concentrations of Se were present
in the vascular tissues of the youngest more developed leaves,
where Se was gradually lower from the vascular tissues of increas-
ingly older leaves (123 pg Se g* in the oldest leaflet). Selenium

was mostly present throughout the vascular tissue of a pinna,
more strongly concentrated on the outside of the main arterial
vein (Fig. 4B). There was also a lower concentration of Se in the
marginal tissue, though it was not detected in the lamina or any
of the trichomes. The rachilla contained Se in decreasing

GZ0Z JoquianoN (L Uo Jasn Alelqi - yoleasay pue Ajsianiun usbuiusbepn Ag 649/£28//9€1e/Z/66L/21one/sAyd|d/woo dnooliwspeose)/:sdyiy woly papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf367#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf367#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf367#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf367#supplementary-data

4 | Plant Physiology, 2025, Vol. 199, No. 2

Neptuniaamplexicaulis

mOODABBAAﬁBABABAgBB A_;BBAi
1000 = E-* LR o™
& é} é.
| 100
(@]
2 g 2
B
s 1 e
™
E1OOOOABBAA A B B A A AB A B A A_
8 1000 ._._$ o ™ — e
c ; o o ==
8 100 = $* L
3 .o ®
10

Plant tissues

E young leaves EI old leaves % stems ' taproot - fine roots

Figure 2. Boxplots showing Se concentrations (log scale, pg g~* dry weight) in bulk tissues of different plant organs in Neptunia amplexicaulis, across 8
treatment combinations. Tissues (in color) are young leaves (youngest set of opened and all unopened leaves per stem), old leaves (all other leaves),
stems, taproots, and fine roots. Treatments vary in Se level dosed across the top (0, 10, 25, 50, and 100 uM Se) and in the Se form dosed on the left of each
graph as selenate (SeO3") or selenite (SeO37). A and B denote groups of statistically similarity of the Se concentration of tissues within treatments, not
between treatments (Tukey’s HSD/Dunn'’s test, P < 0.05; Supplementary Tables S1 and S2). Box limits show upper and lower quartiles, centerline shows
median, whiskers as +1.5x interquartile range, circles indicate outliers. For O pM Se, n=12, all other treatments n=6.

concentrations toward the apex, and the pulvini attached the pin-
na to the rachilla had relatively lower Se concentration.
Cross-sections of the younger leaves reveal that Se was strongly
concentrated in the vascular bundles (1,150 ug Se g™}, and in
the epidermis (856 pg Se g™%; Fig. 4C; Supplementary Table S6;
Supplementary Figs. S1 and S2). Zinc was mainly distributed in
the leaf margins, whereas Ca and K were strongly concentrated
in the veins. Potassium was also found in considerable concentra-
tions throughout the mesophyll. At the shoot-scale, K was distrib-
uted uniformly in the lamina of younger pinna and more
concentrated at the basal end of the older leaflets, whereas Ca
was more concentrated in the lamina of older pinna than younger
(Fig. 4A). The stipules were also more concentrated in Ca, similar
to the older leaflets.

Elemental distribution in leaves of N. heliophila

The distribution of Se in the leaves of N. heliophila was very similar
to N. amplexicaulis, where Se was confined primarily to the vascu-
lar tissues, most concentrated in the undeveloped leaves and
youngest section of stem, decreasing in concentration as leaves
getolder. However, in N. heliophila, there was a high concentration
of Se in the rachis and rachilla, with concentration increasing to-
ward the tip of the rachilla (Fig. 5). The selenite dosed plants had
healthier growth, with Se concentrations in the rachilla and leaf
vascular tissues (50 to 100 ug Se g™%) exceeding those in the lami-
na (4.02 pg Se g~ or secondary pulvinus (4 to 8 pg Se g7%; Fig. 5A;
Supplementary Fig. S3A; Supplementary Table S5). While the
same pattern of accumulation was present in the selenate dosed
plants, they demonstrated leaf damage and stunting (Fig. 3;
Fig. 5C; Supplementary Figs. S1F and S3B). Non-affected leaflets

contained 454 pgSeg ™’ in their vascular tissues (Fig. SB;
Supplementary Table S5), and leaflets with notable deformations
and necrosis had variable Se concentrations, up to 620 ug Se g ™" in
the veins. Selenium was present in the lamina of the more dam-
aged leaflets (115 pg Se g7*; Supplementary Fig. S3B), and in an-
other specimen, Se was more concentrated in the necrotic ends
(up to 129 pg Se g7%; Fig. 5C; Supplementary Fig. S1F).

Elemental distribution in stems

The stems of N. amplexicaulis contained Se (Fig. 6A; Supplementary
Table S6). It was mostly distributed in the cortex (27.3 ug Se g™}
and pith (25.1ug Se g7%), followed by the xylem (14.4 ug Se g7%)
and phloem (up to 16.7 pug Se g71) (Fig. 6A; Supplementary Figs.
S1and S2; Supplementary Table S6). Selenium was relatively low-
er from the phloem bundles, as were most elements except Ca;
however, Se was more concentrated in the phloem closer to the
xylem, which was also enriched with higher K and Ca and Zn at
times. Zinc was found in the xylem tissues and parts of the
phloem in high concentrations. Potassium was highest in the cor-
tex and phloem boundary, and in parts of the epidermis, pith and
in small amounts in the phloem and xylem. Calcium was mainly
found in the epidermis and structural edges of the cortex, and sec-
tions of the pith, though it was in considerably lower
concentrations to that observed in the phloem bundles.

The stems of N. heliophila contain less Se overall, even at the most
concentrated tissues (Fig. 6B; Supplementary Figs. S1 and S2;
Supplementary Table S6). Selenium was in higher concentrations
in the phloem (13.6ugSeg™), parts of the epidermis, cortex
(10.5 ug Se g, and xylem (9.64 pg Se g7%), but the Se distribution in
these tissues was more diffuse when compared to N. amplexicaulis.
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Figure 3. Boxplots showing Se concentrations (log scale, ug g~* DW) in bulk tissues of different plant organs in Neptunia heliophila, across 8 treatment
combinations. Tissues (in color) are young leaves (youngest set of opened and all unopened leaves per stem), old leaves (all other leaves), stems,
taproots, and fine roots. Treatments vary in Se level dosed across the top (0, 10, 25, 50, and 100 uM Se) and in the Se form dosed on the left of each graph
as selenate (Se03”) or selenite (Se037). A and B denote groups of statistically similarity of the Se concentration of tissues within treatments, not between
treatments (Tukey’s HSD/Dunn's test, P < 0.05; Supplementary Tables S1 and S2). Box limits show upper and lower quartiles, centerline shows median,
whiskers as +1.5x interquartile range, circles indicate outliers. For O uM Se, n=12, all other treatments n=6.

Only minimal Se was present in the pith (4.77 ug Se g%). Zinc dis-
tribution closely mimics Se in N. heliophila stems when compared
with N. amplexicaulis stems—it was primarily concentrated in the
xylem and phloem, with small amounts also occurring across the
cortex and residual procambium. Calcium and K were present
throughout the tissues. Calcium was highly concentrated in the
pith and phloem, and present structurally in the cortex and epi-
dermis edges, while K was concentrated in the cortex and vascular
tissues.

Elemental distribution in roots

Older roots from plants grown in soil, exhibiting secondary growth
characteristics, contained Se heterogeneously in the secondary
xylem (583 pg Se g™ 1), and at very high concentrations in the peri-
cycle (716nugSeg ', Fig. 7A; Supplementary Table S6;
Supplementary Figs. S2 and S4). The remnant cortex and spots
in the secondary xylem appeared enriched in Ca. The primary xy-
lem contained the highest amount of Zn overall (83.8 ug Zn g™%).
In hydroponics, N. amplexicaulis developed a thick taproot sur-
rounded by a retained wall of spongy, dense cortex tissue, which
was lost during histological analysis (Supplementary Fig. S2D).
This cortex tissue had a high K concentration (Fig. 7, B and C;
Supplementary Table S6). In taproots of hydroponically grown
plants, Se was present in notable concentrations (up to
723 pg Se g1 in the pericycle. Selenium was found in much lower
concentrations throughout the xylem, secondary phloem, and the
vascular cambium (<210 pg Se g™ 1). Zinc was found in the vascu-
lar cambium, and in lower concentrations in the xylem and secon-
dary phloem, and Ca was mostly found in the secondary phloem.
Emerged and developing lateral roots from a hydroponics taproot

showed a high Se concentration at the pericycle boundary, equiv-
alent to, or higher than, concentrations found in the pericycle (730
to 1,490 ug Se g7%; Fig. 7C). Indeed, newly growing lateral roots, as
seen from the surface of a developed root, had high Se (3,200 to
3,780pgSeg™) and are very low in K (Fig. 7C; Fig. 8B;
Supplementary Tables S5 and S6).

Selenium in fine roots was highly presentin the root tip, becom-
ing less concentrated in the region of maturation (Fig. 8). In the
elongation region, Se is concentrated in the provascular tissues
(1,360 g Se g™%), with some amounts appearing throughout the
ground tissue (877 ugSe g™%; Fig. 8C; Supplementary Table S5).
The overlap boundary between the elongation zone and the differ-
entiation region exhibited a high concentration of Se in all tissues
(1,170 g Se g71), before becoming depleted throughout the rest of
the lateral root. This zone also contained high concentrations of
Zn and Ca compared to the rest of the root tip, and lower concen-
trations of Zn occurred from this point onwards along the matu-
ration zones of the fine roots (Fig. 8, A and C). The roots
exhibited extensive mucigel produced from the sloughed off
root cap, rich in Ca, Fe, and Mn, with bands of Se in low concentra-
tions (Supplementary Fig. S5).

Pulse chase experiment to determine selenium
translocation

The area of view for the selected control plant exhibited an apical
meristem tissue bundle, two sets of underdeveloped, unopened pin-
na, one set of opened “young” leaves, and two sets of old leaves (Figs.
9 and 10). The pre-exposure image showed a depletion of Sein all tis-
sues (<1 ug Se g7Y). At 3 h of exposure to Se, a minimal presence of
Se (up to 3 pg Se g7*) was detected in leaf tissues, with slightly more
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Figure 4. Synchrotron XFM elemental maps showing the distribution of K, Ca, and Se in hydrated leaf sections of N. amplexicaulis. A) Hydrated leaf and
stem portion of N. amplexicaulis, B) K and Se in a pinna of leaflets, C) K, Ca, Zn, and Se in a hydrated leaf cross-section of N. amplexicaulis. Plant grown in
hydroponics supplied with A and C) 50:25 uM selenate:selenite treatment (r1, r2) B) 75 uM selenate (r1). Scale bars denote MA and B) 10 mm and C)
1,000 pm. Color bars show elemental concentrations in ug g=* (ppm) or weight percent (wt%).

Se (10.8 g Se g~*) occurring just below the secondary pulvini of the
oldest set of leaves. At 18 h after Se exposure began, Se had begun to
appear in concentrations up to 20.8 pg Se g~* in the underdeveloped
set of leaves and the youngest section of stem. At the point of 50 h of
exposure, Se was present at concentrations up to 39.3 ug Se g™ in
the two sets of unopened leaves and the youngest section of
stem. Low concentrations (2.33 ug Se g™%) of Se occurred in the
youngest fully developed leaves, with decreasing concentra-
tions in older leaflets, and Se was still present in the secondary
pulvini of the oldest leaves (20.6 pg Se g~*). This pattern contin-
ued to be observed in the final image post-exposure, at 74 h. At
this point, the undeveloped leaves were accumulating up to

86.7ugSe g~' and the youngest section of stem contained
68.3 ug Se g7*, with a higher Se concentration in the stem lead-
ing to the apical meristem bundle, as opposed to the second
youngest undeveloped leaves. Accumulation of Se in the older
leaflets had not exceeded 2.56 ug Se g%, and the concentration
in the pulvini node had decreased to 12.7 g Se g~*. The patterns
of K and Ca distribution remained within a similar range
throughout the 74-h exposure period, except where the under-
developed leaves had increased in size over the exposure period
and Ca accumulation had increased in the damaged sections of
old leaves. By the end of the experiment, the Se concentrations
in organ tissues were 165pgSeg ' in young leaves/apical
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Figure 5. Synchrotron-based XFM elemental maps showing the distribution of K, Ca, and Se in hydrated leaf sections of N. heliophila. A) Pinna and
secondary pulvini from 25 uM selenite treatment, B) pinna from 25 uM selenate treatment (r1), C) tip of pinna with leaf damage from Se toxicity from
25 uM selenate treatment (r2). Scale bars denote A and B) 10 mm and C) 1 mm. Color bars show elemental concentrations in pg g~* (ppm) or weight

percent (wt%).

meristem bundle, only 17.8 pg Se g~* in old leaves, 151 ug Se g~*

in (non-apical) stem, and 310pgSeg ' in the roots (post-
experiment ICP-AES validation).

Discussion

Through the application of synchrotron-based XFM and the pulse
chase technique, we elucidated Se distribution in N. amplexicaulis

at tissue level and posit a phloem-sink model of Se distribution in
this species. Previously, Se distribution in N. amplexicaulis had
been investigated using laboratory micro-analysis XRF and com-
pared with other hyperaccumulator species (Harvey et al. 2020;
van der Ent et al. 2023). Here, we have elucidated Se accumulation
in fine root tips and shed light on the role of the pericycle in root Se
transport, the movement of Se through the xylem and phloem, and
the rate of Se uptake into the youngest tissues. Furthermore, we
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Figure 6. Synchrotron-based XFM elemental maps showing the distribution of K, Ca, Zn, and Se in hydrated stem cross-sections of Neptunia
amplexicaulis and N. heliophila. A) N. amplexicaulis from 50:25 1M selenate:selenite treatment (r3), B) N. heliophila from 25 pM selenite treatment (r2). Scale
bars denote 1 mm. Color bars show elemental concentrations in ug g=* (ppm) or weight percent (wt%).
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Figure 7. Synchrotron-based XFM elemental maps showing the distribution of K, Ca, Zn, and Se in hydrated root cross-sections of Neptunia
amplexicaulis. A) Older root grown in Se-enriched soil, B) root grown in hydroponics, C) root grown in hydroponics with emerging lateral root. Neptunia
amplexicaulis grown in hydroponics supplied with 75 pM selenate treatment (r1). Scale bars denote 1 mm. Color bars show elemental concentrations in

pg g* (ppm) or weight percent (wt%).

were able to closely examine how Se was distributed in the compar-
ison species N. heliophila.

The implications of selenium distribution in the
root System

The roots of hydroponically grown plants showed remarkable de-
velopment of the spongy cortex alongside visible retained root cap

mucigel and a lack of observable root hairs on the fine root sur-
face. These are structural developments unique to the analysis
of hydroponically grown plants. Previous analyses have
shown high prevailing Se concentrations in the whole root system
(Harvey et al. 2020), and Se in the meristematic region of the finer,
lateral roots suggests this region may play a strong role in the for-
aging and uptake of Se (Pinto Irish et al. 2021). The zone of

GZ0Z J8qWIBAON (] UO Jasn Aselqi - yoseasay pue Ausiaaiun usbuiusbepn Aq 649/£28//9€1e1/Z/66 1 /21onue/sAyd|d/woo dno-oiwapeoe)/:sdiy Woll papeojumoc]



10 | Plant Physiology, 2025, Vol. 199, No. 2

%
i-
%

K (wta)

0.12
Se (wt%a)

0.20

0.08 0.15

0.02

10 mm f— 100 ym

Figure 8. Synchrotron-based XFM elemental maps showing the distribution of K, Ca, Zn, and Se in hydrated fine lateral roots of N. amplexicaulis. A) A
group of fine lateral roots B) shows a close-up of newly developing fine roots and C) shows a close-up of the fine root tip. Hydroponically grown plants
supplied with 75 pM selenate treatment (r2). Scale bars denote A) 10 mm, B) 1 m, and C) 100 pm. Color bars show elemental concentrations in pg g~*

(ppm) or weight percent (wt%).

elongation is likely a key area for Se uptake and transport as this
tissue is highly permeable, and Se is seemingly concentrated
around the provascular tissues. The unusually long root tips
sometimes observed would encourage increased uptake, though
this could be merely an effect of hydroponics media altering
root structure. The elongation-maturation zone boundary is ubig-
uitously concentrated in Se and Zn, where it would have to cross
the epidermis and the now-developed cortex to be transported by
the proto/metaxylem once it has sufficiently developed.
Development of solute barriers in this tissue may play a role in
the high “micronutrient” (in-so-far as Se is not considered a nu-
trient) concentrations in the outer tissues at this boundary. In

the mature section of the fine roots, Se would be limited in enter-
ing the vascular cylinder by the Casparian strip; this action would
more than likely be mediated by the root sulfate transporters
(Brown and Shrift 1982; White et al. 2007). However, there is also
a possibility that a proportion of the Se in the root tips is phloem
redistributed, as the root tips are a phloem sink, which may also
explain the high Se concentrations in the root tip meristem.
Additionally, Se occurring in high concentrations at the pericycle
(the tissue from which lateral roots emerge) would give meriste-
matic regions an early boost of Se (as observed in Figs. 7C and 8C),
and be partly responsible for the high Se concentrations in the vas-
cular cambium.

GZ0Z J8qWIBAON (] UO Jasn Aselqi - yoseasay pue Ausiaaiun usbuiusbepn Aq 649/£28//9€1e1/Z/66 1 /21onue/sAyd|d/woo dno-oiwapeoe)/:sdiy Woll papeojumoc]



10 mm

Ca wt%)

Selenium distribution in Neptunia amplexicaulis | 11

Se (ppm)

i

Figure 9. Synchrotron-based XFM elemental maps showing the distribution of K, Ca, and Se in hydrated shoot section of N. amplexicaulis pulse chase
experiment. Plant grown in 0 Se hydroponics (r1) scanned at TO (top row), following rows show scans at 3, 18, 50, and 74 h after the first exposure to
150 uM Se solution. Scale bar denotes 10 mm for all images. Color bars show elemental concentrations in ug g~ (ppm; for Se images) or weight percent

(wt%,; for K and Ca images).

Selenium inside stems and taproots: structural
layers

The high concentration of Se in the pericycle of the taproot is in-
dicative of the root to shoot translocation in the plants. Sulfate
transporters (SULTR2;1) present in the pericycle are linked with
another sulfate transporter (SULTR3;5) that transports S from
the root to the shoot when SULTR2;1 is highly expressed
(Kataoka et al. 2004). As Se is highly concentrated in the pericycle,

the high expression of these sulfate transporters would represent
a high degree of Se uptake and translocation (Kataoka et al. 2004;
Schiavon et al. 2015). SULTR2;1 is also highly expressed in the xy-
lem parenchyma, linking with the high Se concentrations in the
xylem of the roots of soil-grown plants and in the shoots.
Selenium occurring in the cortex and pith of N. amplexicaulis stems
(but not N. heliophila) may suggest some small degree of sequestra-
tion of this element in these tissues, which may aid in the
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Time 1 2 3 4 5 6 7

K 0hr 2070 2390 - 1710 736 1170 -
3hr 2160 2470 2250 1790 642 1140 2310
18 hr 2190 2580 2080 1680 781 1000 2530
50 hr 2100 2610 2010 1720 1720 1690 2830
74 hr 2210 2460 1890 1700 708 924 3170

Ca 0hr - - - 138 1500 2500 -
3hr - - 107 134 1400 2640 546
18 hr - - - 123 1140 2790 179
50 hr - - 6 134 1290 2920 -
74 hr - - - 170 1550 2810 284

Se 0hr - - - 0.36 0.156 <0.03 -
3hr 3.01 1.85 1.95 1.55 1.66 1.46 10.8
18 hr 11.9 15.3 20.8 1.96 1.87 1.24 19.8
50 hr 21.5 29.7 39.3 2.33 2.09 1.28 20.6
74 hr 71.8 86.7 68.3 2.56 2.08 1.11 12.7

Figure 10. Pulse chase experiment setup and map of analyzed tissues with X, Ca, and Se concentrations (in ug g~*) of each analyzed tissue at each scan
timepoint. A) sample preparation between scans, with plant mounted on stage and roots submerged in Se-dosed hydroponics solution and B) overview
of the scan area, with tissues analyzed for average elemental concentrations using GEOPIXE labeled 1: apical meristem bundle, 2: youngest developing
leaves, 3: stem leading to apical tissues, 4: basal leaflet of next youngest pinna, 5: leaflet of intermediate-age pinna, 6: leaflet of oldest pinna, 7: oldest

secondary pulvinus node.

deterrence of non-Se specific herbivores (Hanson et al. 2004;
Quinn et al. 2010; Prins et al. 2019). This is likely occurring through
the same mechanisms that allows sulfate and phosphate unload-
ing from xylem fluids into nearby cells—in some cases, these com-
pounds may be retrieved later back into the xylem (White 2012).

Vascular transport: xylem or phloem?

Xylem transport appears to be a major component of Se move-
ment across the plant—it was previously supposed, due to the
pattern of Se accumulation in leaves and the multidirectional
flow, that the phloem plays a strong role in Se transport for this
species (Harvey et al. 2020). In fact, in many other species phloem
transport has been assumed to be the key Se transport director,
first suggested by the acknowledgment of the phloem distribution
of S-analogue amino acid compounds (Bourgis et al. 1999; Hell

et al. 2010). The patterns of high Se in the shoot apex, seeds and
roots of this species mimics the typical sink-based phloem trans-
port model, where the unloading of solutes (such as Se) in devel-
oping tissues drives a positive pressure flow, whereas xylem
mediated transport of solutes would result in a higher deposition
of solutes in the more photosynthetically active, older leaves
(White 2012). However, the stem cross-sections suggest that Se
is also as present in the xylem as the phloem, while being highly
present in the root xylem. Comparatively, van der Ent et al.
(2023) demonstrated Se to be far more present in the phloem
than the xylem in freehand sections and virtual tomographic sli-
ces of roots. There could be a multitude of reasons for this discrep-
ancy, as the samples in the latter study were all grown in soil, and
roots undergoing tomographic analysis were thinner and younger
than the roots in our study. Older, thicker tissues exposed to a
high concentration of bioavailable Se may need to transport Se

GZ0Z JoquianoN (L Uo Jasn Alelqi - yoleasay pue Ajsianiun usbuiusbepn Ag 649/£28//9€1e/Z/66L/21one/sAyd|d/woo dnooliwspeose)/:sdyiy woly papeojumoq



through the xylem because of physiological development and en-
vironmental Se saturation. Unfortunately, it is difficult to gather
definitive conclusions about vascular transport from hand cut
sections; given they were cut using a vibratome, some of the
more mobile compounds trapped in larger phloem cells, metaxy-
lem and the apoplast may have leached or smeared during the
cutting process (van der Ent et al. 2018). Likely, Se in the phloem
would have predominantly SeCT and could have easily leached,
thus interpretations of vascular transport must be made conser-
vatively (Peterson and Butler 1967; van der Ent et al. 2018).
Regardless, mid-sections of the stem and (soil-grown) roots, as
we have observed here, would still have a strong upwards flow
of Se indicative of xylem transport (Mengel and Kirkby 2001),
which may confer an efficiency of rapid hyperaccumulation in
N. amplexicaulis. The Se present in the xylem may result in small
amounts of Se being transferred to older leaves, as observed in
the pulse chase experiment, and may also contribute to the uni-
versally high concentrations across undeveloped young leaf tis-
sues. Protoxylem transporting solutes to the youngest apical
tissues are frequently destroyed in rapidly elongating and ex-
panding shoot growth (Esau 1967), which could lead to distortion
of vasculature and seemingly organ-wide distribution of Se in
these youngest tissues. Rapid transfer of solutes between xylem
and phloem is known to occur in the leaf blade—the effect of
which can be easily seen in maturing leaves, where the Se appears
to be translocated through the vascular tissues (White 2012;
Harvey et al. 2020).

While considering observed distribution of Se in the mature xy-
lem, the pulse chase experiment draws attention to the role of the
secondary pulvinus in directing distribution of Se in older pinna.
As Se is being transported toward older pinna through the xylem,
we can observe very low Se concentrations in the older pinna, but
a high yet fluctuating Se concentration in the secondary pulvini.
This visualization is often confounded in already Se-exposed
plants, as the older leaflets would still be participating in multidir-
ectional Se flow. A link between Se directionality and pulvini in
this species has been made before, and the role of the pulvinus
in directing xylem resistance and solute transfer has been known
for some time (Neumann 1987; Harvey et al. 2020). In Mimosa pud-
ica, a species famous for its highly responsive pulvini, the secon-
dary pulvinus allows the pinna to bend down and away in a
touch response; an action often attributed to turgidity of motor
cells and ion fluxes (Abe 1981; Hill and Findlay 1981). This organ
has been imaged with several independent lignified xylem bun-
dles, bending flexibly (Song et al. 2014). Having multiple xylem
bundles allows for a greater xylem surface area in the pulvinus
and subsequently a higher hydraulic conductance, and thus
greater opportunity for exchange between cells. The tertiary pul-
vini of N. amplexicaulis can affect the same mechanical response,
though are slower to react, and the secondary pulvinus is capable
of this action as well, if only through diurnal cycles and less so
through touch stimulus (Windler 1966; personal observation). If
high xylem surface areas and changes in lignification due to flex-
ibility are also present in this organ, it could be the ideal location
to shift Se from xylem to phloem cells, bypassing the pinna them-
selves (White 2012). Further investigation of the morphology of
this organ may be warranted when studying Se hyperaccumula-
tion in N. amplexicaulis.

An additional conclusion about the pulse chase experiment
was the similarly high accumulation of Se in not just the youngest
set of developing pinna, but in all sets of the young, developing
pinna. This reaffirms the role of phloem in Se distribution and
leads to our main hypothesis: Se is transported through the xylem

Selenium distribution in Neptunia amplexicaulis | 13

and phloem to the leaves and developing tissue and is transferred
to the phloem in the leaf blades once sink becomes source, or re-
directed in the pulvini. Phloem sinks in the youngest developing
leaves and tissues concentrate Se into these tissues specifically.
Similarly, the concept of xylem uptake and phloem redistribution
has been a proposed model for other studied hyperaccumulators
(Pilon-Smits 2019). Remobilization of Se is undoubtedly highly im-
portantin this species, when considering the potential for phloem
redistribution into the root tips as well. Plant growth increases
substantially upon exposure to Se, with little change in biomass
between lower and higher doses of Se; phloem redistribution is
likely playing a role in the lack of significant differences in size be-
tween low and high doses. The effects of insufficient Se remobili-
zation can result in smaller plants, or malformed young leaves
after enough time (M-A. Harvey, unpublished data). The phloem-
sink driven distribution and the role of the pulvinus in redirecting
flow may be verified using ’°Se isotope tracing approaches
(Wiggenhauser et al. 2022). Many of the earlier investigations on
N. amplexicaulis used this methodology to understand the accu-
mulation capacity under exposure, and literature has many ex-
amples of this isotope being successfully applied to other
species (Peterson and Butler 1962; Peterson and Butler 1967,
Martin et al. 1971; Goodson et al. 2003).

Toxicity of selenium in N. heliophila

The N. heliophila stem and leaf organs had a very similar Se distri-
bution compared to N. amplexicaulis, and arguably, similar proc-
esses of Se uptake and distribution are at play here. Selenium
accumulation occurs in the same tissues with a similar distribu-
tional pattern, though with a less distinct capacity for retention
in specific tissues or concentration in specific organs—an example
of this concept can be seen in the leaves—the rachilla of young
N. amplexicaulis leaves are often very low in Se, where Se is inside
the leaflet vascular tissue (Harvey et al. 2020). In N. heliophila, the
rachilla and the leaflet vasculature areas contain similar levels of
Se concentration, akin to observations of slightly older leaflets of
N. amplexicaulis where the Se has largely left the pinna (van der
Entetal. 2023). Likewise, S. pinnata has been measured with Se pri-
marily concentrated at the epidermal cells and leaf margins, with
a similar but less distinctive and controlled accumulation occur-
ring at the margins of Stanelya albescens, a non-accumulator plant
(Freeman et al. 2010). This mirrors the pattern observed at a whole
plant scale between N. amplexicaulis and N. heliophila, if only with
the Se concentrated in the vascular structures instead (Harvey
et al. 2020). Likely these similarities can be drawn on the basis
of evolutionary relationship and morphological resemblance.
Given that Se in N. heliophila has been observed with a proportion
of organic Se (J.K. Kirby, unpublished data), a phloem-sink model
of Se remobilization to the young leaves is also possible for this
species (Pickering et al. 2003).

While low doses of Se showed little difference in biomass com-
pared to the control, N. heliophila dosed with selenate had higher
Se accumulation and a variety of damage to its leaves, some
were malformed and shriveled, others were necrotic and dried
at the tips. Interestingly, these two types of damages resulted in
different Se patterns—the malformed leaves had less vascular
Se distribution in the damaged areas, whereas necrotic sections
of leaves were highly concentrated in Se. N. heliophila probably un-
loads Se within the dead tissues as tolerance mechanism—this
has been observed in other hyperaccumulators and metallo-
phytes where “toxic” elements are pumped into damaged tissues,
or leaf senescence is induced (Dahmani-Muller et al. 2000).
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Selenite exposure, however, elicited lower toxicity effects and
lower Se accumulation in this species and selenite exposed plants,
particularly at higher concentrations, suffered less reduction in
biomass compared to selenate exposed plants. Still, the capacity
for this species to uptake and survive Se exposure, up to 25 uM
Se, is interesting—potentially an adaptation to growing on selenif-
erous soils alongside and often right next to N. amplexicaulis
(Harvey et al. 2024).

Conclusions

From observations of the distribution of Se in N. amplexicaulis and
N. heliophila, we hypothesize that Se distribution is driven by a
phloem-sink-based model, though Se is present in both phloem
and xylem tissues. The high enrichment if Se in the root tips
may be both indicative of this model and the key entry site for
Se transport. Future research should work to determine the role
of the pulvini in Se distribution, detail the Se distribution in the
meristem tissues, and advance the understanding of the mecha-
nistic drivers of this phloem-sink model.

Materials and methods

Seed collection and culture conditions

Seeds of N. amplexicaulis and N. heliophila were sourced from plants
growing in the native habitat at Silver Hills Station near
Richmond, Queensland, Australia (-20.648359, 143.098375).
Seeds were germinated by piercing with a scalpel and leaving to
soak in water for 24 h before being transferred to shallow contain-
ers filled with moistened 50% fine perlite and 50% vermiculite. The
seeds were left for 1 wk, and germinated specimens with fully
emerged cotyledons and first adult leaves were transferred into
hydroponics culture. The hydroponic system consisted of sepa-
rate rectangular containers (11 cm heightx 30 cm width x40 cm
length; 11 L each with 8 foam baskets for individual plants) filled
with Aqua Vega Classic nutrient solution (Canna, Brisbane QLD,
Australia) diluted as 10 mL each of A and B solutions in 11L DI
water (~half strength), with an additional 3mL of 20 mM
FeHBED (iron N,N’-bis (2-hydroxybenzyl)ethylenediamine-N,N
'-diacetic acid) solution. The final diluted solution contained:
1.31mM N, 0.51mM P, 2.88mM K, 0.43mM Ca, 0.34 mM Mg,
0.31 mM S, 0.61 uM Fe-DTPA, 0.44 uM Fe-EDDHA,
5.45uM FeHBED, 10puM B, 0.14pM Cu, 3.3uM Mn, 0.2 uM
Mn-DTPA, 0.28 uM Mo, and 1.53 uM Zn. The solution was kept con-
stantly aerated using a 25 cm long air stone at the bottom of each
container. The nutrient solution was spiked with Se treatment as
the Na,SeQ, (for selenate) or Na,SeOs (for selenite) salt 0.1 M Se
stock solution to obtain desired Se concentrations. The nutrient sol-
ution pH was maintained at pH buffer range of 5.8-6.1 by additions
of 0.1 M KOH or 0.1 M HNOj; solution as required, and solutions
were changed completely once a week. In each treatment, 8 repli-
cate plants were grown in 3 cm round plastic baskets with a foam
disk to allow the roots to be immersed in the nutrient solution.
Plants were grown for 60 d with a 12-12 h light-dark photoperiod,
under high intensity LED lights VYPRx PLUS with PhysioSpec
Indoor spectra (Fluence Bioengineering, Austin, TX, USA), with a
photosynthetic photon flux density of 550 umol m? s~ (measured
with an Apogee MQ-500 instrument) at 22/20 °C day/night.
Synchrotron analysis: Selenium salts were added to achieve nominal
Se concentrations of 75 uM Se total for N. amplexicaulis, and 25 pM Se
total for N. heliophila. Treatments for N. amplexicaulis included (i)
control (0 Se), (i) 75 uM selenate, (i) 75 uM selenite, (iv) 25:50 pM

selenate:selenite, and (v) 50:25 uM selenate:selenite. Treatments
for N. heliophila included (i) 25 uM selenate and (ii) 25 uM selenite.
Plants were grown for 5.5 wk then transported to the Synchrotron
for analysis. Identical hydroponics systems and methodology was
utilized at the Australian Synchrotron in order to keep the plants
alive and fresh up until the moment of sectioning for analysis.
Dosing trial: Selenium salts were added to achieve 0 (control), 25,
50, and 100 uM Se using either selenate or selenite per treatment
for N. amplexicaulis. Additionally, doses of 0, 10, 25, and 50 puM Se us-
ing either selenate or selenite per treatment were added for
N. heliophila. Plants were grown for 6 wks, before 6 plants per treat-
ment were selected for harvest.

Synchrotron-based X-ray Fluorescence
Microscopy

The XFM beamline at the Australian Synchrotron employs a
Si(111) monochromator and a pair of Kirkpatrick-Baez mirrors
to deliver X-rays onto the specimen with fluorescent X-rays col-
lected in a backscatter geometry using the 384-element Maia de-
tector system (Lombi et al. 2011; Paterson et al. 2011; Howard
et al. 2020). The Maia detector uses a large detector array to max-
imize detected signal and count-rates for efficientimaging, and an
annular detector geometry, where the beam passes through the
detector and strikes the sample at normal incidence (Kirkham
et al. 2010; Siddons et al. 2014). This enables a large solid angle
(1.2 steradians) to be achieved to either maximize efficiency or
to reduce the dose and potential damage to a specimen (Ryan
et al. 2010, 2018). The possibility of radiation-induced damage in
synchrotron-based XFM analysis is an important consideration;
in hydrated plant tissue, assessed dose-limits are 4.1 kGy before
detectable damage occurs (van der Ent et al. 2018; Jones et al.
2019). Fast scanning (per-pixel dwell time is less than 10 ms)
was used to limit the radiation dose and thus damage. The sam-
ples were held between 2 sheets of Ultralene thin film (4.0 um)
stretched over a Perspex frame to prevent dehydration during
the measurement. For the 2D elemental mapping of whole small
plants and tissue (i.e. roots, stem, and leaf cross-sections) were an-
alyzed. The tissue samples for roots and stems were embedded in
agarose then sectioned with a vibratome at 40 pm thickness using
a “dry knife” method (i.e. without PBS solution to avoid elemental
deportment and losses), then mounted between two sheets of
4.0 um Ultralene thin film. For leaf samples, soil-grown taproot
samples, and N. heliophila stems samples “dry knife” hand cutting
using a fresh razor blade and a plastic block to cut against was em-
ployed. Low resolution “overview scans” of multiple tissues or
sections of tissue were taken, with detailed scans of the best-
prepared samples following. Where differences in elemental
distribution were observed, multiple detailed scans were col-
lected. In the “pulse chase” experiment, plants from the
Se-control treatment were used and following the methodology
of Blamey et al. (2018) a single plant was mounted on a scanning
frame backed with tape and covered with film with roots secured
to frame in a moistened plastic package. The whole shoot was
used for the synchrotron-based XFM analysis, then the roots were
submerged in a glass bottle with nutrient solution to which Se stock
solution was added to reach 150 pM Se with equal parts selenate:se-
lenite. The thin film was removed from the leaf surfaces to allow for
transpiration. The shoot was scanned again 3 h after exposure to Se
began, and further scans were acquired at 18, 50, and 74 h, where
roots were exposed to fresh Se solution and plant was able to tran-
spire in between scans.
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Chemical analysis of dosing experiment samples

The samples from the hydroponics dosing experiments, and sam-
ples from the pulse chase specimen post-analysis, were separated
into young leaves, old leaves, stem and taproot and fine roots and
dried at 60 °C for 72 h. The separated parts were weighed then
ground to a fine powder in an impact mill at 19,000 rpm (IKA
Tube Mill 100 control with disposable titanium blades) and
weighed to 100+ 5mg in 6 mL polypropylene tubes. Samples <
100 mg were weighed directly into the tubes. These samples
were predigested using 2 mL HNO; (70%) for 24 h before being di-
gested in a block heater (Thermo Scientific digital dry bath) for a
2-h program (1 h at 70 °C followed by 1h at 125 °C) and diluted
to 10 mL with ultrapure water (Millipore 18.2 MQ-cm at 25 °C) be-
fore analysis with Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) using a Thermo Scientific iCAP 7400 in-
strument. All elements were calibrated with a 4-point curve cov-
ering analyte ranges in the samples. In-line internal addition
standardization using yttrium was used to compensate for
matrix-effect interferences. Quality controls included matrix
blanks, Standard Reference Material (NIST Apple Leaves 1515),
and our own internal reference materials (homogenized pow-
dered N. amplexicaulis tissues).

Plant tissue histology

Hydroponically and soil cultivated specimens of N. amplexicaulis
and N. heliophila were prepared for histological analysis
(Supplementary Fig. S2). Leaf, stem, and taproot sections of
N. amplexicaulis and leaf and stem sections of N. heliophila were dis-
sected into 0.5 cm lengths. The dissected samples were fixed with
FAA solution (5% formaldehyde, 10% acetic acid and 50% ethanol)
for 24 h. The tissue samples were dehydrated in ethanol, proc-
essed in a Leica ASP300S processor with ethanol and xylene, and
embedded in paraffin wax through a Leica HistoCore Arcadia H
embedding station. The tissue samples were sectioned trans-
versely at 5um using a Leica RM2245 rotary microtome and
placed on Super frost Plus slides. The histological sections were
stained with 1% sodium acetate buffered solution and 0.1%
Toluidine blue in 1% sodium acetate buffer solution. The tissue
sections were cleared in xylene 3 times, mounted on slides using
DepeX and covered with coverslips. The tissue sample sections
were observed and imaged on a Zeiss AxioScan Z1 with a Plan
Apochromat 20x objective and Hitachi HV-F203SCL camera
(with 200 ps exposure and extended depth of focus).

Data analysis

The incident energy used for the whole XFM experiment was
15.8keV and the XRF event stream was analyzed using the
Dynamic Analysis method as implemented in GeoPIXE (Ryan
etal. 1990, 2005; Ryan and Jamieson 1993; Ryan 2000). This meth-
od generates elemental images, which are (i) overlap-resolved,
(ii) with subtracted background, and (iii) quantitative, i.e. in
pg g7' dry weight units. The matrix used for modeling was a
cellulose-hydrate (as an approximation of hydrated plant mate-
rial with the empirical formula of C1,H404,) with a density of
1.2 gcm?® and a thickness of 300 um. GeoPIXE was additionally
used to manually outline plant tissue regions and perform anal-
ysis of average elemental concentrations for each tissue.
Statistical analysis of dosing trial samples was conducted using
R version 4.3.2 and RStudio version 2024.09.1+394 (Integrated
Development for R. RStudio, PBC, Boston, MA, http:/www.
rstudio.com) and Microsoft Excel 2016 (Redmond). Boxplot was
produced using packages ggplot2, gridExtra, and viridis.
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Statistical tests performed using package rstatix. Shapiro test
and Levene’s test were used to determine which treatments
could be analyzed with ANOVA or Kruskal-Wallis test
(Supplementary Table S1).
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