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A B S T R A C T

This study investigated the dynamic of zinc (Zn) uptake and the root-to-shoot Zn-transport when supplied as
ZnSO4 (aq) or Zn-EDTA (aq) in soybean seedlings using in vivo X-ray fluorescence (XRF) and X-ray absorption
spectroscopy (XANES). The time-resolved X-ray fluorescence showed that plants absorbed ca. 10-fold more Zn
from ZnSO4 (aq) than from Zn-EDTA (aq). However, the uptake velocity did not influence the amount of Zn in the
stem. It let furthermore appear that the plants were able to reduce the absorption of Zn from Zn-EDTA (aq) earlier
than ZnSO4 (aq). Thus, the entrance of Zn2+ into the roots is not necessarily accompanied by SO4

2−
(aq). Regardless

the source, the Zn distribution and its transport in the stem were spatially correlated to the bundles and cortex
nearby the epidermal cells. Its chemical speciation showed that Zn is neither transported as ZnSO4(aq) nor as Zn-
EDTA(aq), indicating that these compounds are retained in the roots or biotransformed on in the root-solution
interface. Zn2+ was long-distance transported complexed by organic molecules such as histidine, malate, and
citrate, and the proportion of ligands was affected by the concentration of Zn2+ in the stem rather than by the
type of Zn source.

1. Introduction

Zinc (Zn) is a fundamental element for plant and animal nutrition.
Since nutrients are exported in grains and foodstuff, intensive farming
requires a proper application of Zn fertilizers to retain adequate soil
fertility and therefore plants [1,2]. Furthermore, adequate applications
of Zn on soybean (Glycine max) crops can even double the yield [3].

A reckoning estimates a production need of 10 tons ha−1 annual
biomass to keep up 100−300 g Zn ha-1 [4]. However worldwide sur-
veys on soil samples of 30 different countries shows that almost 1/3 of
the assessed areas are Zn deficient [5]. In the Brazilian Cerrado (tro-
pical Savannah), soil samples of agricultural areas presented a mean
concentration of Zn lower than 1.6 mg dm-3 [6].

Hydrate ZnSO4 and ZnO are the most common Zn sources, usually
employed for soil and foliar fertilization [2,3,7,8], likewise Zn-EDTA is
being also used as a chelated source on crop production [8,9]. It is
suggested that 100−300 g Zn ha−1 is demanded 10 tons ha-1 annual
biomass production [4]. Some studies performed on wheat plants

showed that Zn uptake from Zn-EDTA source was faster compared to
ZnSO4 [10], nonetheless some others claimed that complexed Zn-EDTA
(aq) or insoluble ZnO uptake and translocation is lower than ZnSO4 (aq),
as the amount of Zn absorbed by roots differs according to Zn2+

availability and source. [11–13].
Regarding analytical strategies for Zn determination, most in-

vestigations employed atomic absorption spectroscopy [10,13] and
inductively coupled plasma optical emission spectroscopy (ICP-OES)
[14]. In these techniques, sample preparation is mandatory, and mea-
surements cannot be carried out under in vivo or fresh conditions.
Among the few studies which explored micronutrients taken up and
transport in living plants [15,16], X-ray fluorescence spectroscopy
(XRF) is a promising tool for in vivo real-time assays on the mechanism
of absorption and root-to-shoot transport of micronutrients in plants
[12]. Indeed, it is a well-known non-destructive analytical technique
[17], which allows qualitative and quantitative elemental character-
ization directly on fresh plant tissues, without sample preparation
[16,18,19].
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Although the mechanisms of ion uptake as well as root-to-shoot
translocation of Zn from different Zn-sources was investigated in a
myriad of plant species [16,19–21], little is known about the Zn che-
mical species transported by plants treated with ZnSO4 or Zn-EDTA. In
the present study, with the intention to elucidate the mechanism of Zn
absorption and transport by plants, the Zn speciation was performed
through synchrotron-based X-ray absorption spectroscopy (XAS) for
wheat [16], common bean [19], maize [14], and soybean [22] using
different Zn sources and application strategies. However, the under-
standing of the mechanism of Zn absorption and transport by plants is
not completely clear, and thus, it needs to be better elucidated.

Employing X-ray fluorescence and X-ray absorption spectroscopy,
the present study investigated the Zn transport from root-to-shoot
supplied as ZnSO4 and Zn-EDTA in soybean plants hydroponically
grown. Therefore, the kinetics uptake, the spatial distribution in cross-
sectioned tissues, and the chemical environment of Zn during its way up
through the stem were explored.

2. Materials and methods

2.1. Cultivation assay

Soybean seeds (Glycine max (L.) Merrill) cv. M739 IPRO, one of the
most widely cultivated variety in Brazil [23] were sowed in a moistened
sandy substrate and irrigated with deionized water for fourteen days.
The plants were transferred to individual plastic pots filled with 430mL
of 1:5 dilution of Hoagland modified nutrient solution (see the solution
composition in Supplementary Table S1) for 7 days. Subsequently, the
plant was cultivated in a nutrient solution for another 7 days (Table S1).
The solution volume was daily monitored and refilled with deionized
water. The plants were cultivated in a growth room at 24 ± 2 °C under
12 h-photoperiod at 250 μmol of photons m−2 s-1 using 3000 K LED
lights.

The nutrient solution was spiked with ZnSO4.7H2O (Dinâmica,
Brazil) and Zn-EDTA (Alternativa Agrícola, Brazil) yielding solutions at
100mg L−1. A control group was maintained in a nutrient solution
without the Zn spike. The plants were divided into two groups of
analysis, one for X-ray fluorescence spectroscopy, while another for X-
ray absorption spectroscopy. The spectroscopy measurements were
performed using three biological repetitions for each treatment. The
solution pH was measured using the TEC-2 pHmeter (Tecnal, Brazil).

2.2. Geochem based chemical speciation

Zn chemical speciation in the nutrient solutions calculated using the
Geochem-EZ software [24]. The interactions among the salts present in
the hydroponic solution with either ZnSO4 or Zn-EDTA at 100mg L−1

were assessed at pH 5.75. The distribution of Zn chemical species was
presented in supplementary Table S2.

2.3. In vivo kinetics of Zn uptake

The content of Zn at the stem was monitored using a handheld XRF
spectrometer (Bruker, Tracer III SD model, Germany). The X-ray beam
was generated by a 4W Rh X-ray tube operated at 40 kV and 30 μA. A
primary filter (304.8 μm of Al +25.5 μm of Ti) was added to improve
the Zn signal-to-noise ratio. X-ray spectra were recorded every four
hours using measuring the time of 120 s. The detection was accom-
plished by a silicon drift detector (SDD), with a dead time smaller than
1 %. The measurements were recorded at hypo-cotyledonary and in-
ternode region of stem. Zinc Kα intensities were normalized by the Rh
Kα Compton ROI (region of interest) to correct thickness variations
among the stems. The experiments were performed using three biolo-
gical replicates, by each treatment.

2.4. Quantification of zinc and sulfur

Zinc and sulfur were determined in the roots and leaves through
Energy Dispersive X-ray Fluorescence Spectrometry (EDXRF, Shimadzu
model EDX-720, Japan). The dried samples were milled using a cryo-
genic grinder (Spex Sample Prep, Freezer/Mill 6870, USA).
Subsequently, 100mg of the milled samples were added in the X-ray
sample cups (Spex SamplePrep no. 3577, USA) sealed with 6 μm thick
polypropylene film (VHG, FPPP25-R3 USA). The samples were irra-
diated by a Rh X-ray tube operated at 50 kV with an auto-tunable
current at a maximum of 30 % detector dead time. A 3mm collimator
and vacuum atmosphere were employed. The X-ray spectra were ac-
quired during 200 s using a Si(Li) detector. The quantification of Zn was
performed using a cellulose-based external calibration curve, while the
quantification of sulfur was performed using instrumental fundamental
parameters. Two standard reference materials (NIST 1515 and
NIST1573a) ensured the quality of the chemical analysis. The re-
coveries for the S and Zn ranged from 81 to 98 % using the NIST 1515
and NIST1573a.

Zinc concentration in the stem was carried out using the emission-
transmission XRF method by the microprobe X-ray fluorescence (μ-XRF,
Orbis PC EDAX, USA). The stem was sectioned yielding a cylinder with
a radius of 2.15mm and a height of 11.93mm. The fresh tissues were
transferred to a sample holder covered with a 6 μm polypropylene film
(VHG, FPPP25-R3, USA). The measurements were performed in three
points along the stem. The samples were probed using X-rays generated
by a Rh tube operated at 40 kV and 300 μA, collimated by 1mm pin-
hole. To improve the signal-to-noise ratio, a 25 μm thick Ni primary
filter was used. The Zn sensitivity was determined using a Zn standard
thin film at 16.2 μg cm−2 (Serial Number 6330, Micromatter™,
Canada). A metallic Zn disc was used as irradiator. This quantitative
approach is described in detail elsewhere [18]. The method validation
was performed using a cellulose-based Zn standard at 1000 μg g-1. The
recovery was 99.12%. The experiments were carried using three bio-
logical replicates, by each treatment. Analysis of variance (ANOVA) by
means of Tukey test at 95% IC was performed.

2.5. X-ray fluorescence maps of stem tissue

Fresh tissues of the stems located at the same kinetic investigating
area were mapped by the microprobe X-ray fluorescence (μ-XRF, Orbis
PC EDAX, USA). The samples were firstly immersed in liquid nitrogen
and transversely cut using a stainless-steel razor blade. Then, they were
placed in a sample holder covered with a 6 μm polypropylene film
(Spex Sample Prep, no. 3520, USA) and immediately investigated by μ-
XRF. The X-rays were generated by a Rh anode operated at 40 kV and
900 μA, and a 25 μm Ti primary filter was selected. The sample was
interrogated using 30 μm polycapillary optic during 1 s per point, and
the maps were obtained by interpolating 25×32 pixels. The X-ray
fluorescence was detected by an SDD, and the dead time was smaller
than 10%.

2.6. XAS chemical speciation

Each substance has its own spectral signature. Basically, the XANES
(X-ray absorption near edge structure) evaluated the edge region (E0)
and region below E0 regarding the analyte X-ray absorption spectrum.
X-ray absorption spectroscopy allows to identity the chemical en-
vironment of elements. It is usually divided into two spectral regions
named XANES (X-ray absorption near edge structure) and EXAFS (ex-
tended X-ray absorption fine structure). Since XANES comprises a short
energy range, the measurements are faster and the signal-to-noise ratio
is much higher than in the EXAFS part of the spectrum. The XANES
spectrum is a fingerprint of the chemical environment of Zn. The
spectrum mixture can be decomposed through a linear combination
analysis affording the fraction determination of each component [25].
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This technique affords the electronic and chemical states evaluation of
the analyte [26].

On this scenario, Zinc speciation by XANES was performed at the X-
ray absorption beamline XAFS2 at the 1.37 GeV Brazilian Synchrotron
Light Laboratory (LNLS). The X-ray beam was monochromatized by a Si
(111) double crystal and a KB mirror system focused a nearly
500×250 μm2 beam on the sample, additional details of the beamline
are described elsewhere [27]. The XANES spectra for plant stems and
liquid samples were acquired in fluorescence geometry (Canberra 15
element Ge solid-state) and in transmission mode (ion chambers), re-
spectively.

XANES spectra were collected at three locations in the stem of living
plants, right above the cotyledonal leaves, as shown in Supplementary
Fig. S1. Each XANES spectrum required six minutes to be recorded.

The energy of the XANES spectra was calibrated using a metallic Zn
foil, normalized and subjected to linear combination fitting (LCF) from
-10 to 70 eV, relatively to the edge threshold using the Athena software
of the IFEFFIT package [28]. The reference compounds (Zn-malate (aq),
Zn-citrate (aq), ZnSO4 (aq), and Zn-EDTA (aq)) were prepared at
2000mg L−1 and the pH adjusted to 5. Only Zn-histidine was measured
as pelletized solid, prepared as described by Savassa et al. [18].

3. Results

3.1. Characterization of Zn in solution

Fig. 1A presents the reference XANES spectra of aqueous solutions
of ZnSO4 (aq) and Zn-EDTA (aq). The spectral features reveal differences
in chemical environment between them. After 48 h under nutrient so-
lution and root influence, both compounds presented modified white-
line intensity compared to pristine ones (Fig. 1B). For the sake of
clarity, the whiteline means the maximum intensity of the u(E) in the X-
ray absorption spectrum, roughly the whiteline for Zn K edge is at
9.66 keV. However, the changes on ZnSO4 (aq) were more evident. The
LCF in Fig. 1C shows that 17% of Zn2+(aq) from ZnSO4 (aq) presented a
chemical environment like Zn-EDTA(aq) after 48 h in nutrient solution.

3.2. Root to shoot uptake of ZnSO4(aq) x Zn-EDTA(aq)

Fig. 2A shows the experimental setup used for the in vivomonitoring
of Zn uptake, while Fig. 2B presents the average intensity of Zn in the
stem of soybean plants. Since the X-ray fluorescence yield depends on
the number of atoms within the irradiated volume, the Zn intensity is
directly proportional to the Zn concentration. However, transforming
the number of counts in concentration, i.e., mg Zn kg−1 of tissue, re-
quires a calibration curve that is out of the scope of the present study.
The number of counts showed that after 48 h exposure, the Zn in the
stem treated with ZnSO4(aq) was ca. 10-fold higher than the ones which
were treated with Zn-EDTA(aq) and 50-fold higher than the control
plant. Fig. S2 shows the data acquired for each biological repetition.

Fig. 2. (A) Setup for in vivo monitoring of Zn uptake; (B) average
(n=3) number of XRF counts of Zn in the stem as a function of time for
control, ZnSO4 (aq) and Zn-EDTA (aq) treatments. XRF allowed tracing
the Zn in the stem of living plants, the soybean plants treated with
ZnSO4 (aq) accumulated more Zn than those exposed to Zn-EDTA (aq).

Fig. 3 shows that the uptake of Zn can be fitted using a sigmoidal
logistic function, as shown in Eq. (1).

=

+
− −( )

Zn intensity L
e1 k x x( )m (1)

where,
L= Zn maximum intensity
xm = Zn midpoint intensity
k = logistic growth rate (uptake velocity)
x = time (h)
Table 1 presents the concentration of Zn in the roots and leaves of

soybean plants. The concentration of Zn in roots increased by a factor of
ca. 32 and 3 compared to the control, for the plants exposed to ZnSO4

(aq) and Zn-EDTA (aq), respectively. The concentration of S increased for
the ZnSO4 (aq) treatment by a factor less than 2.

3.3. Spatial distribution of Zn in the stem

Fig. 4 shows the spatial distribution of Zn and the intensity of
Compton scattering at the cross-sections of the stem. The analyses were
performed in the same region irradiated in Fig. 2A. In agreement with

Fig. 1. (A) Reference solutions (ref) at 2000mg L−1 for ZnSO4(aq)

(pH=3.9 ± 0.1) and Zn-EDTA(aq) (pH=6.9 ± 0.1); (B) Nutrient solutions
(sol) at 100mg L−1 for ZnSO4(aq)-sol (pH=5.5 ± 0.5) and Zn-EDTA(aq)-sol
(pH=6.7 ± 0.2) after 48 h root contact and reference compounds (ref); (C)
Linear combination fitting of ZnSO4(aq)-sol under nutrient solution.
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the kinetic data, one can note that Zn intensity was higher in Fig. 4A,
which corresponds to the plant exposed to ZnSO4 (aq). Regardless of the
treatment, Zn is mostly concentrated at primary and secondary xylem
vessels of soybean seedlings.

3.4. Chemical speciation

To verify whether X-ray exposure induced any spectral changes in
XANES analysis, i.e. radiation damage, a series of individual XANES
spectra were recorded at the different stem positions, and then another
set of subsequent spectra obtained at the same stem position as shown
in Fig. S1. Each of these positions was labeled as PA, PB, and PC (see
supplementary Fig. S1). Fig. 5 presents the XANES spectra recorded at
these positions. The radiation damage was characterized by the re-
duction of the white line intensity. Radiation damage occurred from the
third spectra recorded at the same point, i.e., after at least 12−24min
of beam exposure. One can observe it in four out of six plants (Fig. 5B,
D, E, and F), thus it suggests that biological variability might influence
this phenomenon.

Hence, to avoid artifacts and improve the spectral signal-to-noise
ratio, we averaged only the first XANES spectrum recorded at each
position of the stem. Fig. 6A and B overlay the spectra recorded at three
different plants and the reference Zn compounds spiked in the nutrient
solution. The spectral comparison indicated that inside the plant, Zn is
neither transported as ZnSO4 (aq) nor as Zn-EDTA (aq). Additionally,
Fig. 6A (ZnSO4 (aq) treatment) shows slight spectral differences between
plants subjected to the same treatment, while the shape of XANES
spectra shown Fig. 6B (Zn-EDTA (aq) treatment) is more consistent.

In order to estimate the chemical environment of Zn in the plants,
the spectra were subjected to LCF using the reference compounds
shown in Fig. 6C. As shown in Fig. S3A reference Zn-malate (aq) and Zn-
EDTA (aq) presented close spectral features. Consequently, they could

replace each other in the LCF. Table 2 presents the obtained percent
fractions using two approaches, i.e., using either Zn-malate (aq) or Zn-
EDTA (aq), the fitted curved and residues are presented in Fig.S4 and S5,
respectively. The LCF results yielded slightly lower disagreement factor
(R-factor) when Zn-EDTA (aq) was used instead of Zn-malate (aq). One
exception was observed for Plant3 exposed to the ZnSO4 (aq).

The spectra recorded at the stem of plants exposed to Zn-EDTA(aq)

required four components in the LCF, whilst three components were
enough to adjust the spectra obtained from plants treated with
ZnSO4(aq). The fourth component, abovementioned was Zn-citrate (aq).
Fig. S3B shows that among the reference compounds, Zn-citrate (aq)

presented the highest whiteline, this feature was responsible for the
fitting improvement in the plants treated with Zn-EDTA (aq). The Plant3
exposed to the ZnSO4 (aq) also exhibits small R-factor when Zn-citrate
(aq) was added to the LCF.

Fig. 2. (A) Setup for in vivo monitoring
of Zn uptake; (B) average (n= 3)
number of XRF counts of Zn in the stem
as a function of time for control, ZnSO4

(aq) and Zn-EDTA (aq) treatments. XRF
allowed tracing the Zn in the stem of
living plants, the soybean plants
treated with ZnSO4 (aq) accumulated
more Zn than those exposed to Zn-
EDTA (aq).

Fig. 3. Experimental data and fitted Zn in-
tensity curves for plants exposed to (A) ZnSO4

(aq) (n= 3) and (B) Zn-EDTA (aq) (n= 2) at
100mg L−1. The fitted curves were obtained
using Eq. (1). The Zn intensity variation over
time was similar for both treatments. However,
the inflection for Zn-EDTA (aq) occurred earlier
than ZnSO4 (aq).

Table 1
Concentration of zinc and sulfur in the roots and stem of soybean (Glycine max).
Values followed by the same letters does not present statistical difference ac-
cording to Tukey test with p=5.

Roots Zn concentration
(mg kg−1)

S concentration
(g kg−1)

S/Zn molar ratio

Control 50 ± 40a 3.5 ± 0.5a 200 ± 130a

ZnSO4(aq) 1580 ± 30b 5.4 ± 0.11a 6.9 ± 0.3b

Zn-EDTA(aq) 140 ± 40a 4.3 ± 0.4a 70 ± 30ab

Leaves
Control 37 ± 5a 2.9 ± 0.6a 160 ± 30a

ZnSO4(aq) 320 ± 80b 3.8 ± 0.4b 25 ± 3b

Zn-EDTA(aq) 150 ± 20c 3.1 ± 0.3a 41 ± 4b
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4. Discussion

Observable changes in Fig. 1 may be a consequence of pH or reac-
tion between Zn2+ and anions found in the nutrient solution. According
to a calculation performed by Geochem, in a pristine nutrient solution
5.8 % of Zn2+ is chelated with EDTA, and 79 % is found as Zn2+ (aq) in
the nutrient solution, while the remaining is precipitated with PO4

2−

and complexed to other anions. In the case of a pristine nutrient solu-
tion (prior to zinc spike), the EDTA was added together with Fe2+. The
LCF results shown in Fig. 1C are in close agreement with the calculated
value. On the other hand, the calculation showed that when Zn-EDTA
(aq) is added to the nutrient solution, 99.96% of Zn remains chelated by
EDTA.

The imbalance between the content of Zn and S in roots showed that
the absorption of Zn2+ (aq) does not take place together with SO4

2−
(aq).

Therefore, the maintenance of electrical neutrality within roots might
rely on the efflux of cations such as H+ [29]. The concentration of Zn in
the plant roots treated with ZnSO4 (aq) was 10-fold higher than Zn-
EDTA(aq). This order of magnitude agrees with the XRF counts mea-
sured in the stem.

Zn moves through apoplastic and symplastic pathways in the roots

[30–32]. The admission of Zn in root apoplast takes place through a
combination of mass transport, and diffusion from the nutrient solution
[33], the coefficients for Zn 2+

(aq) and Zn-EDTA(aq) are 125.4 and 58.2
10−6 cm-2 s-1 [34], respectively. Therefore, the ionic root uptake by
gradient diffusion is expected to be lower for Zn-EDTA(aq). Additionally,
at the pH provided by the nutrient solution (5.5–6.7), the Zn-EDTA(aq)

complex is predominantly negatively charged as Zn[EDTA]2-(aq) [35].
Due to its charge, the cell membrane presents more affinity to cations
than anions [36]. Another important point regards the high stability
constant of Zn-EDTA (aq) (logK= 16.5), which would impose a longer
time to release Zn to the membrane transporters compared to Zn2+ (aq).
Hence, the limiting factor controlling the content of Zn in the stem is
the entrance of Zn in the root apoplast and symplast rather than the
loading of Zn from roots into the primary and secondary xylem or the
transport along the xylem itself.

Zinc content in the stem experienced an exponential increase fol-
lowed by saturation. According to Fig. 3, the uptake velocity, expressed
by the logistic growth factor (k) in Eq1, was virtually the same for both
treatments. However, the midpoint of sigmoid, i.e., the xm factor of Eq1
points out the moment at which the growth rate starts decreasing, was
achieved faster for Zn-EDTA(aq) (9.4 ± 1.3 h) compared to ZnSO4(aq)

Fig. 4. Stem photograph (left side), X-ray fluorescence chemical images revealing the spatial distribution of Zn (middle) and Compton intensity (right side) in the
stem of soybean plants (Glycine max) exposed to 100mg L−1 (A) ZnSO4(aq) and (B) Zn-EDTA(aq). Note that the higher Zn intensities are concentrated at primary and
secondary xylem vessels of soybean seedlings, as shown by the arrows.
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(29.5 ± 1.7 h). This delay should be consequence of the amount of
Zn2+ available at the root-solution interface (Fig. 1C), such high con-
centration of complexed ZnSO4(aq) might have delayed the homeostatic
response. Because of the high concentration provided by the ZnSO4 (aq),
the root-to-shoot dilution effect was more evident for plants exposed to
Zn-EDTA (aq). The stem seems to act as a buffer storing the Zn excess
protecting the photosynthetic apparatus in soybean leaves. Despite the
increase of Zn concentration in the leaves (Table 1), no symptoms of
intoxication such as stain, spots, or leaf wilting were observed past 48 h
exposure.

A critical step in chemical speciation of biological samples regards
the changes in the chemical environment of target elements caused by
sample preparation, storage, and X-ray radiation. Chemical fixation,
such as the processes used to maintain the tissue integrity, increase the
risk to modify the chemical neighborhood the elements of interest.

A preservation method widely accepted consist of cryofixation by
flash freezing the samples in supercooled isopentane [37]. Then, the
samples can be freeze-dried or measured hydrated under the stream of a

cryojet [25]. Other possibility consists in the direct analysis under in
vivo or fresh conditions. In any case, one must deal with potential da-
mage caused by the radiation. In vivo analysis brings the advantage of
measuring the same individual, hence isolating genetics and environ-
mental factors. Reducing exposure time, or measurements at multiple
locations, are strategies to circumvent radiation damage. These ap-
proaches were proposed during in vivo chemical speciation of thallium
in Iberis intermedia [38].

In XRF, radiation damage may alter the spatial distribution of ele-
ments, whereas for XAS artifacts are related to changes in the chemical
environment, especially via redox reactions. In both cases, radiation
damage depends on X-ray dose, i.e., exposure time and power.
Supplementary Fig. S6A shows that an X-ray beam provided by focusing
optics can alter the chemical composition of a soybean stem while the
collimator used in the handheld equipment did not (See the supple-
mentary material for experimental details). In this assay, the focused X-
ray beam presented a flux density at least 2000-fold higher than that
provided by the handheld equipment.

Fig. 5. Zn-K XANES spectra recorded at the stem of soybean (Glycine max) plants to evaluate the radiation damage caused during in vivomeasurements. From A–C the
plants were exposed to ZnSO4(aq), and from D–F the plants were exposed to Zn-EDTA(aq), both at 100mg L−1 for 48 h. PA, PB, and PC correspond to the position of the
stem at which the spectra were recorded.
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Conversely, Fig. S6B-D shows that the intensity for K, Ca and Fe at
stem irradiated by the handheld equipment randomly oscillated during
the Zn kinetic monitoring. Therefore, our results did not show any
evidence of radiation damage while monitoring the content of Zn in the
stem.

It is also noteworthy that we did not observe any spectral changes
during the acquisition of XANES for Zn organic reference compounds
such as Zn-citrate, Zn-malate, or Zn-histidine (Fig. 6). This factor also
points out that the monochromatic beam unlikely modified the che-
mical environment during the exposure time course. Thus, it seems that
bending magnet beamlines at second-generation synchrotron facilities

may offer a good compromise for the in vivo and in situ analysis of
biological samples since their X-ray brilliance is above laboratory XAS
equipment, but below the high flux given by 3rd and 4th generation
machines [39].

Two out of three plants exposed to ZnSO4 (aq) presented smaller
XANES whiteline than those treated with Zn-EDTA (Fig. 6). At first
glance, we suspected that this attenuation could be a distortion caused
by incident beam self-absorption (IBSA). The IBSA happens when the
sample is measured in fluorescence geometry and the concentration of
the analyte affects the X-ray beam penetration depth. The consequence
is the introduction of an artifact that dumps the amplitude of X-ray

Fig. 6. Zn-K merged XANES spectra recorded under in vivo conditions at the stem of soybean (Glycine max) plants hydroponically exposed to (A) Zn-EDTA (aq) and (B)
ZnSO4 (aq); (C) presents the spectra recorded for reference compounds used in the linear combination fitting.

Table 2
Linear combination fittings for the XANES spectra recorded at the stem of soybean (Glycine max) exposed to 100mg L−1 of ZnSO4 (aq) and Zn-EDTA (aq).

Spectra recorded at the stem Composition (%) R-factor

Zn-EDTA(aq) Zn-malate(aq) ZnSO4(aq) Zn-histidine(s) Zn-citrate(aq) x10−3

Using Zn-malate(aq) in LCF
Zn-EDTA(aq)-stem Plant1 17 ± 5 27 ± 5 29 ± 9 27 ± 5 1.4
Zn-EDTA(aq)-stem Plant2 13 ± 5 29 ± 5 30 ± 10 28 ± 5 1.6
Zn-EDTA(aq)-stem Plant3 0 32 ± 6 26 ± 11 42 ± 6 2.0
ZnSO4(aq)-stem Plant1 44 ± 4 20 ± 3 36 ± 5 1.1
ZnSO4(aq)-stem Plant2 37 ± 3 26 ± 2 37 ± 4 0.6
ZnSO4(aq)-stem Plant3 31 ± 3 46 ± 2 24 ± 4 0.6

ZnSO4(aq)-stem Plant3 27 ± 4 42 ± 3 24 ± 1 8 ± 3 0.6
Using Zn-EDTA(aq) in LCF
Zn-EDTA(aq)-stem Plant1 20 ± 3 32 ± 4 25 ± 15 23 ± 5 1.1
Zn-EDTA(aq)-stem Plant2 17 ± 4 33 ± 4 27 ± 15 23 ± 5 1.4
Zn-EDTA(aq)-stem Plant3 8 ± 4 32 ± 5 23 ± 16 37 ± 6 1.9
ZnSO4(aq)-stem Plant1 35 ± 2 30 ± 2 35 ± 1 0.8
ZnSO4(aq)-stem Plant2 29 ± 2 35 ± 1 36 ± 1 0.4
ZnSO4(aq)-stem Plant3 21 ± 2 55 ± 1 24 ± 1 0.7

aThe linear combination fitting disagreement expressed as “R-factor” is the squared sum over all mismatch within the selected region between -20 and 50 eV
relatively to edge. The formula is given in supplementary material.
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absorption fine structure. However, the concentration of Zn at the
speciation spot was 721 ± 168mg kg−1 (determined by emission-
transmission XRF). Usually, we have observed ISBA spectral distortions
(compared to transmission measured spectra) in plant tissue samples
which metal target concentration exceed 2000−2500mg kg−1.

The analysis of XANES spectra recorded at the stem of soybean
(Figs. 5 and 6) allows stating that regardless of the source, the Zn was
biotransformed in its way up to the shoot. The chemical species found
in the present study partially agree with reports in the literature
[16,22,40]. The dependency between Zn components and Zn source
presented in Table 2 was also reported by Doolette et al. [16] who
applied Zn-EDTA(aq) and ZnSO4(aq) to the leaves of Triticum aestivum.
They found that the Zn components used in LCF (Zn-EDTA, Zn-phytate,
Zn-cysteine, Zn-phosphate, Zn-citrate, and Zn-polygalacturonate) de-
pend on the Zn source applied to leaves. Additionally, they showed that
the weigh fractions of Zn presented spatial and concentration de-
pendency.

Fig. 4 and Fig. 6 support the assumption of the coexistence of dif-
ferent forms of Zn. Zinc absorbed by roots is accumulated in the apo-
plast and symplast in three chemical forms: (1) exchangeable in the
apoplast; (2) labile in the cytoplasm, and (3) non-labile, deposited in
the vacuole and not translocated to the shoot [24]. In this study, Fig. 4
shows that Zn is simultaneously found in specialized transport tissues
(major fraction) and cortex (minor fraction). Considering the energy of
Zn Kα emission (8.64 keV) and a 2mm thick stem, the fraction of
transmitted X-rays is around 20 %. It means that the region probed by
XANES included the Zn present in both bundles (outer) and cortex
(inner) tissues. Hence, in view of the number of components required to
fit the spectra recorded in the stem, it is reasonable to assume that it
could be under different chemical forms in each of these environments.
This hypothesis shall be addressed in further studies using submicro-
metric X-ray beam, which may allow carrying out space-resolved che-
mical speciation in cross-sectioned stems.

Zinc complexed to phytate/phosphate is frequently reported in
plant tissues. Zinc phytate/phosphate was found in leaves of Triticum
aestivum, roots and shoot of Zea mays [14], and roots of Eruca vesicaria
[41]. Additionally, positive spatial correlation between Zn and P was
reported in Triticum aestivum grains [42]. However, we did not find any
evidence of its presence in the stem of soybean. Phytates may represent
60–82 % of total P in several plant species [43], and the transition
metal phytates complexes are mostly insoluble [44] as well as Zn
phosphate (Ksp= 9.1×10−33) [45]. Zn-phytates are mostly found in
seeds and roots of plants [46]. Due to the low solubility of the Zn-
phytate, it is not expected to find in specialized transport tissues, such
as the xylem. Terzano et al. [36] reported that Zn-phytate complex was
mainly confined to the root endodermis of Eruca vesicaria, while in the
xylem, Zn was found as Zn-citrate. Since Fig. 4 showed that Zn was
mostly associated with transport than storage tissues, this might explain
why neither phosphate nor phytate was necessary to adjust the XANES
spectra recorded at the stem of soybean plants (Table 2).

The pH of xylem sap lies between 5–6.5, it contains nearly twice to
three times more carboxylic acids than amino acids. The complexation
is certainly a consequence of the chemical equilibrium resulted from the
presence of metal ions and organic molecules (1−9mM) [47,48]. Ad-
ditionally, the complexation also ensures that the metal ions reach the
target tissue either than precipitating in the way up.

The coexistence of a two-ring pattern and the accumulation of Zn in
the epidermal region, as shown in Figs. 4 and S7, were previously re-
ported for Sedum alfredi [49], Phaseolus vulgaris [19], and Zea mays
[14]. Since there is no concentration gradient from the xylem to the
epidermis, it is still not clear how Zn is loaded in the epidermal layer
and how that image pattern is formed. In any case, the epidermal layer
is supposed to act as storage tissue under high Zn concentration [19].

5. Conclusions

A fraction of Zn2+ (aq) supplied by ZnSO4 (aq) is chelated by EDTA
(aq) in the nutrient solution. The amount of Zn absorbed by the plant as
defined in the root-solution interface, factors such as charge and dif-
fusion coefficient might play significant roles. On the other hand, the Zn
sources did not affect transport velocity in the stem. Besides, regardless
of the source, the transport upwards seems to take place through the
same pathway.

Zinc is neither transported as ZnSO4 (aq) nor as Zn-EDTA (aq), but
was biotransformed instead, reinforcing the chemical form in which
Zn2+ is transported, slightly dependent on the content of the Zn2+ in
the stem. Plants treated with Zn-EDTA exposed XANES spectra with
higher whitelines than ZnSO4 (aq). In the present study, the Zn con-
centration in the stem is the only measurable parameter that could
explain this difference. It means that the type of complexes might de-
pend on the concentration of Zn in the medium.
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