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Abstract

Due to a zinc-deficient diet, about 800,000 children die each year worldwide. This aspect is amended by exploiting foliar
fertilization, a useful alternative to improve crop yield and nutritional quality of food crops. The aim of this study was then to
investigate the leaf uptake and transport of zinc by soybean (Glycine max (L) Merrill). Plant leaves were treated with Zn
phosphite and Zn ethylenediamine tetra-acetic acid (EDTA) commercial formulations. X-ray spectroscopy (XRF and
XANES) was exploited to trace nutrient movement in the petiolule and scanning electron microscopy (SEM) to evaluate the
influence of leaf surface treatments. No radiation damage, in terms of elemental redistribution, was observed during the XRF and
XANES measurements. As an alternative to radioisotopes, XRF allowed to detect the movement of Zn from both sources in the
plant petiolule. Both fertilizers disintegrated leaf epicuticular wax crystals, yet accumulation of sediments in the vicinity of
stomata was noted only for Zn phosphite. Absorption and redistribution of Zn were higher for plants that received Zn phosphite.
Zinc supplied as Zn phosphite was transported in a form different from that of the pristine Zn phosphite, whereas Zn supplied as
Zn EDTA was transported in its chelated form.

Keywords Foliar fertilization - Glycine max - X-ray fluorescence (XRF) - X-ray absorption near edge structure (XANES) - Zn
phosphite - Zn EDTA

1 Introduction

Although being required only as a trace element, zinc is es-
sential for plant and animal (including humans) nutrition. In
plants, Zn is involved in several metabolic processes like syn-
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thesis of protein and growth hormone, metabolism of carbo-
hydrates, and maintenance of the cell membrane integrity
(Broadley et al. 2012). However, the availability of Zn in most
cultivated soils is low. A survey relying on approximately
38,000 soil samples from Brazilian agricultural areas revealed
that ca. 35% of the soils were Zn deficient (Guilherme et al.
2015). Around the world, ca. 800,000 children under 5 years
die annually due to a Zn-deficient diet (Caulfield and Black
2004).

Zinc deficiency in plants can be overcome by fertilization
with zinc inorganic compounds (oxides, carbonates, sulfates,
chlorides, or nitrates), synthetic chelates (e.g.,
ethylenediamine tetra-acetic acid—EDTA), natural organic
complexes, or inorganic complexes (Montalvo et al. 2016).
However, the crop response is usually dependent on the Zn
source (Slaton et al. 2005) and on the fertilization method,
usually employing soil or foliar application (Cakmak et al.
2010). Once it crosses the cuticle, Zn reaches the foliar vas-
cular system before being transported to the other parts of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42729-020-00338-3&domain=pdf
http://orcid.org/0000-0003-0875-3261
https://doi.org/10.1007/s42729-020-00338-3
mailto:hudson@cena.usp.br

2732

J Soil Sci Plant Nutr (2020) 20:2731-2739

plant. To this end, it should penetrate the leaf surface, for
example, across the cuticle and/or through the stomatal cavity,
and traverse the inner cells via apoplastic or symplastic path-
ways (Eichert and Fernandez 2012; Fernandez and Brown
2013). Nevertheless, the models to explain the permeability
of foliar-applied nutrients are still not conclusive (Fernandez
etal. 2017).

Foliar applications increased the Zn content in wheat, rice,
and soybean grains (Aytag et al. 2007; Cakmak et al. 2010;
Zou et al. 2012; Phattarakul et al. 2012; Singh et al. 2019),
demonstrating that foliar fertilization is a useful strategy for
grain biofortification and may thereby increase Zn content in
the diet of human population. Foliar application of Zn EDTA
leads to an increase in Zn concentration and bioavailability in
rice grains (Wei et al. 2012). In wheat, efficiency of this ap-
plication was 1.4—1.7 times more effective relatively to ZnSO,
(Brennan 1996). Zn EDTA is an effective foliar fertilizer also
for triticale, increasing the grain yield during drought stress
(Kinaci and Gulmezoglu 2007). For chickpea, Zn EDTA in-
creased the Zn concentration in the seeds (Kayan et al. 2015).
The combination of soil and foliar fertilization with Zn EDTA
led to enhancement of the Zn content in the wheat grain,
which was more pronounced then that related to a single ap-
plication in the soil (Ghasal et al. 2017).

Phosphites are inorganic salts usually obtained by the reac-
tion of cationic compounds and phosphorous acid, H;PO3
(Gozzo and Faoro 2013), which constitute themselves in an
alternative to the widely used sulfates and chlorides as sources
of foliar fertilizers. Despite the presence of phosphorous, the
use of phosphites as the P source is controversial (McDonald
etal. 2001). Hence, phosphite salts are traded as fertilizers due
to the presence of the cations, such as Zn”*. Besides supplying
plant nutrients, phosphite-based compounds present also anti-
fungal properties, in which the mechanism of control is not
fully clarified (Gozzo and Faoro 2013).

The performance of foliar fertilization may vary according
to the physical-chemical properties of the formulation, the
plant species, and the environmental conditions. The charac-
teristics of the formulation such as molecular size, solubility,
pH, surface tension, and spreading play a relevant role in the
efficacy of nutrient uptake by the leaves (Fernandez and
Brown 2013). We hypothesize that the uptake velocity as well
as the chemical form of Zn during its transportation depends
on the Zn source. A clear understanding on the uptake and
transport of nutrients by the plants is then fundamental for the
development of highly efficient fertilizers. Hence, the aim of
this work was therefore to investigate the transport kinetics,
the effect on the leaf surface, and the chemical environment of
Zn in soybean leaves exposed to Zn EDTA and Zn phosphite.
Soybean (Glycine max (L.) Merrill) was chosen as a model
plant species due to its economic relevance, and the Zn
sources due to their worldwide application by rural producers.
Absorption kinetics was monitored in vivo by using X-ray
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fluorescence spectroscopy (XRF), and X-ray absorption near
edge spectroscopy (XANES) uncovered the Zn chemical en-
vironment in the treated leaves. Moreover, the leaf structure
was characterized by scanning electron microscopy (SEM)
after foliar application of Zn.

2 Materials and Methods
2.1 Plant Growth and Foliar Treatments

Soybean plants were cultivated in a growth room at 27 + 3 °C,
with a relative humidity of 80 + 5% and a photoperiod of 12 h
under 6500K LED lamp illumination supplying 250 pmol
photons m 2 s~' (Fig. Sla). When the third trifoliate leaf
started expanding, the plants were transferred to the sample
holder shown in Fig. S1b.

The treatments consisted of an aqueous solution of com-
mercial Zn phosphite (8.0 wt% Zn and 1.25 g mL™" density,
Agrivalle, BR) and Zn EDTA (15.0 wt% Zn, Alternativa
Agricola, BR) at 23 g L™" Zn diluted in deionized water.
The final pHs of the solutions were 1.5 and 5.9 for Zn phos-
phite and Zn EDTA. Zn phosphite requires a pH lower than
3.0 to keep the solution stable. Approximately 70 uL of the
solutions was spread on half part (from the middle to apex) of
a leaflet abaxial surface, by using a brush. This volume was
determined as the weight difference before and after the ap-
plication. Immediately after application, the plants in the sam-
ple holder were returned to the growth room where they
stayed for 3 days and then analyzed by XRF measurements.
The plants were thereafter conditioned inside of a box with a
similar environment and transported to the synchrotron
facility.

2.2 Redistribution Kinetics

The movement of Zn was monitored in vivo by evaluating the
Zn content in the petiolule of the treated leaflet. Measurements
were performed in the petiolule, 1 mm far from the leaf edge,
before the application and after elapsing 12, 24, 48, and 72 h
of it. Aiming at to distinguish possible changes on the Zn
concentration in the petiolule due to plant growth, a control
plant that did not receive application was analyzed. The ex-
perimental setup is shown in the section 1 of the Electronic
Supplementary Material.

2.3 Scanning Electron Microscopy

To evaluate the effects of Zn fertilizer deposition on the leaf
surface, 20-uL droplets of the above described treatments
were applied on the abaxial surface of the middle leaflet of
the third youngest leaf. The fertilizers were spread by using a
brush, according to ordinary procedures for the kinetics
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assays. An additional application of water was performed to
highlight possible injuries caused by the brush scratch. The
leaves were collected after 24 h of foliar Zn application. The
sample preparation and analysis conditions are described in
the section 2 of the Electronic Supplementary Material.

2.4 Chemical Speciation

The Zn chemical environment during the redistribution pro-
cess was in vivo evaluated using Zn-K XANES at the XRF
beamline of the Brazilian Synchrotron National Laboratory
(LNLS). For seeking conciseness, the beamline specifications
are presented in the section 3 of the Electronic Supplementary
Material.

The leaves were treated following the same above-
described procedure. The leaf was covered with a 1-mm Pb
foil to avoid Zn fluorescence photons from the leaf surface
(Fig. S2), and the measurements were performed approxi-
mately 2 mm far from the leaf edge. In order to prevent radi-
ation damage, the measurements were taken in a different spot
as described in the section 3 of the Electronic Supplementary
Material.

3 Results
3.1 In Vivo Redistribution Kinetics of Zn

Since X-rays may damage fresh or living plant tissues, the
impact of irradiation on the analyzed petiolules was firstly
investigated. To this end, the content of other detected ele-
ments and the intensity of Compton scattering were monitored
during the determination of Zn. Compton scattering can be an
indicator of tissue dehydration since inelastic scattering de-
creases with the water content lessening. Using the benchtop
equipment, Compton scattering, and the signals of Ca, K, Fe,
and Mn underwent only slight modifications for all the plants
without any trend (Figs. S4-S6). Thus, it demonstrates that the
set instrumental conditions did not cause any artifact and,
therefore, the method was adequate for tracing Zn in living
tissues.

Figure 1 shows the average content of Zn in the petiolules
as a function of time based on three measurements. A and B
represent the two biological replicates composed of three
plants. In order to avoid interferences of the petiolule thick-
ness on the measurements, the Zn content is expressed as the
number of Zn-Ka photon counts normalized by the rhodium
scattering counts. Absorption and redistribution of Zn were
higher for plants that received Zn phosphite. Despite the dif-
ference of Zn intensity between the two biological replicates,
which reflects that different individuals may differently re-
spond, they presented a similar behavior regarding the treat-
ments. For both plants treated with Zn EDTA, the Zn

concentration sharply increased after 12 h, then decreased
after 24 h, and thereafter remained almost constant for 72 h.

3.2 Scanning Electron Microscopy Analysis

The control leaf (non-treated sample, Fig. 2a—c) revealed a
dense and uniform layer of epicuticular wax crystals (EWC).
Figure 2e—f show that the water treatment with a brush was
enough to remove mechanically part of the EWC. However,
the application of Zn phosphite and Zn EDTA promoted
higher EWC removals in comparison with water (Fig. 2g—i
and Fig. 2j-1).

The treatments disintegrated most of EWC from the leaf
surface possibly due to a chemical effect caused by the fertil-
izers. It was also observed that spots of Zn phosphite agglom-
erated along the leaf surface, mainly around the stomata (Fig.
2 h and 1), whereas for Zn EDTA treatment, no evidence of
accumulation was detected (Fig. 21). Additional micrographs
recorded for other leaves submitted to the same treatments are
presented in Fig. S7 in the Electronic Supplementary Material.

3.3 Chemical Speciation

Figure S8 shows the non-normalized Zn-K XANES spectra
recorded for the control plants. Despite the poor signal-to-
noise ratio associated to the very low Zn concentration, no
photoinduced spectral changes were noted. Similarly, the
non-normalized Zn-K XANES spectra for plants treated with
Zn phosphite (Fig. S9a) and Zn EDTA (Fig. S9b) did not
show consistent spectral changes that could be assigned to
radiation damage.

Concerning tissue dehydration, Fig. S10 presents the
Compton scattering intensity recorded during the XANES
chemical speciation analysis. No significant changes were ob-
served in the scattering intensities. Concomitantly, the inten-
sity of Ca-Ka XRF (Fig. S11) was also recorded, since Ca is
one of the major constituents of plant tissues and stress sig-
naler, thus a good radiation damage indicator. The data did not
point out any significant signal variation for the Zn phosphite
treated plants (Fig. S11a); however, a slight decrease, within
error bar range, was noticed during the second scan in point 2
of plant 1, while in plant 2 it slightly increased (Fig. S11b).

Figure S12 shows the stem of a soybean plant (a) prior to
and after irradiation (b) by a ca. 30 um focused beam during
20 min using an Rh anode operating at 45 kV and 900 pA
(experimental details provided in section 4 of the Electronic
Supplementary Material). It is possible to note the scorching
radiation damage caused by the X-ray beam.

Figure 3 a and b present the XANES spectra recorded for
Zn phosphite and Zn EDTA reference compound and for pet-
iolules of two different plants whose leaves were treated with
Zn phosphite. Analysis of the spectra associated to the stan-
dard compounds permits one to infer that Zn from Zn
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Fig. 1 XRF monitoring the Zn concentration in the petiolule of soybean
(G. max) as function of time. (a) and (b) represent two biological
replicates with three plants each that received Zn phosphite and Zn
EDTA treatments. The number of Zn photon counts was normalized by

phosphite was transported as a compound different from that
applied to the leaf. On the other hand, the spectra recorded for
the petiolules of leaves treated with Zn EDTA overlapped that
recorded for the pristine material. Figure 3¢ presents the con-
tent of Zn in these plants in terms of XRF counts which rep-
resents the Zn concentration in the petiolule. The Zn content in
the petiolule was higher for the Zn phosphite treatment, dem-
onstrating the potential for higher absorption of Zn phosphite
as compared with Zn EDTA. A similar finding was observed
for the XRF approach (Fig. 1).

4 Discussion

The X-ray beam may modify the spatial distribution and
chemical environment of the target element (Scheckel et al.
2004). Changes in the chemical environment during in situ
XANES measurements were reported by Smith et al. (2009)
during the speciation of arsenic in rice roots and by Scheckel
et al. (2004) in the analysis of thallium in /beris intermedia.
Differently from 7Zn**, both arsenic and thallium form com-
pounds in multiple oxidation states and are more susceptible
to photoreduction or oxidation than Zn**. The X-ray bril-
liance, thus the fluence on the sample, varies from one syn-
chrotron beamline to another. This parameter should be then
kept in mind during measurements in synchrotron sources.
Additionally, recording a XANES spectrum usually subjects
a certain point of the sample to longer exposure than that
requested for XRF mapping or point analysis (Lombi et al.
2011b). It is important highlighting that scorching symptoms
were not observed in the plants submitted to the XRF LNLS
beamline. The X-ray flux at this beamline is in the order of 10
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the Rh photon counts aiming to avoid interferences of the petiolule
thickness on the measurements. Zinc absorption and redistribution were
higher for Zn phosphite treatment compared to Zn EDTA. Error bars
represent the standard deviation for three measurements

photons s ' mm™? at 10 keV. Nevertheless, differently from

the Rh anode which supplied polychromatic beam (Fig.
S12c¢), the XANES measurements were performed under
monochromatic beam, resulting in a much shorter bandwidth.
This is especially important, in relation to low energy photons,
e.g., <4 keV, which might modify the biological tissues since
their interaction with matter is higher than those around Zn-K
edge. Thus, as noted for the time-resolved XRF kinetic mea-
surements, no radiation damage under the conditions used to
register the XANES spectra was detected.

The Zn concentration commonly used in field applications
isaround 1 g Zn L ! (Cakmak and Kutman 2018). In order to
overcome the limits of detection imposed by the in vivo XRF
measurements, it was necessary to increase the dose to 23 g Zn
L. High concentrations of Zn may however negatively in-
fluence the uptake and transport of other nutrients such as K,
P, Mg, Fe, Cu, and Mo (Santos et al. 2020). In the present
study, interference of Zn supply on the concentration of K, Ca,
Mn, and Fe in plant petiolule was not observed, which sug-
gests that even in higher concentrations, Zn was not interfer-
ing badly the metabolism of other nutrients. Under the set
instrumental conditions, the limit of detection for Zn in the
petiolule of living plants was estimated as 36+ 1.3 mg kg .
The concentration of Zn in the leaves of soybean ranges from
50 to 80 mg kg ' reaching up to ca. 600 mg kg ' in plants
grown in Zn-contaminated soil (Silva et al. 2014), demonstrat-
ing that the experimental design adopted here allowed to
quantitatively record the Zn concentration.

The observed agglomeration of Zn phosphite shown by
SEM regards the precipitation as the solution dried and the
mineral became solid. The inorganic particles of Zn phosphite
agglomerated in the stomata may release ions under the



J Soil Sci Plant Nutr (2020) 20:2731-2739

2735

[
b~
-:‘

Q.

o

=}
£
(= T

c
N

Zn EDTA

Fig. 2 SEM micrographs of the abaxial surface of soybean leaves at x

140, x 750, and x 1900 magnification. a, b, ¢ Control sample; d, e, f water
treatment; g, h, i Zn phosphite treatment; j, k, 1 Zn EDTA treatment. The
control sample revealed epidermal cells covered by a uniform layer of
epicuticular wax crystals. The water treatment with a brush was enough to

influence of air humidity, thus increasing the uptake of Zn via
the stomata pathway. A similar behavior was observed by
Bala et al. (2019) after applying ZnO nanoparticles in rice.
Stomata may take up water and solutes, and even small parti-
cles may penetrate leaves through stomata. The mechanisms
behind this process are still not fully understood (Avellan et al.
2019; Eichert and Goldbach 2008; Eichert et al. 2008). It is
possible that the uptake occurs by diffusion through a liquid
water film in the stomata walls, which are formed by increas-
ing the wettability of the stomata pores (Burkhardt 2010;

remove mechanically part of the epicuticular wax crystals (EWC).
However, the application of Zn phosphite and Zn EDTA promoted
higher removal of EWC than water. The phosphite crystals were
observed surrounding the stomata. PC - phosphite crystals, S - stomata
of the leaf surface, SC - scalped areas by the brush.

Eichert et al. 2008). Compared with the cuticular pathway,
the stomatal pathway is characterized by higher size exclusion
limits, which means that it is more accessible for larger mol-
ecules (Eichert et al. 2008). On the other hand, since higher
stomata density did not lead to higher Zn foliar uptake after
the application of ZnSQy, Li et al. (2017, 2018) did not con-
sider stomata the main foliar uptake pathway.

The disintegration of EWC followed the treatments with
Zn phosphite and Zn EDTA was also in leaves exposed to
abiotic stress, such as hygroscopic aerosols (Burkhardt

@ Springer
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Fig. 3 Zn-K XANES spectra recorded for petiolules of soybean after
foliar application of a Zn phosphite and b Zn EDTA plus spectra
registered for Zn phosphite and Zn EDTA reference compounds.
Overlapping the spectra, one can observe that the Zn from Zn phosphite
treatment has been transported as compounds different to that applied to
the leaf, whereas the overlay between the spectra presented in b indicates
that the Zn chemical environment in the petiolules and Zn EDTA
reference compound were mostly the same. ¢ Average XRF intensity
from 9.78 to 9.84 KeV in the petiolules of these plants demonstrates
higher concentration of Zn for Zn phosphite
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et al. 2018). The EWC disintegration during the water
treatment was caused mechanically by the brush.
However, the EWC disintegration caused by Zn phosphite
and Zn EDTA can affect more epidermal cells than just the
brush use, and it could be the mechanism responsible for
the increased uptake of Zn compound through leaf cuticles.
Moreover, both Zn phosphite and Zn EDTA are solubilized
in a medium with low pH, and leaf cuticles exposed to
acidic solutions presented lower fixation of cations such
as Zn (Fernandez et al. 2013). One can therefore conclude
that the acidic condition of the Zn treatments may be a
determinant factor associated Zn entrance trough the leaf.

The epicuticular wax damage caused by Zn EDTA
and Zn phosphite raises a concern on possible stress
induced by foliar fertilizers. The ability of EWC to re-
cover from stress is dependent on the developmental
stage, and, in some cases, it does not recover (Neinhuis
et al. 2001). There is a compromise between Zn supply-
ing and cuticle damage, this latter effect may bring un-
desirable consequences to plant health. From the abiotic
stress standing point, the literature pointed out that the
EWC has a minor influence in the rate of water move-
ment across the cuticle membrane, in comparison with
the intracuticular wax (Goodwin and Jenks 2005).
Conversely, the mechanical EWC removal may promote
a moderate increase in water permeability (Goodwin and
Jenks 2005). In this context, no correlation between
quantity of wax cuticular and epidermal water loss was
noted for Zea mays (Ristic and Jenks 2002). Regarding
biotic stress, it has been demonstrated that adjuvants may
alter the epicuticular wax of Vitis vinifera and increase
the susceptibility to Botrytis cinerea (Rogiers et al.
2005). The soybean rust, caused by the fungus
Phakopsora pachyrhizi, starts the leaf penetration by me-
chanical and enzymatic disruption of the cuticle
(Edwards and Bonde 2011). Hence, one should wonder:
Could the EWC damage promoted by Zn EDTA and Zn
phosphite increase susceptibility to P. pachyrhizi? The
present study highlights that investigations aiming at
the development of novel foliar fertilizers should address
the impacts of foliar fertilizer applications, the possible
leaf stress, and the pathogen susceptibility.

The abaxial surface was chosen as an application site
due to its presumed higher capacity to absorb nutrients.
Preliminary XRF analysis indicated that Zn is more
prone to be absorbed by the abaxial surface of soybean
leaves than by the adaxial (data not shown here). Since
the trichomes or stomata density seems to not affect Zn
absorption (Li et al. 2017, 2018), the higher absorption
of the abaxial surface could be related to its thinner cu-
ticle and epidermal cell wall. Compared with the adaxial
application, Zn concentration in tomato and citrus leaves
was nearly 2-fold higher when Zn nitrate or Zn
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hydroxide nitrate was applied to the abaxial leaf surface
(Du et al. 2015).

One of the reasons why Zn EDTA behaved differently
as Zn phosphite might be their different capacities of leaf
penetration. In solution, Zn phosphite dissociates, releas-
ing Zn2+(aq) and presenting lower molecular weight than
Zn EDTA, at least cuticular favored by smaller molecular
size (Fernandez et al. 2017). In addition, acidity might
influence the uptake, and the pH values were 2.0 and
6.2 for Zn phosphite and Zn EDTA, respectively. The
more effective absorption of Zn** from Zn phosphite
compared with the Zn EDTA agrees with previous re-
ports. In fact, zinc-amino acid and ZnSO, increased the
Zn concentration in rice grains more consistently when
compared with Zn EDTA and Zn citrate (Wei et al.
2012). Another study suggested that Fe EDTA reduced
the size of aqueous pores from the leaf epidermis, de-
creasing the nutrient uptake (Schlegel et al. 2006). In
pea leaves treated with Zn EDTA and ZnSQOy4, Zn was less
absorbed as chelate than inorganic salt, whereas its trans-
location within the plant was higher with Zn EDTA
(Ferrandon and Chamel 1988). Zn EDTA was also less
mobile than ZnSO, in wheat leaves (Doolette et al. 2018).
Chelated or organically complexed Zn was also less
absorbed than inorganic salts, as demonstrated in a study
of Peryea (2006) who applied foliar fertilization in apple
trees. Since part of the foliar-applied material inevitably
falls on the ground, especially for crops with limited leaf
area, one advantage that Zn EDTA might have over Zn
phosphite is its higher mobility in soil, which leads to
increased Zn uptake by roots (Gangloff et al. 2002).

Our study partially agrees with Doolette et al. that
treated wheat leaves treated with Zn EDTA at
1000 mg L' Zn, their chemical speciation indicated that
Zn EDTA was the dominant Zn species near the applica-
tion point (from 66% to 60%). Their study did not mea-
sure the petiolule region; in some sites in the surrounding
area of the application point, they found also Zn bonded
to phytate, cysteine, and polygalacturonate (Doolette et al.
2018). In the present study, apparently all Zn was
transported to the phloem as Zn EDTA. We employed
that other four reference compounds were used to identify
the chemical form of Zn in the petiolules from the Zn
phosphite treatment. Figure S13 shows the XANES spec-
tra recorded for Zn Malate (a), Zn sulfate (b), Zn oxalate
(c), and Zn citrate (d), along with the spectra recorded for
two plants that received Zn phosphite treatment. The fea-
tures of the reference compounds spectra did not match
with those observed for the samples. Although we the
presence of these compounds were not found, one must
keep in mind that in linear combination analysis of XAS,
a fraction of Zn (less than 5%) would hardly be

detectable, since the normalization itself can introduce
errors in the order of 10%.

5 Conclusions

The combined absorption and transport rate for Zn phosphite
were faster in comparison with Zn EDTA. Since both treat-
ments promoted equivalent dissolution of leaf cuticle, the
higher absorption-transport rate for Zn phosphite might be a
consequence of the higher diffusion coefficient of the ionic
Zn** forms from Zn phosphite. However, the accumulation of
crystals from Zn phosphite fertilizer in the vicinity of stomata
suggests the potential uptake of Zn by the stomata pathway,
which could have accelerated the uptake. Of course other fac-
tors, such as ionic charge and pH, may also play a role on the
absorption and transport velocity.

Inside the petiolule, the Zn supplied as Zn EDTA remained
in its pristine form, whereas that from Zn phosphite was trans-
formed and could not be identified. Hence, it is likely that Zn
was loaded in the phloem as Zn EDTA; however, the mech-
anism that would allow a chelate to cross the cell membrane is
not clear. Further studies using smaller X-ray beams in the
nanometer range shall be performed to trace the chemical
species along the Zn pathway. Additionally, it is still not clear
in which moment, or tissue, the chelate is break down releas-
ing the Zn* ions.

Finally, the present study draws the attention to the delete-
rious effects that foliar fertilizers may cause on the leaf cuticle.
Hence, it would be keen to pursue the development of foliar
fertilizers able to accomplish the task of nutrient supply while
avoiding damages to leaf cuticle.
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