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Abstract: The objective of this study was to evaluate the rate of foliar absorption of magnesium (Mg)
salts with different deliquescence and efflorescence relative humidity values (DRH and ERH, also
known as point of deliquescence (POD) and point of efflorescence (POE), respectively) when supplied
to leaves of model plants with different wettability properties. For this purpose, a greenhouse pot
experiment was conducted with lettuce (very wettable), broccoli (highly unwettable) and leek (highly
unwettable). Foliar sprays contained 0.1% surfactant plus 100 mM Mg supplied as MgCl2·6H2O,
Mg(NO3)2·6H2O or MgSO4·7H2O. Leaf Mg concentrations were determined 1 and 7 days after
foliar application. Anion concentrations were also measured in lettuce where a significant foliar
Mg absorption was detected. Leaf wettability, leaf surface free energy and fertilizer drop deposit
appearance onto the foliage were assessed. It is concluded that despite including a surfactant in the
spray formulation, leaf wettability plays a major role in foliar Mg absorption.

Keywords: crops; hygroscopic salts; foliar uptake; leaf anions; leaf wetting

1. Introduction

Magnesium is an essential element for plants, and Mg2+ is known as the second most
abundant plant cation [1]. The leaf concentration of Mg often varies between 0.1 and 1.00%,
but the sufficiency level for many species is in the range of 0.1 to 0.3% [2]. In addition, it is
reported that plant Mg contents can vary considerably according to different species [2].
This element is essential for photosynthesis [3], and it is part of the structure of chlorophyll
(15 to 20% of total leaf Mg may be linked with chlorophyll pigments [4]). Magnesium is
also important for facilitating phosphorus transport [5–7]. Moreover, Mg plays a key role
in plants as it acts as a cofactor of enzymes involved in photosynthetic carbon fixation,
plant metabolism [8–10] and other vital functions such as protein synthesis, sugar transport,
energy metabolism, nitrogen use and stress tolerance mechanisms [4,11–14].

Due to the wide range of functions of Mg, plant growth and physiology are signifi-
cantly limited under magnesium deficiency conditions as observed in many areas of the
world [6]. The Mg content of plants grown under sufficient Mg availability generally varies
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from 0.15 to 0.35% [6]. Since it is a mobile element, deficiency symptoms are primarily seen
on older leaves which develop interveinal chlorosis and accumulate sugars [6,15,16].

Foliar sprays are often used in commercial agriculture to complement root treatments,
or as an alternative means to supply nutrients to the plants under conditions limiting root
absorption and/or plant transport, or in cases when the nutrient demand exceeds the root
absorbing/plant transport capacity [17,18]. The process of foliar nutrient uptake is complex,
and many factors may influence plant responses to foliar sprays such as the prevailing
environmental conditions during treatment, the physicochemical properties of active and
spray formulation ingredients or plant physiological and anatomical features [19]. Leaf
surface wettability is an important factor affecting the response of plants to agrochemical
spray treatments which can be characterized by measuring contact angles [18]. Surfaces
that are wettable will have a high area of contact between spray drops and the treated
leaf surfaces hence increasing the potential for foliar absorption to occur [18]. By contrast,
very unwettable leaf surfaces may even have drop repellence and a reduced contact area
of spray drops with the treated surfaces [18]. Factors such as drought, relative humidity
(RH), irradiation, nutrient deficiencies or microbial colonization can change leaf surface
properties and have an effect on leaf wettability [18,19]. Despite leaf wettability being
an important preliminary variable affecting foliar absorption, transport across the leaf
epidermis may also be limited by the physico-chemical nature of the cuticle and cell
wall [18]. Various studies carried out with different crop species reported positive plant
responses and increased tissue Mg values in association with the application of foliar Mg
sprays, e.g., [20–24].

The importance of RH as a key factor affecting foliar absorption and aerosol effects on
the foliage of plants has been emphasized in previous investigations [25–28]. Some studies
analyzed the performance of hygroscopic salts as aerosol particles in relation to foliar
absorption, e.g., [28,29], and stomatal penetration [30], focusing on the role of salt deliques-
cence relative humidity (DRH) or point of deliquescence (POD) [25,28,30]. This parameter
significantly varies with temperature and refers to the RH at which an initially crystalline
compound dissolves after water sorption from the surrounding environment [31]. This
implies that after the foliar application of a certain chemical, salt spray deposits may rehy-
drate and become liquid if, for a given temperature, RH reaches or goes above the DRH of
such chemicals. Compounds with lower DRH values have been generally assumed to be
more favorable to be taken up by the foliage after foliar treatment [28].

On the other hand, salt efflorescence relative humidity (ERH) or point of efflorescence
(POE) refers to the RH at which a concentrated solution begins to crystallize [31]. This pa-
rameter has deserved limited attention regarding the absorption of foliar sprays and has
only been reported for a few calcium (Ca) and potassium (K) salts [31,32]. Efflorescence
RH does not seem to vary so much with temperature as DRH [31,32]. As foliar sprays are
applied as liquids, drop drying and salt crystallization will be determined by the ERH,
while salt hydration at an increased ambient RH (e.g., during the night) will be associated
with the DRH of the compound/s under the prevailing temperature conditions [31,32].

Provided the assumed significance of the DRH and ERH of agrochemical sprays as
described above, we aimed at assessing the absorption of foliar-applied Mg supplied as
salts with markedly different hygroscopic properties (i.e., magnesium nitrate, magnesium
sulfate and magnesium chloride), by treating three plant species with extreme leaf wettabil-
ity properties (i.e., highly wettable lettuce, and extremely unwettable broccoli and leek).
By determining leaf Mg concentrations 1 and 7 days after foliar application, the hypotheses
tested were: (i) the salt with the lowest ERH will lead to the highest Mg foliar uptake rates
at least 1 day after foliar treatment, (ii) the salt with the lowest DRH will lead to the highest
foliar Mg absorption 7 days after foliar spraying, and (iii) despite adding a surfactant to
the foliar Mg solutions which reduced surface tension to 27 mN m−1, the intrinsic leaf
wettability characteristics of each species will still influence the rate of foliar Mg absorption.
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2. Results
2.1. Magnesium Salt Physico-Chemical Properties

The properties of the Mg salts applied as foliar sprays are shown in Table 1. Mag-
nesium cation was always supplied at a 100 mM concentration. The most soluble and
hygroscopic compound is MgCl2 6H2O, followed by Mg(NO3)2 6H2O and MgSO4 7H2O.
The hygroscopicity of the salts was measured at 20 ◦C, and the DRH varied between 40
and 92 RH%, while the ERH varied between 15 and 83 RH%.

Table 1. Solubility, Mg and anion concentrations, approximate deliquescence (DRH or POD) and
efflorescence relative humidity (ERH or POE) at 20 ◦C.

Compound Solubility
(M) [Mg] (mM) [anion]

(mM) DRH (%) ERH (%)

MgCl2·6H2O 7.74 1 100 200 41 15
Mg(NO3)2·6H2O 6.80 2 100 200 62 32

MgSO4·7H2O 3.89 1 100 100 92 83
1 Calculated using Pitzer.dat [33], 2 Calculated using Pitzer.dat [33] with the saturation molalities from [34].

2.2. Leaf Surface Structure, Wettability and Surface Free Energy Related Parameters

The leaf surfaces evaluated had contrasting wettability characteristics, with lettuce
being quite wettable compared to leek and broccoli, which were extremely unwettable
(Table 2). Indeed, the upper (adaxial) and lower (abaxial) side of leek leaves and the lower
side of broccoli leaves proved to be water repellent, while the upper side of broccoli had a
rose petal effect (i.e., high contact angles but drop adherence; [35]). By contrast, lettuce leaf
surfaces were wettable (θ < 90 ◦C) for all the measuring liquids, with the lower leaf side
having low water contact angles of 58◦ (Table 2).

Table 2. Contact angles of water (θw), glycerol (θg) and diodomethane (θd) with adaxial and abaxial
leaf surfaces of lettuce, broccoli and leek plants. Values are means ± standard deviations (SD). For
the same species, lower-case letters indicate significant differences (p < 0.05) between leaf sides. For
the same leaf side, capital letters indicate significant differences (p < 0.05) between species.

Species Leaf Side θw (◦) θg (◦) θd (◦)

Lettuce Adaxial 75.6 ± 7.4 aC 54.1 ± 6.8 aC 62.4 ± 5.1 aC
Abaxial 57.7 ± 11.6 bB 58.1 ± 5.8 aB 55.8 ± 5.7 bB

Broccoli Adaxial 131.3 ± 5.5 bB 138.0 ± 5.0 aA 97.9 ± 3.6 bB
Abaxial 137.9 ± 6.7 aA 136.6 ± 3.7 aA 105.4 ± 6.4 aA

Leek Adaxial 143.5 ± 5.1 aA 133.7 ± 5.4 bB 108.4 ± 4.9 aA
Abaxial 143.4 ± 3.2 aA 139.4 ± 4.0 aA 103.4 ± 6.8 bA

The total surface free energy of lettuce leaf surfaces was high and ranged from 36 to
40 mJ m−2, also having a high polarity (values of 22 to 24% (Table 3). By contrast, both leek
surfaces and the abaxial side of broccoli leaves had the lowest total surface free energy values
owing to the occurrence of apolar waxes providing a complex surface nano-topography. The
polarity and total surface free energy of the upper leaf side of broccoli was higher, however,
despite the measured high water contact angles, and this is a feature associated with the
rose petal effect observed for this material. The solubility parameter (δ) of leek and broccoli
leaf surfaces was low due to the occurrence of nano-structured epicuticular waxes which
make the surfaces rather apolar and extremely rough [36,37].
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Table 3. Total surface free energy (γs), with the contribution of the Lifshitz–van der Waals c (γLW)
and acid-base (γAB) components, polarity (γAB γ−1) and solubility parameter (δ) of the adaxial and
abaxial leaf surfaces of lettuce, broccoli and leek plants.

Species Leaf Side γLW

(mJ m−2)
γAB

(mJ m−2)
γs

(mJ m−2)
Polarity

(γAB γs−1, %)
δ

(MJ1/2 m−3/2)

Lettuce Adaxial 27.2 8.7 35.9 24.3 18.2
Abaxial 31.0 8.6 39.6 21.7 19.6

Broccoli Adaxial 9.4 3.8 13.3 28.9 8.6
Abaxial 6.9 0.8 7.6 10.3 5.7

Leek Adaxial 5.9 0.9 6.8 12.9 5.2
Abaxial 7.5 0.1 7.6 0.8 5.7

2.3. Foliar Mg Trial
2.3.1. Environmental Conditions

The temperature (◦C) and RH (%) conditions during the experimental period are
shown in Figure 1. In the first few days, temperatures ranged from ~20 ◦C to ~10 ◦C. This
temperature difference was, however, decreased by ~5 ◦C in the last days of the experiment.
Attenuation was also observed in the difference between the minimum and maximum RH
values. In the first few days, the RH was around 60%, with minimum values of 30–40% when
the maximum temperature was reached. In the last few days, there was almost no difference
in the RH values measured throughout the day. This implies that, after the application of the
foliar Mg sprays, magnesium chloride could remain as a (concentrated) solution throughout
the whole experimental period, as the RH was always above the ERH of this salt (15% at
20 ◦C). In the case of magnesium nitrate, drop deposits may have experienced hydration–
dehydration cycles, as there were days when the RH reached values below the ERH, and
also above the DRH. In the case of magnesium sulfate, the RH in the greenhouse was always
below the ERH, which implies that fertilizer drops dried out and crystallized shortly after
foliar treatment and did not liquefy again, as RH never exceeded its DRH value.

2.3.2. Salt Deposition after Foliar Mg Application

The appearance of Mg salt deposits after foliar application onto the foliage of lettuce,
broccoli and leek was analyzed by SEM. Only the results associated with the salts showing
the highest (magnesium sulfate) and lowest (magnesium chloride) DHR and ERH values are
shown as an example (Figure 2). The typical distribution morphology of the salt deposits
formed during droplet drying on the leaves can be observed in Figure 2. In the case of lettuce
(Figure 2A–C), both magnesium chloride (Figure 2B) and magnesium sulfate (Figure 2C)
appear to form a quite homogeneous film covering the surface of the leaves, as evidenced
by the change in the appearance of the stomata when compared to stomata on an untreated
leaf (Figure 2A).

In the case of broccoli (Figure 2E–G), only magnesium chloride forms a layer on the
leaf surface, which clearly visible forms patches and covers the waxes (Figure 2E). It is also
possible to see some small idiomorphic crystals, which seem to be hydrated magnesium
chloride. When magnesium sulfate was supplied to the foliage, the waxes in the broccoli
surface seemed to be clustered by the precipitate formed (Figure 2F). In leek (Figure 2H–J),
the formation of precipitates was only observed when magnesium chloride applied was
sprayed. In this case, on the ridges of the leek, a thin layer can be seen covering the waxes
(Figure 2H). The surface of the leek leaf after treatment with magnesium sulfate resembled
that of the untreated leaf (Figure 2H,J).
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2.3.3. Leaf Mg Concentrations after Foliar Treatments

The rates of foliar Mg absorption of lettuce, broccoli and leek plants are shown in
Figures 3–5, lettuce being the most permeable to the Mg sprays.
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The effect of all foliar Mg treatments in increasing lettuce leaf Mg concentrations was
statistically significant at both sampling times (1 and 7 days after Mg spraying). One day after
foliar treatment, the highest leaf Mg concentrations were recorded for magnesium sulfate,
followed by magnesium nitrate and magnesium chloride (Figure 3). For both sampling
dates, the tissue Mg values recorded for foliar-treated lettuce plants were significantly
higher than those of untreated ones. In general, 7 days after foliar treatment, the highest
leaf Mg concentrations were recorded after magnesium chloride and magnesium nitrate
spraying.

In broccoli, the highest leaf Mg concentrations 1 day after foliar Mg supply were
measured after magnesium nitrate spraying, but the values were not significantly different
from the rest of the treatments. However, 7 days after foliar Mg application, a significant
leaf Mg concentration increase was recorded after magnesium chloride supply (Figure 4).

Concerning the rate of Mg absorption by leek leaves, no significant differences were
determined either 1 or 7 days after foliar Mg spraying. The highest tissue Mg concentrations
were always measured after supplying magnesium chloride, but the values were not
significantly different between treatments (Figure 5).

2.3.4. Lettuce Leaf Anion Concentrations after Foliar Treatment

Since significant Mg concentration differences between Mg salt treatments and sam-
pling dates were only recorded for wettable lettuce leaves, leaf-accompanying anion con-
centrations were only determined for this species, as shown in Figure 6.

Magnesium chloride application increased leaf chloride concentration chiefly 1 day
after treatment, but the values were not statistically significant from those of untreated
plants, also after 1 week (Figure 6A). Leaf nitrate concentrations of magnesium-nitrate-
sprayed lettuce leaves were extremely high 1 day after application, but markedly decreased
to values similar to those recorded in the rest of the treatments 7 days after foliar spraying
(Figure 6B). Evidence for sulfate foliar absorption after magnesium sulfate spraying was
gained from the high leaf tissue values determined. The sulfate values recorded for the
leaves collected 1 and 7 days after foliar spraying were actually not significantly different
(Figure 6C).
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Figure 6. Leaf chloride (A), nitrate (B) and sulfate (C) concentrations 1 and 7 days (d) after foliar
application of magnesium chloride, magnesium nitrate and magnesium sulfate compared to untreated
lettuce plants. Data are means ± SD (n = 4). For the same sampling date, values marked with different
letters are significantly different according to Tukey´s HDS test (p ≤ 0.05). For the same foliar Mg
treatment, capital letters indicate significant differences between sampling dates.

3. Discussion

Foliar sprays are often applied to crop species in many areas of the world [20–24],
but the response of plants to the treatments is often variable as described for other ele-
ments [17,19]. Hence, specific trials are required for attempting to clarify which are the
major factors influencing the absorption of foliar agrochemical treatments as a prerequisite
for optimizing the efficacy of foliar sprays in the future. For this purpose, working with
Mg as a model plant nutrient, we evaluated the influence of leaf wettability and salt ERH
and DRH as key factors affecting the absorption of foliar-applied Mg solutions.

Leaf wettability generally refers to the interaction of leaf surfaces with water drops [18,38].
In this study, we applied a surfactant to lower Mg solution surface tension to approximately
27 mN m−1 and avoided spray drop repulsion in the lower side of broccoli and both sides
of leek leaves, hence giving the chance for Mg uptake to occur after foliar application [18].
We selected a concentration of 100 mM Mg because it has been suggested to be optimal for
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many cultivated plants, also considering the supply of magnesium chloride, magnesium
nitrate and magnesium sulfate foliar fertilizers in several studies, e.g., [39–44].

Relative humidity has been mentioned as a key factor affecting foliar nutrient ab-
sorption, and major importance has been chiefly attributed to salt DRH, e.g., [28], an idea
that strongly grew among the technical and scientific community during recent decades.
Aware of the significance of salt ERH as described in recent investigations [31,32], we
aimed at testing which of these parameters may be more influential for foliar Mg uptake.
Aware of the major impact of leaf wettability, at least for surface interactions between spray
drops/deposited particles and leaf surfaces, we chose lettuce as a highly wettable leaf,
and broccoli and leek leaves as examples of highly unwettable surfaces with water drop
repulsion and/or rose petal effect [18,35].

Should DRH be a major factor as hypothesized in this study, we must record Mg tissue
increases several days after spraying foliar magnesium chloride (41% DRH) and to a lower
extent, magnesium nitrate (62% DRH) solutions, when hydration-dehydration cycles may
have occurred on spray drop deposits as affected by diurnal, greenhouse temperature and
RH fluctuations (Figure 1). This hypothesis was not clearly verified, because in lettuce,
the highest tissue Mg increases after 7 days were recorded after foliar magnesium nitrate
application, followed by magnesium chloride which has a lower DRH. In the case of leek
and chiefly broccoli where differences were significant, the highest tissue Mg values were
determined after foliar magnesium chloride spraying, magnesium nitrate and magnesium
sulfate leading to similar leaf Mg concentrations. Hence, it could not be concluded that
the compound with the lowest DRH led to the highest leaf Mg increments after foliar
application. However, a trend for increased magnesium chloride absorption was observed
for wettable lettuce and extremely unwettable broccoli and leek leaves.

Regarding our hypothesis that the Mg salt with the lowest ERH will lead to the highest
Mg foliar uptake rates 1 day after foliar treatment, which was magnesium chloride, again
no conclusive results were gained as described above for Mg salt DRH. The highest rate
of Mg absorption of wettable lettuce leaves was recorded after foliar magnesium sulfate
application, which is the compound with the highest ERH value of the ones tested. Only in
leek, the highest absorption of Mg was measured 1 day after foliar magnesium chloride
application, which, however, was not significant compared to the rest of the treatments.
This again indicates that no clear trend could be established between the salt ERH and the
Mg foliar uptake of lettuce, leek and broccoli plants.

For crystallization, drops of the sprayed Mg salts have to lose almost all of their water
content during drying, so that super-saturation with respect to solid phases (magnesium
chlorides, nitrates and sulfates with different numbers of water molecules in their chemical
formulae) is achieved. If we assume that at the ERH, solution drops are saturated for
MgCl2·6H2O, Mg(NO3)2·6H2O or MgSO4·7H2O, the corresponding Mg concentrations will
be 7.44, 6.8 and 3.89 M, respectively (Table 1). However, as stated above, only magnesium
sulfate reached the ERH during the first desiccation cycle. In the case of magnesium nitrate,
such concentrations could be reached numerous times during the experimental period,
because several hydration–drying cycles may have occurred due to the minimum and
maximum RH values measured in the greenhouse (which were below and above ERH and
DRH, respectively). Similarly, it can also be derived that the lack of significant foliar Mg
absorption in the broccoli and leek leaves is not related to a low Mg concentration in the
foliar sprays but is rather associated with other factors affecting the process of foliar uptake.

As a third hypothesis, we established that despite adding a powerful surfactant to the
Mg solutions, the intrinsic leaf wettability characteristics of each species will still influence
the rate of foliar Mg absorption. Our results show that wettable lettuce leaves were the
most permeable, with broccoli and leek leaf surface permeability being low for all the Mg
salt plus surfactant solutions tested. It seems hence plausible that leaf wettability may be
a major factor affecting the absorption of foliar sprays which overrules the influence of
other physico-chemical factors such as salt DRH and ERH, as shown in our study. We are,
however, aware that in addition to the initial influence of leaf surface–drop interactions,
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the permeability of plant cuticles to solutes/solvents is influenced by the solubility and
diffusivity of the applied chemicals [36]. While diffusivity is a kinetic parameter mainly
associated with the molecular size of a compound in relation to the structure of the matrix,
solubility is a thermodynamic parameter associated with the affinity of a certain chemical for
the cuticle/cell wall [36]. These factors together with the potential contribution of stomata to
the foliar absorption process [45,46] have not been evaluated in this study and will require
further investigation, also regarding variations between species and other abiotic/biotic
variables.

Leaf anion concentrations are comparatively less often determined in leaf tissues, but also
important for plant physiology and metabolism [32,47]. We only analyzed the anion concen-
trations of lettuce leaves because of the high Mg absorption rates recorded. We observed that
the nitrate and sulfate supply led to significant tissue nitrate and sulfate increases at least
1 day after foliar application. However, the leaf chloride concentrations determined after
magnesium chloride foliar application were only different from the rest of the treatments
7 days after foliar spraying. This suggests that chloride may have been absorbed over time
after foliar treatment. Nonetheless, leaf chloride values generally decreased 1 week after
foliar spraying which may be due to plant physiological and metabolic changes. By contrast,
magnesium sulfate foliar application led to a major tissue sulfate increase which remained
high 7 days after treatment. This may be related to the limited mobility of foliar-absorbed
sulfate and to factors related to the sulfur transport and metabolism in the plant [6,48].

4. Conclusions

In this experiment, we assessed the rate of Mg uptake in lettuce, leek and broccoli by
applying solutions of Mg salts with different DRH and ERH values. We could only detect
significant rates of Mg absorption in lettuce both 1 and 7 days after treatment, regardless of
the Mg salt hygroscopicity characteristics.

Despite having included a surfactant for reducing the surface tension of water (ap-
proximately 72 mN m−1) to 27 mN m−1 in the Mg spray solutions, significant Mg uptake
was only recorded for highly wettable lettuce, versus the generally low or negligible rate of
Mg foliar absorption of extremely unwettable broccoli and leek leaves. No clear influence
of Mg salt hygroscopicity was observed, hence future foliar absorption studies should
not only focus on testing plant responses to nutrient compounds based on selecting salts
with low points of deliquescence. It is concluded that the influence of apparently positive
physico-chemical properties of agrochemical formulations cannot be simply predicted
in terms of increased foliar absorption rates. For improving the performance of foliar
nutrient sprays, it will be necessary to carry out holistic studies, considering factors such as
leaf wettability, plant surface structure and composition, the contribution of leaf surface
structures to foliar absorption, the potential response of epidermal cell ion transporters
to foliar treatments or major physico-chemical properties of spray active ingredients and
adjuvants.

5. Materials and Methods
5.1. Plant Material

Lettuce (Lactuca sativa var. Romana), broccoli (Brassica oleracea var. Trajano F1) and leek
(Allium porrum var. Helvetia) were used as model species with quite wettable (lettuce) and
extremely unwettable (broccoli and leek) leaves. Approximately 1-month-old seedlings
were acquired from Semilleros El Mirador (El Mirador, Murcia, Spain) and were cultivated
under optimal nutrition and irrigation conditions for 2 months in a greenhouse (School of
Forest Engineering, Universidad Politécnica de Madrid, Spain).

5.2. Chemicals and Mg Salt Properties

The compounds supplied as foliar sprays were magnesium chloride (MgCl2·6H2O),
magnesium nitrate (Mg(NO3)2·6H2O) and magnesium sulfate (MgSO4·7H2O) sources (all
of them were ACS reagents, 99%; Sigma–Aldrich, Taufkirchen, Germany). All treatments



Plants 2023, 12, 2357 11 of 14

contained 0.1% Genapol X-80 (Sigma–Aldrich) which reduced solution surface tension to
approximately 27.21 ± 0.66 mN m−1 [32]. The solubility in molarity (M) of these salts was
determined by PHREEQC code [33] using the Pitzer database. The values of Mg(NO3)2·6H2O
are not included in this database; therefore, the saturation molality (m) of this salt was taken
from [34] for calculating its solubility (molarity, M).

5.3. Deliquescence and Efflorescence Relative Humidity of Mg Salts

The DRH (or POD) and ERH (or POE) of the Mg salts were assessed using a climatic
chamber (MKF 56, Binder, Tuttlingen, Germany) under controlled relative humidity (RH)
and temperature conditions. Two grams of each Mg salt were placed in a Petri dish which
was kept open in the climatic chamber at a fixed temperature of 20 ◦C. The R.H. was
gradually raised from 20% to 98% at different steps (5% every half an hour) to observe the
process of hydration with an optical microscope (DM300, Leica Microsystems, Mannheim,
Germany). When becoming close to the DRH of the salts (crystals began to lose their shape
and become round), the RH was maintained for a longer period of time to clearly see them
becoming liquid. After having identified the DRH, the Mg salts were kept at 98% RH
overnight, for subsequently evaluating the process of water desorption. Then, the ERH
was determined during the next day by gradually decreasing the RH until the formation of
crystals in the concentrated solutions was observed [31,32].

In addition to climate chamber trials, the Mg salt EDH and DHR were estimated at 20
◦C by dynamic vapor sorption (DVS) using a TGA Q5000 instrument (TA instruments, New
Castle, DE, USA; Thermal Analysis and Calorimetry Service IQAC-CSIC, Barcelona Spain).
For this purpose, approximately 10 mg of the initial salt was placed in the TGA. Prior
to the sorption–desorption experiment, salts were kept at 20 ◦C and 0% RH for 300 min.
Afterwards, RH was increased by 0.1%/min up to 95% RH for estimating the DRH, and
after reaching the maximum RH, it was gradually decreased until 0% RH at a rate of
0.1%/min to determine the ERH.

5.4. Foliar Mg Absorption Trial

Approximately 3-month-old lettuce, broccoli and leek plants grown in the greenhouse
(School of Forest Engineering, Technical University of Madrid, Spain), were sprayed with
Mg solutions including a surfactant. Leaves of these plants were collected 1 and 7 days after
treatment for evaluating the rate of foliar uptake of Mg. The experiment was organized
following a completely randomized experimental block design with 4 replications per
treatment. During the trial development, the environmental conditions in the greenhouse
were recorded with a HOBO MX1101 sensor (Onset, Bourne, MA, USA).

Treatment solutions contained 100 mM Mg, supplied as magnesium chloride, magne-
sium nitrate or magnesium sulfate plus 0.1% Genapol X-80 surfactant. Root Mg absorption
following Mg spray application was prevented by covering the pot substrates with alu-
minum foil. Foliar sprays were supplied between 8 and 9 a.m. to benefit from stomatal
opening. At the time of Mg treatment, the plants were healthy, well-nourished and ade-
quately irrigated.

At the time of harvesting, leaves were excised and thoroughly washed in an acidulated
0.1% detergent solution by scrubbing the surface with the fingers. They were subsequently
rinsed with abundant tap water followed by distilled water. Clean leaves were dried in an
oven at 70 ◦C for 2 days and then ground for element analysis. Magnesium was determined
by inductively coupled plasma (ICP, Perkin-Elmer, Optima 3000; CEBAS-CSIC Analysis
Service, Murcia, Spain). Additionally, after gaining evidence for foliar Mg absorption
in some species, concentrations of the anions chloride (Cl−), nitrate (NO3

−), and sulfate
(SO4

2−) were analyzed via liquid chromatography (CEBAS-CSIC Analysis Service, Murcia,
Spain) after the extraction of approx. 0.3 g dry weight (DW) of leaf tissue in distilled water
for 2 h, centrifugation and filtration with 0.45 µm filters.
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5.5. Scanning Electron Microscopy

The distribution and composition of Mg salt deposits onto the foliage of Mg sprayed
leaves were analyzed using field emission scanning electron microscopy (SEM, SIGMA 300
VP, Zeiss, Germany, coupled to an X-ray, EDX detector, Universidad Miguel Hernández,
Elche, Spain). Fresh leaf sections of approximately 0.5 cm2 were cut, and surfaces were
directly observed without sputtering at 10.0 kV and an approximately 8.5 mm working
distance.

5.6. Contact Angles and Surface Free Energy

The contact angles of approximately 2 µL drops of distilled water, glycerol (Reagent-
Plus, 99%, Sigma Aldrich, St. Louis, MO, USA) and diiodomethane (ReagentPlus, 99%,
Sigma Aldrich) deposited onto adaxial and abaxial surfaces of each species were measured
at room temperature with a Drop Shape Analysis System (DSA 100, Krüss, Hamburg,
Germany; 1 mL syringe with a 0.5 mm diameter needle). Contact angles were automatically
calculated by fitting a side-view image of the captured drop to a curve calculated using the
Tangent equation [49].

For estimating the total surface free energy (γ), its components (i.e., the Lifshitz–van
der Waals (γs

LW) and acid-base (γs
AB; γ+ and γs

−)) and the solubility parameter (δ) of the
different leaf surfaces [36], the surface tension values of 3 liquids were taken into account:
water (γl = 72.80 mJ m−2, γl

LW = 21.80 mJ m−2, γl
+ = γl

− = 25.50 mJ m−2), glycerol
(γl = 63.70 mJ m−2, γl

LW = 33.63 mJ m−2, γl
+ = 8.41 mJ m−2, γl

− = 31.16 mJ m−2) and
diiodomethane (γl = γl

LW = 50.80 mJ m−2, γl
+ = 0.56 mJ m−2, γl

− = 0 mJ m−2) [37].

5.7. Data Analysis

Exploratory data analyses were carried out to check for compliance with the assumptions
of homoscedasticity and data normality. To verify the homoscedasticity of data variances,
Bartlett’s tests were performed. When variances were not homogeneous, data transfor-
mations were performed. The normality of the data was checked with the Kolmogorov–
Smirnov (KS) test.

Differences in contact angles, cations and anion concentrations in leaves were esti-
mated by performing two-way ANOVA analyses. Tukey’s honest significance tests (HDS)
were carried out for estimating differences between factors when F-values were significant
(p < 0.05). Statistical analyses were carried out using SPSS 15.0 (SPSS Inc., Chicago, IL,
USA).

Author Contributions: Conceptualization, V.F., H.A.B. and C.P.; methodology, N.T.B., V.F., H.A.B.,
C.P. and C.M.P.; formal analysis, H.A.B. and N.T.B.; investigation, N.T.B., V.F. and P.D.-H.; resources,
V.F.; writing—original draft preparation, V.F. and N.T.B.; writing—review and editing, N.T.B., V.F.,
C.P., H.A.B., P.D.-H. and C.M.P.; visualization, V.F., H.A.B., C.P. and N.T.B.; supervision, V.F.; project
administration, V.F. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by project TED2021-130830B-C42, financed by MCIN/AEI/
10.13039/501100011033 and European Union NextGenerationEU/PRTR funds.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: C.P. has received funding from the European Union’s Horizon 2020 research
and innovation programme under the Marie Sklodowska-Curie grant agreement No. 101021894
[CARS-CO2].

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2023, 12, 2357 13 of 14

References
1. Chen, Z.C.; Peng, W.T.; Li, J.; Liao, H. Functional dissection and transport mechanism of magnesium in plants. In Seminars in Cell

& Developmental Biology; Academic Press: Cambridge, MA, USA, 2018; Volume 74, pp. 142–152. [CrossRef]
2. Hauer-Jákli, M.; Tränkner, M. Critical leaf magnesium thresholds and the impact of magnesium on plant growth and photo-

oxidative defense: A systematic review and meta-analysis on 70 years of research. Front. Plant Sci. 2019, 10, 766. [CrossRef]
3. Guo, W.; Nazim, H.; Liang, Z.; Yang, D. Magnesium deficiency in plants: An urgent problem. Crop J. 2016, 4, 83–91. [CrossRef]
4. White, P.J.; Broadley, M.R. Biofortification of crops with seven mineral elements often lacking in human diets—Iron, zinc, copper,

calcium, magnesium, selenium and iodine. New Phytol. 2009, 182, 49–84. [CrossRef]
5. Cakmak, I.; Yazici, A.M. Magnesium: A forgotten element in crop production. Better Crops. 2010, 94, 23–25, ISSN 0006-0089.
6. Hawkesford, M.J.; Cakmak, I.; Kichey, T.; Coscun, D.; De Kok, L.J.; Lambers, H.; Schjoerring, J.K.; White, P. Functions of

Macronutrients. In Marschner’s Mineral Nutrition of Higher Plants; Elsevier: Amsterdam, The Netherlands, 2023; pp. 201–260. ISBN
978-0-12-819773-8.

7. Gerendás, J.; Führs, H. The significance of magnesium for crop quality. Plant Soil 2013, 368, 101–128. [CrossRef]
8. Cakmak, I.; Kirkby, E.A. Role of magnesium in carbon partitioning and alleviating photooxidative damage. Physiol. Plant. 2008,

133, 692–704. [CrossRef]
9. Maathuis, F.J. Physiological functions of mineral macronutrients. Curr. Opin. Plant Biol. 2009, 12, 250–258. [CrossRef]
10. Hermans, C.; Conn, S.J.; Chen, J.; Xiao, Q.; Verbruggen, N. An update on magnesium homeostasis mechanisms in plants.

Metallomics 2013, 5, 1170–1183. [CrossRef]
11. Kobayashi, N.I.; Saito, T.; Iwata, N.; Ohmae, Y.; Iwata, R.; Tanoi, K.; Nakanishi, T.M. Leaf senescence in rice due to magnesium

deficiency mediated defect in transpiration rate before sugar accumulation and chlorosis. Physiol. Plant. 2013, 148, 490–501.
[CrossRef]

12. Billard, V.; Maillard, A.; Coquet, L.; Jouenne, T.; Cruz, F.; Garcia-Mina, J.M.; Yvin, J.C.; Ourry, A.; Etienne, P. Mg deficiency affects
leaf Mg remobilization and the proteome in Brassica napus. Plant Physiol. Biochem. 2016, 107, 337–343. [CrossRef] [PubMed]

13. Ishfaq, M.; Zhong, Y.; Wang, Y.; Li, X. Magnesium limitation leads to transcriptional down-tuning of auxin synthesis, transport,
and signaling in the tomato root. Front. Plant Sci. 2021, 12, 802399. [CrossRef]

14. Ishfaq, M.; Wang, Y.; Yan, M.; Wang, Z.; Wu, L.; Li, C.; Li, X. Physiological Essence of Magnesium in Plants and Its Widespread
Deficiency in the Farming System of China. Front Plant Sci. 2022, 13, 802274. [CrossRef]

15. Epstein, E.; Bloom, A.J. Mineral Nutrition of Plants: Principles and Perspectives; Sinauer Associates: Sunderland, MA, USA, 2005;
380p, ISBN 0–87893–172–4.

16. Tanoi, K.; Kobayashi, N.I. Leaf Senescence by Magnesium Deficiency. Plants 2015, 4, 756–772. [CrossRef]
17. Fernández, V.; Brown, P.H. From Plant Surface to Plant Metabolism: The Uncertain Fate of Foliar-Applied Nutrients. Front. Plant

Sci. 2013, 4, 289. [CrossRef]
18. Fernández, V.; Gil-Pelegrín, E.; Eichert, T. Foliar Water and Solute Absorption: An Update. Plant J. 2021, 105, 870–883. [CrossRef]

[PubMed]
19. Fernández, V.; Eichert, T. Uptake of hydrophilic solutes through plant leaves: Current state of knowledge and perspectives of

foliar fertilization. Crit. Rev. Plant Sci. 2009, 28, 36–68. [CrossRef]
20. Moss, G.I.; Higgins, M.L. Magnesium influences on the fruit quality of sweet orange (Citrus sinensis L. osbeck). Plant Soil 1974, 41,

103–112. [CrossRef]
21. Kanjana, D. Foliar application of magnesium oxide nanoparticles on nutrient element concentrations, growth, physiological, and

yield parameters of cotton. J. Plant Nut. 2020, 43, 3035–3049. [CrossRef]
22. Wang, Z.; Hassan, M.U.; Nadeem, F.; Wu, L.; Zhang, F.; Li, X. Magnesium fertilization improves crop yield in most production

systems: A meta-analysis. Front Plant Sci. 2020, 10, 1727. [CrossRef] [PubMed]
23. Kibria, M.G.; Barton, L.; Rengel, Z. Foliar application of magnesium mitigates soil acidity stress in wheat. J. Agron. Crop Sci. 2021,

207, 378–389. [CrossRef]
24. Kibria, M.G.; Barton, L.; Rengel, Z. Applying foliar magnesium enhances wheat growth in acidic soil by stimulating exudation of

malate and citrate. Plant Soil 2021, 464, 621–634. [CrossRef]
25. Burkhardt, J.; Eiden, R. Thin water films on coniferous needles. Atmos. Environ. 1994, 28, 2001–2011. [CrossRef]
26. Burkhardt, J.; Gerchau, J. A new device for the study of water-vapor condensation and gaseous deposition to plant-surfaces and

particle samples. Atmos. Environ. 1994, 28, 2012–2017. [CrossRef]
27. Burkhardt, J.; Hunsche, M. “Breath figures” on leaf surfaces—Formation and effects of microscopic leaf wetness. Front. Plant Sci.

2013, 4, 422. [CrossRef]
28. Schönherr, J. Cuticular Penetration of Calcium Salts: Effects of Humidity, Anions, and Adjuvants. J. Plant Nutr. Soil Sci. 2001, 164,

225–231. [CrossRef]
29. Schönherr, J.; Luber, M. Cuticular penetration of potassium salts: Effects of humidity, anions, and temperature. Plant Soil 2001,

236, 117–122. [CrossRef]
30. Burkhardt, J.; Basi, S.; Pariyar, S.; Hunsche, M. Stomatal penetration by aqueous solutions—An update involving leaf surface

particles. New Phytol. 2012, 196, 774–787. [CrossRef]
31. Fernández, V.; Pimentel, C.; Bahamonde, H.A. Salt Hydration and Drop Drying of Two Model Calcium Salts: Implications for

Foliar Nutrient Absorption and Deposition. J. Plant Nutr. Soil Sci. 2020, 183, 592–601. [CrossRef]

https://doi.org/10.1016/j.semcdb.2017.08.005
https://doi.org/10.3389/fpls.2019.00766
https://doi.org/10.1016/j.cj.2015.11.003
https://doi.org/10.1111/j.1469-8137.2008.02738.x
https://doi.org/10.1007/s11104-012-1555-2
https://doi.org/10.1111/j.1399-3054.2007.01042.x
https://doi.org/10.1016/j.pbi.2009.04.003
https://doi.org/10.1039/c3mt20223b
https://doi.org/10.1111/j.1399-3054.2012.12003.x
https://doi.org/10.1016/j.plaphy.2016.06.025
https://www.ncbi.nlm.nih.gov/pubmed/27362297
https://doi.org/10.3389/fpls.2021.802399
https://doi.org/10.3389/fpls.2022.802274
https://doi.org/10.3390/plants4040756
https://doi.org/10.3389/fpls.2013.00289
https://doi.org/10.1111/tpj.15090
https://www.ncbi.nlm.nih.gov/pubmed/33219553
https://doi.org/10.1080/07352680902743069
https://doi.org/10.1007/BF00017948
https://doi.org/10.1080/01904167.2020.1799001
https://doi.org/10.3389/fpls.2019.01727
https://www.ncbi.nlm.nih.gov/pubmed/32038691
https://doi.org/10.1111/jac.12468
https://doi.org/10.1007/s11104-021-04984-z
https://doi.org/10.1016/1352-2310(94)90469-3
https://doi.org/10.1016/1352-2310(94)90470-7
https://doi.org/10.3389/fpls.2013.00422
https://doi.org/10.1002/1522-2624(200104)164:2&lt;225::AID-JPLN225&gt;3.0.CO;2-N
https://doi.org/10.1023/A:1011976727078
https://doi.org/10.1111/j.1469-8137.2012.04307.x
https://doi.org/10.1002/jpln.202000168


Plants 2023, 12, 2357 14 of 14

32. Bahamonde, H.A.; Pimentel, C.; Lara, L.A.; Bahamonde-Fernández, V.; Fernández, V. Foliar Application of Potassium Salts to
Olive, with Focus on Accompanying Anions. Plants 2023, 12, 472. [CrossRef] [PubMed]

33. Parkhurst, D.L.; Appelo, C.A.J. Description of Input and Examples for PHREEQC Version 3—A Computer Program for Speciation,
Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical Calculations. U.S. Geological Survey Techniques and
Methods, Book 6, Chap. A43, 497p. Available online: https://pubs.usgs.gov/tm/06/a43/ (accessed on 17 March 2023).

34. Rard, J.A.; Wijesinghe, A.M.; Wolery, T.J. Review of the Thermodynamic Properties of Mg(NO3)2(aq) and Their Representation
with the Standard and Extended Ion-Interaction (Pitzer) Models at 298.15 K. J. Chem. Eng. Data 2004, 49, 1127–1140. [CrossRef]

35. Almonte, L.; Pimentel, C.; Rodríguez-Cañas, E.; Abad, J.; Fernández, V.; Colchero, J. Rose petal effect: A subtle combination of
nano-scale roughness and chemical variability. Nano Select 2022, 3, 977–989. [CrossRef]

36. Khayet, M.; Fernández, V. Estimation of the solubility parameters of model plant surfaces and agrochemicals: A valuable tool for
understanding plant surface interactions. Theor. Biol. Med. Model. 2012, 9, 45. [CrossRef]

37. Fernández, V.; Khayet, M. Evaluation of the Surface Free Energy of Plant Surfaces: Toward Standardizing the Procedure. Front.
Plant Sci. 2015, 6, 510. [CrossRef]

38. Fernández, V.; Bahamonde, H.A.; Peguero-Pina, J.J.; Gil-Pelegrín, E.; Sancho-Knapik, D.; Gil, L.; Goldbach, H.; Eichert, T.
Physico-chemical properties of plant cuticles and their functional and ecological significance. J. Exp. Bot. 2017, 68, 5293–5306.
[CrossRef]

39. Pinkerton, A.; Person, P.N. Effects of foliar application of magnesium sulphate on the quality and magnesium content of flue-cured
tobacco. Aust. J. Exp. Ag. 1974, 14, 677–683. [CrossRef]

40. Orlovius, K. Effect of foliar fertilisation with magnesium, sulfur, manganese and boron to sugar beet, oilseed rape, and cereals. In
Plant Nutrition. Developments in Plant and Soil Sciences; Springer: Dordrecht, The Netherlands, 2001; Volume 92.

41. Mostafa, E.A.M.; Sakeg, M.M.S.; El-Migeed Abd, M.M.M. Response of banana plants to soil and foliar applications of magnesium.
Am. Eurasian J. Agr. Environ. Sci. 2007, 2, 141–146, ISSN 1818-67-69.

42. Dordas, C. Foliar application of calcium and magnesium improves growth, yield, and essential oil yield of oregano (Origanum
vulgare ssp. hirtum). Ind. Crops Prod. 2009, 29, 599–608. [CrossRef]

43. Borowski, E.; Michałek, S. The effect of foliar nutrition of spinach (Spinacia oleracea L.) with magnesium salts and urea on gas
exchange, leaf yield and quality. Acta Agrob. 2012, 63, 77–86. [CrossRef]

44. Rodrigues, V.A.; Crusciol, C.A.C.; Bossolani, J.W.; Moretti, L.G.; Portugal, J.R.; Mundt, T.T.; de Oliveira, S.L.; Garcia, A.; Calonego,
J.C.; Lollato, R.P. Magnesium Foliar Supplementation Increases Grain Yield of Soybean and Maize by Improving Photosynthetic
Carbon Metabolism and Antioxidant Metabolism. Plants 2021, 10, 797. [CrossRef] [PubMed]

45. Eichert, T.; Burkhardt, J. Quantification of Stomatal Uptake of Ionic Solutes Using a New Model System. J. Exp. Bot. 2001, 52,
771–781. [CrossRef]

46. Eichert, T.; Kurtz, A.; Steiner, U.; Goldbach, H.E. Size Exclusion Limits and Lateral Heterogeneity of the Stomatal Foliar Uptake
Pathway for Aqueous Solutes and Water-Suspended Nanoparticles. Physiol. Plant. 2008, 134, 151–160. [CrossRef] [PubMed]

47. Landorfa-Svalbe, Z.; Andersone-Ozola, U.; Ievinsh, G. Type of Anion Largely Determines Salinity Tolerance in Four Rumex
Species. Plants 2023, 12, 92. [CrossRef] [PubMed]

48. Takahashi, H. Sulfate transport systems in plants: Functional diversity and molecular mechanisms underlying regulatory
coordination. J. Exp. Bot. 2019, 70, 4075–4087. [CrossRef] [PubMed]

49. Bahamonde, H.A.; Aranda, I.; Peri, P.L.; Gyenge, J.; Fernández, V. Leaf wettability, anatomy and ultra-structure of Nothofagus
antarctica and N. betuloides grown under a CO2 enriched atmosphere. Plant Physiol. Biochem. 2023, 194, 193–201. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants12030472
https://www.ncbi.nlm.nih.gov/pubmed/36771554
https://pubs.usgs.gov/tm/06/a43/
https://doi.org/10.1021/je049868l
https://doi.org/10.1002/nano.202100193
https://doi.org/10.1186/1742-4682-9-45
https://doi.org/10.3389/fpls.2015.00510
https://doi.org/10.1093/jxb/erx302
https://doi.org/10.1071/EA9740677
https://doi.org/10.1016/j.indcrop.2008.11.004
https://doi.org/10.5586/aa.2010.009
https://doi.org/10.3390/plants10040797
https://www.ncbi.nlm.nih.gov/pubmed/33921574
https://doi.org/10.1093/jexbot/52.357.771
https://doi.org/10.1111/j.1399-3054.2008.01135.x
https://www.ncbi.nlm.nih.gov/pubmed/18494856
https://doi.org/10.3390/plants12010092
https://www.ncbi.nlm.nih.gov/pubmed/36616221
https://doi.org/10.1093/jxb/erz132
https://www.ncbi.nlm.nih.gov/pubmed/30907420
https://doi.org/10.1016/j.plaphy.2022.11.020
https://www.ncbi.nlm.nih.gov/pubmed/36427381

	Introduction 
	Results 
	Magnesium Salt Physico-Chemical Properties 
	Leaf Surface Structure, Wettability and Surface Free Energy Related Parameters 
	Foliar Mg Trial 
	Environmental Conditions 
	Salt Deposition after Foliar Mg Application 
	Leaf Mg Concentrations after Foliar Treatments 
	Lettuce Leaf Anion Concentrations after Foliar Treatment 


	Discussion 
	Conclusions 
	Materials and Methods 
	Plant Material 
	Chemicals and Mg Salt Properties 
	Deliquescence and Efflorescence Relative Humidity of Mg Salts 
	Foliar Mg Absorption Trial 
	Scanning Electron Microscopy 
	Contact Angles and Surface Free Energy 
	Data Analysis 

	References

