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ABSTRACT
Background: Drought stress (DS) impedes plant growth and development by impairing the uptake of nutrients, such as
magnesium, which is central to many physiological processes, particularly photosynthesis. Leaf application was proposed to be
an effective strategy to compensate for inadequate Mg2+ supply from the nutrient solution.
Aim: The present study is designed to investigate the role of Mg2+ leaf application in ameliorating leaf anatomy and chloroplast
ultrastructure changes in faba beans grown under DS.
Methods:Hydroponically grown plants were subjected to DS under various levels ofMg2+, that is, sufficient (0.5mM), deficient (0
mM), and leaf-application (250mM). Light and transmission electronmicroscopy (TEM)were conducted to examine leaf anatomy
and ultrastructural changes.
Results: Mg2+ deficiency alone and under DS significantly affected plant biomass and photosynthesis. Additionally, sucrose
concentration, oxidative stress, and lipid peroxidation were increased. Accordingly, the excessive deposition of photoassimilates
in source organs due to the inhibition of phloem loading results in a disruption of the thylakoid structures leading to chloroplast
damage. In the current study leaf application of Mg2+ partially ameliorated physiological functions, most notably chlorophyll
concentration, photosynthesis and transpiration rate, plant biomass, and preservation of ultrastructure of the chloroplast.
Conclusion: Although the Mg application via roots enhanced drought tolerance, compared to Mg2+ leaf application. However,
Mg2+ leaf application was proven to be an efficient strategy in mitigating DS in field trials. Therefore, Mg2+ foliar application
should be prioritized for further investigation under relevant environmental stress conditions.

1 Introduction

Faba bean (Vicia fabaL.), a cool-season annual legume, is globally
cultivated for its value in food, fodder, and medicinal purposes.
Beyond its agricultural uses, faba bean improves soil fertility

through atmospheric nitrogen fixation, phosphorus solubiliza-
tion, and enhancing plant–microbe interactions. Asia and Africa
lead in production, with an annual global production exceeding
5.5 million tons. In Germany, grain legumes cover about 1.4%
of the arable land, whereas in the European Union, this figure
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rises to approximately 2.1%, with faba beans accounting for nearly
30%. However, a global decline in faba bean production has been
observed, attributed in part to environmental challenges such as
drought stress (DS) (Krenz et al. 2023).

DS is one of the most detrimental abiotic factors affecting crop
yield and productivity. During water scarcity, the mass flow of
nutrients is disrupted due to reduced plant transpiration. Conse-
quently, plants struggle to absorb the essential nutrients to sustain
physiological processes and recovery mechanisms. Among these,
macronutrients, particularly magnesium (Mg2+), plays a critical
role in helping plants adapt to stress conditions. Mg2+ is involved
in various physiological and biochemical processes crucial for
plant growth and development. Plants deficient inMg2+ aremore
susceptible to DS, and a sufficient supply of Mg2+ is essential for
optimal yield formation under these conditions (Senbayram et al.
2015).

Abiotic stress conditions coupled with Mg2+ deficiency result in
dynamic changes in ions like potassium (K+) and manganese
(Mn2+) showing synergistic or antagonistic effects. The antag-
onistic effect of K+, which impacts the uptake of calcium (Ca)
and Mg2+, suggests that Mg2+ foliar application can influence
leaf cation composition (Geilfus, Wendler, and Mühling 2016).
Earlier studies by Jezek et al. (2015) reportedMn2+ antagonism in
V. faba plants under Mg2+ deficiency. Excessive accumulation of
Mn2+ may result in chloroplast lamellae disorganization (Lidon
& Teixeira, 2009). Under Mg2+ deficiency, sugar accumulation
in the source leaves causes feedback inhibition of Rubisco and
lowers the rate of photosynthesis. Inhibition of photosynthesis by
DS results in the misallocation of electrons to oxygen, producing
reactive oxygen species (ROS), which causes oxidative stress.
Mg2+ not only enhances the efficiency of photosynthesis but also
plays a central role in ROS scavenging, protecting the plant from
oxidative stress. Mg2+ is directly involved in the activation of
enzymes such as superoxide dismutase (SOD), catalase (CAT),
and ascorbate peroxidase (APX), all ofwhichmitigate the harmful
effects of ROS (Uzilday et al. 2017). Enzymes like SOD convert
superoxide radicals into hydrogen peroxide (H2O2), which is then
neutralized by CAT and APX, preventing the accumulation of
ROS that can damage cell membranes, proteins, and DNA.

Chloroplasts are the sites of photosynthesis and the first
organelles of mesophyll cells to be affected by DS. Mg2+ avail-
ability affects chloroplast’s size, structure, and function, including
electron transfer in PSII (Chaudhry et al. 2021). In DS plants,
thylakoid membranes appear deformed and disorganized, and
depending on the severity of the dehydration and susceptibility
of species/cultivars, it may lead to impairment of grana formation
(Zhang et al. 2015). Earlier research studies by Rumak et al. (2010)
reported that in vitro application of Mg2+ improves the stacking
of grana and stroma thylakoids in peas and bean chloroplasts,
thereby affecting the structural changes of a chloroplast, how-
ever, there are no reports of Mg2+ foliar application conferring
protection to photosynthetic apparatus under DS.

Therefore, it is hypothesized that the foliar application of
Mg2+ aids in recovery capacity and structural reorganization
of the leaf anatomy and chloroplast ultrastructure in terms of
well-organized grana and stroma lamellae thereby conferring

protection to photosynthetic apparatuswith the ability to preserve
functional photochemical activity apart from increasing the
physiological processes during plant growth and development
under DS. Hence, it can be inferred that the foliar application
of Mg2+ is of relevance to cope with the DS-induced structural
anomalies in the leaf.

2 Materials andMethods

2.1 Plant Material and Growing Conditions

The hydroponic experiment was conducted at the Institute of
Plant Nutrition and Soil Science, Kiel University, Kiel, Germany.
V. faba L. cultivar, namely, Mallory (NPZ, Hohenlieth, Germany),
was chosen for the present study due to its high yield poten-
tial, seed size and quality, and resistance to diseases, such as
chocolate spot (Botrytis fabae) and rust (Uromyces viciae-fabae).
The seeds were spread into sandwich blots and placed in a
container moistened with 1:5 diluted 10 mM CaSO4 solution.
After 10 days, the seedlings were transferred to 5-L plastic pots
(four plants per pot) containing one quarter-strength nutrient
solution raised to total concentration stepwise. The pots were
placed in a climate chamber under controlled conditions (20/16◦C
day/night; 250 µmol/m2/s photosynthetically active radiation).
The total nutrient solution had the following composition:
2.0 mM Ca(NO3)2, 1.0 mM K2SO4, 0.1 mM KH2PO4, 0.2 mM
KCl, 0.5 mM MgSO4, 10 µM H3BO4, 2.0 µM MnSO4, 0.5 µM
ZnSO4, 0.2 µM CuSO4, 0.05 µM (NH4)6Mo7O24, and 60 µM
Fe-EDTA. Plants were subjected to five different treatments as
follows: positive control (+Mg@0.5 mM), negative control (−Mg
@ 0 mM), sufficient Mg and DS (+Mg @ 0.5 mM), deficient
Mg and DS (−Mg @ 0 mM), and leaf-application of MgSO4
with DS (+Mg @ 250 mM). Control plants were supplied with
0.5 mM MgSO4 to the roots. The experimental treatments had
four biological replicates arranged in a completely randomized
design. The foliar application was conducted four times, starting
at 21 days after transplanting (DAT) on every alternate day (21,
23, 25, and 27 DAT). The application was conducted using a
brush by gently rubbing over the adaxial and abaxial surfaces
of the leaf. The plants were harvested at 35 DAT. The plants
were subjected to DS for about one week before the harvest.
Subsequently, the fresh weight (FW) was recorded immediately
after the plants were harvested. Dry weight (DW)was determined
after placing the plant shoots into a drying oven for 72 h at 65◦C.
Mg2+ is a macronutrient; however, a low supply would also be
sufficient to meet the plant’s physiological needs. The research
utilized a hydroponic system and induced DS during 28 DAT by
polyethylene glycol (PEG). PEG, with amolecular weight of 6000,
is a natural, water-soluble, and nonionic polymer. This method
mimics DS, which reduces the plant’s water potential due to
osmotic stress (Muscolo et al. 2014).

2.2 Quantification of Mg2+, K+, and Mn2+

For the quantification of Mg2+, K+, and Mn2+ accumulation,
the dried plant samples obtained from the top four fully grown
active leaves were ground into a fine powder. Around 200 mg
was digested with 10 mL of 69% HNO3 (ROTIPURAN Supra
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for ICP, 69%) in an 1800 W microwave oven (MARS 6 Xpress;
CEM, Matthews, MC, USA) with the following program: 2 min at
100◦C, 1 min at 120◦C, 20 min at 180◦C, and 20 min cooling time.
Samples were diluted with deionized sterile water (18.2 MΩ cm
conductivity) to 100 mL afterward and kept at 4◦C until anal-
ysis. Mg2+, K+, and Mn2+ concentrations were quantified using
inductively coupled plasma-mass spectrometry (ICP–MS; Agilent
Technologies 7700 Series, Böblingen, Germany). Blank digestions
were performed in the same way as for the samples. For every
20 samples, internal mineral standards and reference material
samples were analyzed as an internal control.

2.3 SPAD and Gas Exchange Measurements

A fully expanded fourth leaf was monitored in each pot to mea-
sure relative chlorophyll cvontent, CO2 and H2O exchange, and
chlorophyll fluorescence. The relative leaf chlorophyll content
was determinedwith a Konica-Minolta SPAD-502meter (Minolta
Camera Co. Ltd., Japan). Measurements were made on each leaf
at 20, 25, 30, and 35 DAT. Leaf gas exchange was recorded from
9:00 a.m. to 2:00 p.m. by using an infrared gas analyzer (IRGA)
(model LI-6400, Li-COR Biosciences, Lincoln, NE, USA). The
LI-6400 was operated as an open system. The leaf temperature,
flow rate, and CO2 (Ref CO2) concentration were set at 20◦C,
500 µmol/s, and 400 mL/L, respectively. The leaves attached to
the stem were inserted into the chamber (2 cm × 3 cm) and
held horizontally to receive enough light within the chamber. The
temperature and CO2 within the chamber were controlled by the
LI-6400 portable photosynthesis system.

2.4 Lipid Peroxidation Assay

Malondialdehyde (MDA) content is regarded as an indicator of
the level of DS-induced peroxidation of the lipids. The concen-
tration of MDA was determined according to the procedure of
Cui andWang (2006) with modifications. Samples obtained from
primary leaves weighing 500 mg were homogenized in 10 mL of
0.1% trichloroacetic acid (TCA) and centrifuged at 10,000 rpm
for 5 min. The supernatant of around 1 mL was collected and
used for the assay. The reaction mixture containing 1.0 mL of
aliquot and 4 mL of 0.5% TBA in 20% TCA was heated at 95◦C for
1 h, cooled to room temperature, and centrifuged at 10,000 rpm
for 5 min. The absorbance of the supernatant was measured at
532 nm and corrected for specific turbidity by subtracting the
absorbance at 600 nm. The amount of MDA was calculated by
using an extinction coefficient of 155 mM−1 cm−1 and expressed
in nmol mL− FW.

2.5 Determination of Hydrogen Peroxide (H2O2)

The concentration of H2O2 was determined using the method
described by Hussain et al. (2023). The primary leaves weighing
500 mg were homogenized in 1.6 mL of 0.1% TCA in an ice bath
for 30 min. The resulting mixture was centrifuged at 12,000 rpm
at 4◦C for 20 min. To 0.5 mL of the supernatant, 0.5 mL of 10 mM
potassium phosphate buffer (K–P buffer; pH 7.8) and 1 mL of 1 M
potassium iodide (KI) were added. The mixture was then placed

in the dark for approximately 1 h. The concentration of H2O2
was determined by measuring the absorbance of the mixture
at 390 nm using a standard curve. The final concentration was
expressed as µmol g−1 FW.

2.6 Determination of Soluble Sugars

Approximately, 0.02 g of finely ground samples collected from
fully grown top four leaves were extracted in 1 mL of deionized
water at 100◦C for 5 min to quantify soluble sugars following a
modified protocol described by Cataldi et al. (2000). Briefly, the
extracts were placed on ice for 30min, and consequently, themix-
ture was centrifuged at 12,000 rpm for 10 min. Subsequently, the
supernatants were diluted 10-fold with deionized water and then
vortexed. A few drops of chloroformwere added, and the mixture
was centrifuged at 4◦C for 5 min at 12,000 rpm. Subsequently,
the collected supernatants were purified by C18 columns (Strata
8B-S001-DAK, Phenomenex, Torrance, CA, USA). Soluble sugars
(glucose [Glu], fructose [Fru], and sucrose [Suc]) were separated
using Dionex Carbo Pac PA 100 IC column (Thermo Scientific) as
described by Abdalla, Nisa, and Mühling (2023).

2.7 Determination of Proline

About 0.5 g of primary leaves were ground in 10mL of 3% aqueous
sulfosalicylic acid homogenized and filtrated via Whatman No.2.
Subsequently, 2 mL of extract was taken and mixed with 2 mL
of acid ninhydrin and 2 mL of glacial acetic acid and heated at
100◦C for 1 h. Later, samples were allowed to cool in an ice bath to
stop the reaction. The reaction mixture was then extracted with
4 mL toluene mixed vigorously using a magnetic stirrer for 15–
20 s. Chromophore containing toluene was aspirated from the
aqueous phase, the solution was warmed to room temperature,
and absorbance was recorded at 520 nm with toluene as blank.
Proline contentwas calculatedusing the formula (Bates,Waldren,
and Teare 1973):

Proline (µmole g−1 FW) = (µg proline mL−1 × toluene in
mL)/(115.5 µg/µmol)/(sample [g]/ 5)

2.8 Determination of CAT, SOD, and APX
Enzyme Activity Assays

CAT, SOD, and APX enzyme activity assays were determined as
described by Alici and Arabaci (2016). For CAT activity, 3 mL of
the reaction mixture was prepared in a test tube by dissolving
100 mM phosphate buffer with pH 7.0 (1.9 mL), 30 mM H2O2
(1.0 mL), and 100 µL of primary leaf sample extract. Just before
the spectrophotometric readings, the sample was added to the
reaction mixture. A test tube containing 100 mM potassium
phosphate buffer with pH 7.0 (2 mL) and 30 mM H2O2 (1.0 mL)
without sample extract was served as blank. The absorbance was
measured at 240 nm. The sample was mixed thoroughly into the
reaction mixture, reading the absorbance immediately at 0, 30,
60, 90, 120, 150, and 180 s. The CAT activity was determined
spectrophotometrically at room temperature by monitoring the
decrease in absorbance resulting from the decomposition of H2O2
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at 240 nm. The enzyme activity was expressed in µM H2O2
(ε = 39.4 mM−1cm−1) oxidized min−1 mg−1 protein. SOD activity
was determined by the inhibition in the photoreduction of nitrob-
lue tetrazolium (NBT) dye by superoxide radicals, which are
generated by the autooxidation of hydroxylamine hydrochloride.
The reaction mixture contained 50 mM phosphate buffer (pH
7.0), 0.1 mM EDTA, 50 mM sodium carbonate buffer (pH 10.2),
96 µM NBT, 20 mM hydroxylamine chloride (pH 6.0), Triton X-
100 (0.6%), and 70 µL of crude extract in a final volume of 3.0 mL.
A control reactionwas performedwithout crude extract. The SOD
reactionwas carried out by exposing the reactionmixture towhite
light for 15 min at room temperature. After 15 min incubation,
absorbance was recorded at 560 nm using a spectrophotometer.
Oneunit (U) of SODactivitywas defined as the amount of enzyme
causing 50% inhibition of photochemical reduction of NBT.
APX was determined by the decrease in absorbance at 290 nm
following H2O2-dependent oxidation of ascorbate (Nakano and
Asada 1981). The assay mixture contained 50 mM K-P buffer (pH
7.0), 0.1 mM EDTA and 0.1 mM H2O2. The activity of APX was
calculated using the extinction coefficient of 2.8 mM−1 cm−1, and
one unit of APX was defined as µmol H2O2 min−1 mg−1 protein.

2.9 Morphological Analyses

A mid part of a photosynthetically active fourth leaf was har-
vested, immediately cut up into segments with 1–2 mm long
sides, and fixed with 1% glutaraldehyde in 200 mM Hepes, pH
7.4, initially under moderate vacuum pressure. Next, segments
were postfixed with 1% osmium tetroxide supplemented with
1.5% aqueous potassium ferricyanide for 1 h on ice, followed by
incubation with 2% aqueous uranyl acetate for 1.5 h at room
temperature. Samples were dehydrated using a graded ethanol
series (50%–70%–80%–90%–96%–100%–100%), each step for 15–
30 min, followed by acetone (100%), 2 × 30 min, and then
gradually infiltrated with epoxy resin diluted with acetone (33%–
66%–100%), each step for minimum 12 h. Finally, tissue was
embedded in silicone molds, and resin was heat polymerized
at 60◦C for 48 h. A Leica UC7 ultramicrotome and Diatome
diamond knives were used to make sections. Semithin, 1 µm
thick epoxy sections were stained with Richardson’s solution
and imaged with a Zeiss Primostar upright microscope equipped
with an Axiocam 105 color camera and ZEN 3.2 software (Zeiss,
Oberkochen, Germany), using 10× and 40× Plan-Achromat
objectives. Ultrathin sections (70–80 nm) were transferred onto
formvar-coated slot grids. The sections were then contrasted
with saturated aqueous 2% uranyl acetate for 10 min, followed
by Reynolds’ lead citrate solution for 3 min. Subsequently, the
sections were examined using a CM10 transmission electron
microscope (Philips) operated at 80 kV and equipped with a
LaB6 filament. Images were taken with a MegaView III camera
(Olympus Soft Imaging Solutions).

2.10 Statistical Analysis

Statistical analysis was performed by using the STATISTICS 10
software. Analysis of variance (ANOVA) was used to determine
the significance of the effects of treatments. The means were
compared by Tukey’s honestly significant difference (HSD) TEST
(p ≤ 0.05), where ANOVA indicated a significant impact.

3 Results and Discussion

3.1 Plant Biomass

Growth data of the faba bean plants grown in control conditions
or subjected to drought at various levels of Mg2+ are presented
in Figure 1. For each group, the results represent the mean of
four plants. Compared to Mg2+ sufficient control plants (+Mg),
in Mg2+ deficient plants grown in the control condition (−Mg) or
subjected toDS (−Mg×DS), the shoot FWdecreased by about 51%
and 57%, respectively. On the other hand, in plants supplemented
with sufficient Mg2+ under DS (+Mg × DS), the shoot FW was
reduced by only 7%. Similarly, (−Mg) and (−Mg × DS) showed a
reduction of root FW of around 71% and 84%, respectively. Shoot
DW of (−Mg) and (−Mg × DS) was reduced by 42% and 52%.
A similar trend was observed in (−Mg) and (−Mg × DS) with
a significant reduction in root DW to 73% and 87%, respectively.
The plants supplemented with leaf application of Mg2+ under DS
(+MgLA×DS) showed significantly increased shoot and root FW
when compared to (−Mg × DS) (Figure 1).

It was reported earlier that Mg2+ deficiency results in a lower
yield of the faba bean plants than the positive control as Mg2+
is involved in carbohydrate and protein biosynthesis (Neuhaus,
Geilfus, and Mühling 2014). Moreover, a severe decrease in root
biomass has been reported in bean plantlets after 12 days of
complete Mg2+ starvation (Cakmak et al. 1994). Mg2+ limitation
has affected leaf area increment of all leaves and shoot biomass,
which could have also readily restricted assimilate flux to the root.
The reduction in the growth rate due to water stress in the shoot
and the root of the faba bean could be ascertained as the loss
of turgidity, decrease in relative water content, reduction in cell
division and elongation, the decline of net CO2 assimilation rate,
stomatal conductance, and transpiration rate (Abid et al. 2017).
In an earlier study, the foliar application of Mg2+ in faba bean
plants demonstrated a remarkable strategy for improving growth
and yield under conditions of Mg2+ deficiency (Neuhaus et al.
2014;Wolf et al. 2019). Additionally,Mg2+ application ameliorated
adverse effects under water deficit conditions (Santos et al. 2023).

3.2 K+, Mg2+, and Mn2+ Concentrations in
Leaves

Higher K+ concentration (by 1.2-fold) was observed in leaves
in (+Mg × DS) conditions compared to the positive control
(+Mg). Meanwhile, K+ concentration diminished (80%) in all
groups without root supply of Mg2+, and leaf application of
Mg2+ had no effect (Figure 2a). Regarding Mg2+ accumulation
under varied treatments, Mg2+ application via roots under DS
(+Mg × DS) displayed higher Mg2+ levels than foliar application
(+Mg LA × DS) (Figure 2b). Compared to (+Mg), Mn2+ concen-
tration was increased (by 1.3-fold) only in (+Mg × DS), whereas
no changes were observed in −Mg × DS and +Mg LA × DS
(Figure 2c).

In our study, Mg2+ deficiency led to reduced K+ and Mn2+
concentration in leaves, and Mg2+ foliar application could not
reverse it. Under sufficient Mg2+ root supply, K+ concentration
under DS increased, which suggests that the uptake of K+ is
likely associated with an extensive and dense root system, which
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FIGURE 1 (a) Freshweight and (b) dry weight of shoots and roots of 35 days old faba bean plants subjected to DS at 28 DAT.+Mg (0.5mMMgSO4),
−Mg (0 mMMgSO4), +Mg × DS (0.5 mMMgSO4), −Mg × DS (0 mMMgSO4), +Mg LA × DS (leaf-application of 250 mMMgSO4 for four times). Each
value is the mean of four replicates; the bars represent ± standard error. Small letters indicate significant differences between treatments (ANOVA with
Tukey’s HSD, p≤ 0.05). ANOVA, analysis of variance; DAT, days after transplanting; DS, drought stress; HSD, honestly significant difference; SFW, shoot
fresh weight; RFW, root fresh weight; SDW, shoot dry weight; RDW, root dry weight.

FIGURE 2 The effect of Mg supply on (a) [K+], (b) [Mg2+], and (c) [Mn2+] in leaves analyzed at harvest (35 DAT). +Mg (0.5 mM MgSO4), −Mg
(0mMMgSO4),+Mg ×DS (0.5 mMMgSO4),−Mg ×DS (0mMMgSO4),+Mg LA ×DS (leaf-application of 250mMMgSO4 for four times). Each value is
the mean of four replicates; the bars represent ± standard error. Small letters indicate significant differences between treatments (ANOVA with Tukey’s
HSD, p ≤ 0.05). ANOVA, analysis of variance; DAT, days after transplanting; DS, drought stress.

most likely optimizes water uptake coupled with ion uptake.
K+ increases the plant’s drought tolerance by osmoregulation,
maintains turgor pressure, and reduces transpiration under DS.
Similar results were observed by Morgan (1992) in wheat lines
displaying high osmotic adjustments through the accumulation
of K+ in their tissues. K+ concentrations in leaves diminished
to the level of negative control plants (−Mg) upon resupply of
Mg2+ via leaf under DS, illustrating the antagonistic interaction
between these cations (Jezek et al. 2015). Although Mg2+ was
enhanced under Mg2+ leaf application and DS compared to the
negative control, Mg2+ was still higher under root application and
DS. This might be attributed to limitedMg2+ translocation within
faba bean plants from the application site to the sites of excessive
nutrient demand as Mg2+ is a tremendously phloem-mobile
cation (White and Broadley 2009).

Mn2+ is necessary for plant growth. However, excessive amounts
of it in the growth medium can be harmful. Even concentrations
as low as 1 mgMn/L in solution culture can be toxic to plants like
tobacco, potato, or bush clover (Wang et al. 2002). Elevated levels
of Mn2+ in the growth medium can interfere with the absorption,

translocation, and utilization of other essential mineral elements
like calcium, magnesium, iron, and phosphorus (Clark 1982).
HighMn2+ in plant tissues can also alter the activities of enzymes
and hormones, making other Mn-requiring processes less active
or nonfunctional (Horst 1988).

A higher accumulation of Mn2+ in leaves of Mg-sufficient plants
under DS was observed in the current study. Plants grown under
Mg2+ foliar application and DS have a slightly lower Mn2+ than
plants resupplied with Mg2+ via root application and DS. Such
antagonistic interactions between Mg2+ and Mn2+ were also
reported in wheat and tomato plants (Husted et al. 2009).

3.3 Chlorophyll Concentration and Gas
Exchange Parameters

Mg2+ deficiency symptoms (interveinal chlorosis) on the older
leaves tended to start after 3 weeks from transplanting faba bean
plants grown under Mg2+ limitation. Consequently, DS aggra-
vated the severity of these symptoms in Mg2+ deficient plants.

82 Journal of Plant Nutrition and Soil Science, 2025
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FIGURE 3 (a) Course of SPADvalues of the sixth leaf over time, (b) net CO2 assimilation rate (µmolCO2/m2/s) of the sixth leaf and (c) transpiration
ratemmH2O/(m s)2 of the sixth leaf.+Mg (0.5mMMgSO4),−Mg (0mMMgSO4),+Mg×DS (0.5mMMgSO4),−Mg×DS (0mMMgSO4),+MgLA×DS
(leaf-application of 250 mMMgSO4 for four times). Each value is the mean of four replicates; the bars represent ± standard error. Small letters indicate
significant differences between treatments (ANOVA with Tukey’s HSD, p ≤ 0.05). ANOVA, analysis of variance; DS, drought stress.

As expected, the chlorophyll concentration values measured by
SPAD were significantly reduced in (−Mg) and (−Mg × DS).
On the other hand, the resupply of Mg2+ via leaf application of
MgSO4 on Day 21 immediately increased chlorophyll content.
However, after 7 days of drought treatment, no further increments
in chlorophyll concentration (SPAD values) were observed under
both conditions, including sufficient Mg2+ and DS (+Mg × DS)
and leaf application of Mg2+ and DS (+Mg LA ×DS). Meanwhile,
Mg2+deficient and DS plants (−Mg × DS) recorded the lowest
SPAD values (Figure 3a).

Net CO2 assimilation and transpiration rates of both posi-
tive (+Mg) and negative control (−Mg) plants demonstrated
a significant (p < 0.05) difference as revealed by the gas
exchange measurements (Figure 3b). Positive control (+Mg)
plants exhibited more or less stable assimilation rates of around
20 µmol CO2m−2s−1)2. Moreover, (−Mg) and (−Mg × DS) had
a severe negative impact on the rate of assimilation, which
reached close to zero as the plants started withering and wilting
5 days after drought initiation. Negative control plants (−Mg)
have also recorded a declining trend in net assimilation rates
by 5 WAT. On the other hand, (+Mg × DS) displayed a higher
net assimilation rate, which is on par with the positive control
(+Mg) plants. Surprisingly, the relative contribution of Mg2+
leaf application to an increase in the net assimilation rate was
recorded, which remained stable during the last week of DS
(Figure 3b). Similar trends in the transpiration rate were observed
in positive control plants (+Mg), which recorded the highest rates
of transpiration. However, (−Mg × DS) treatment exhibited the
lowest transpiration rates by the end of 5 weeks (Figure 3c).

A decrease in chlorophyll levels and net photosynthesis during
DS has been reported in various studies, depending on the
duration and severity of drought (Kyparissis, Petropoulou, and
Manetas 1995). In this study, Mg deficiency under DS led to
a significant reduction in chlorophyll content, as evident from
the SPAD values (Figure 3a). This led to a complete inhibition
in photosynthetic activity (Figure 3b,c). As Mg2+ is a crucial
constituent of chlorophyll molecules, it is associated with inter-
veinal chlorosis. These symptoms indicate the high involvement
of Mg2+ in chlorophyll synthesis, the main pigment responsible
for plant light harvesting. Hence, Mg2+ deficiency inhibited
photosynthesis, carbohydrate accumulation in source leaves, and

reduced root growth. The importance of Mg2+ in Suc phloem
loadingwas related to its interactionwith nucleotide triphosphate
(Mg-ATP), fueling the H+ ATPases in the plasma membranes
of sieve tube cells. Lack of Mg2+ reduced H+ ATPase activity in
sieve elements results in an abnormal buildup of nonstructural
carbohydrates in Mg2+ deficient leaves (Tanoi and Kobayashi
2015). On the other hand, excessive accumulation of carbo-
hydrates is also detrimental in terms of irreversible structural
anomalies leading to the destruction of the organelles. Excessive
deposition of the starch granules led to the chloroplast’s swelling
and the breakdown of the organellar membrane surrounding the
chloroplast. The underlying mechanism for so-called autopsy or
cell necrosis is due to the DS-regulated metabolic breakdown of
chloroplasts to provide access to stored reserves that may sustain
the survival of plants under unfavorable conditions. A decrease
in total chlorophyll under DS implies a lowered capacity for
light harvesting. As the production of ROS is mainly driven by
the absorption of excess energy in the photosynthetic apparatus,
this might be avoided by degrading the absorbing pigments
(Herbinger et al. 2002).

3.4 The Osmolyte Accumulation

DS significantly (p ≤ 0.05) enhanced proline levels in all plants
subjected to Mg2+ limitation treatment compared to a positive
control (Figure 4a). The highest proline concentration was mea-
sured in (+Mg × DS), it was increased by 233% compared to
(+Mg × DS). Next, the three major soluble sugars, Fru, Glu,
and Suc in the leaves were quantified (Figure 4b–d). In control
conditions, Mg2+ deficiency (−Mg) resulted in a significant
increase in the concentration of soluble Suc (1.8fold) compared
to (+Mg). Under DS, Suc concentration decreased compared to
control conditions irrespective of Mg supply. In (+Mg × DS),
the Suc concentration decreased by 31% with respect to (+Mg).
Suc concentration in (−Mg × DA) and (+Mg LA × DS) was
significantly higher than in (+Mg × DS). Absolute values for
Glu and Fru concentration were significantly lower, resulting
in higher variation of data. Concentrations of these two sugars
were increased in (−Mg × DS) compared to (+Mg × DS). In
(+Mg LA × DS), the increase in Fru concentration was smaller,
whereas the Glu concentration decreased also in comparison to
(+Mg × DS).
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FIGURE 4 Accumulation of osmolytes: (a) proline (µmol g−1 FW), (b) glucose, (c) fructose, and (d) sucrose (mg g−1 DW) in leaves harvested at 35
DAT. +Mg (0.5 mMMgSO4), −Mg (0 mMMgSO4), +Mg × DS (0.5 mMMgSO4), −Mg × DS (0 mMMgSO4), +Mg LA × DS (leaf-application of 250 mM
MgSO4 for four times). Each value is themean of four replicates; the bars represent± standard error. Small letters indicate significant differences between
treatments (ANOVA with Tukey’s HSD, p ≤ 0.05). ANOVA, analysis of variance; DAT, days after transplanting; DS, drought stress; DW, dry weight; FW,
fresh weight; HSD, honestly significant difference.

Induction of adaptive morpho-physiological and biochemical
responses like the accumulation of large quantities of osmolytes,
including organic solutes like proline, in response to DS is the
major adaptive mechanism in plants (Ma et al. 2020). Moreover,
the accumulation of osmoprotectants mitigates the ROS levels,
prevents cellular damage, provides energy to manage stressful
conditions, and enhances growth and development (Fàbregas and
Fernie 2019).

Suc is the main photosynthetic product in higher plants and is
the principal carbohydrate translocated from source leaves to sink
organs such as developing roots. Hence, different environmental
factors, particularly macronutrient (N, P, K+, and Mg2+) deficien-
cies,were reported to affect the partitioning of Suc and starch.Our
data showed that the highest concentration of Suc was reported
in (−Mg). Suc is not just a passive molecule for long-distance
transport. A negative correlation was observed between Suc level
on one side, and photosynthetic activities, chlorophyll content,
and expression of photosynthetic genes on the other (Hermans
et al. 2004). In plants grown under Mg2+ deficiency and DS, Suc
concentration was reduced compared to the negative control. It
is known that DS causes changes in the source–sink relationship,
as well as in the partitioning between Suc and starch in leaves,

to favor the export of Suc toward the sink organs, thus leading to
a decline in Suc and starch accumulation in source leaves and
an increase of Suc in various sinks (Basu, Ali, and Chaturvedi
2007). On the other hand, our results show that Glu and Fru
concentrations increased underDS coupledwithMg2+ deficiency.
Similar results were observed in pigeon pea (Cajanus cajan (L.)
Millsp) by Keller and Ludlow (1993), who reported that drought
caused amoderate increase in Glu and Fru concentrations as well
as a pronounced increase in the activities of enzymes hydrolyzing
soluble starch (amylases) and Suc (invertase and Suc synthase) so
that the Suc content of leaves became diminished. Elevated con-
centrations of Glu and Fru due to more significant acid invertase
activity in leaves could lead to maintaining leaf turgor pressure,
thus enhancing the probability of survival during a considerable
period of DS (Liu, Jensen, and Andersen 2004). DS stimulates
the mobilization of soluble sugars to high-demand organs, as
Nerd and Neumann (2004) demonstrated in Hylocereus undatus.
Mg2+ application rapidly enhanced Suc export to phloem from
source leaves (Hermans andVerbruggen 2005). Such fast recovery
of Suc export is achieved during dark and light circumstances,
confirming that increased Suc export afterMg2+ supplementation
is not related to photosynthesis but only to the availability ofMg2+
(Guo et al. 2016).
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FIGURE 5 The effect of Mg under DS on (a) H2O2 production and (b) lipid peroxidation (MDA). +Mg (0.5 mM MgSO4), −Mg (0 mM MgSO4),
+Mg×DS (0.5 mMMgSO4),−Mg×DS (0mMMgSO4),+MgLA×DS (leaf-application of 250mMMgSO4 for four times). Each value is themean of four
replicates; the bars represent ± standard error. Small letters indicate significant differences between treatments (ANOVA with Tukey’s HSD, p ≤ 0.05).
ANOVA, analysis of variance; DS, drought stress; HSD, honestly significant difference; MDA, malondialdehyde.

FIGURE 6 The effect of Mg under DS on (a) CAT, (b) SOD, and (c) APX activity. +Mg (0.5 mMMgSO4), −Mg (0 mMMgSO4), +Mg ×DS (0.5 mM
MgSO4),−Mg ×DS (0mMMgSO4),+Mg LA ×DS (leaf-application of 250mMMgSO4 for four times). Each value is the mean of four replicates; the bars
represent ± standard error. Small letters indicate significant differences between treatments (ANOVA with Tukey’s HSD, p ≤ 0.05). ANOVA, analysis of
variance; APX, ascorbate peroxidase; CAT, catalase; DS, drought stress; SOD, superoxide dismutase.

3.5 ROS Production, Lipid Peroxidation, and
Antioxidant Enzyme Activity

To measure the amount of lipid peroxidation, MDA, a product
generated during the oxidation of membrane lipids induced by
ROS like H2O2, was monitored (Figure 5). The amounts of MDA
in (−Mg×DS)were significantly higher with an increase of about
416% compared to the positive control (+Mg). On the other hand,
(+Mg LA × DS) resulted in a significantly lower amount of MDA
content with an increase of around 55% compared to the positive
control (+Mg).

The effect of Mg on the activity of antioxidant enzymes CAT,
APX, and SOD under drought-stressed faba bean is presented
in Figure 6. Activities of the enzymes were increased by Mg2+
limitation and/orDS. Compared to (+Mg), CAT activity increased
1.68fold, 5.17fold, 4.43fold, and 6.29fold in (−Mg), (+Mg × DS),
(−Mg × DS), and (+Mg LA × DS), respectively (Figure 6a).
SOD activity was enhanced the most (58-fold) in (+Mg × DS)
followed by (−Mg × DS) (46-fold), (+Mg × LA DS) (49-fold), and
(−Mg) (26-fold) (Figure 6b). Similarly, the highest increase inAPX
activity compared to (+Mg) was reported in (+Mg LA × DS) (7.4-

fold) followed by (+Mg × DS) (5.84-fold) and (−Mg) (4.98-fold)
(Figure 6c).

We observed that Mg2+ deficiency or/and DS increased both
the oxidative stress markers as well as the activity of the
antioxidant defense enzymes. The two systems are linked, and
a higher accumulation of H2O2 was observed in Mg2+ deficient
DS plants thus indicating that the antioxidant defense system
cannot completely buffer the increased production of ROS. It
has been reported previously that Mg-deficiency-induced up-
regulation in the leaf antioxidant system does not provide enough
protection to Mg-deficient leaves against oxidative damage (Yang
et al. 2012). It was observed that an elevated lipid peroxidation
can alter membrane permeability and ultimately result in the
degeneration of chloroplasts coupled with a disturbance in their
ultrastructure by modifying grana and stroma stacking (Shao
et al. 2016). DS leads to oxidative stress in cells due to intensified
production of ROS like alkoxy radicals, superoxide anion, H2O2,
and hydroxyl radical (OH∙) (Sies et al. 2020). Chloroplasts,
mitochondria, and peroxisomes are the damage sites where
DNA denaturation restricts normal cell function (Corpas et al.
2015).
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TABLE 1 The effect of Mg application on leaves anatomical characters of faba bean grown under DS.

Parameters Control +Mg Control −Mg DS +Mg DS −Mg DS +Mg LA

A (Based on fresh leaves; n = 4)
Leaflet length (cm) 10.20 ± 0.39 a 7.24 ± 0.25 c 9.75 ± 0.18 ab 4.20 ± 0.38 d 8.80 ± 0.22 b
Leaflet width (cm) 4.64 ± 0.09 a 3.30 ± 0.01 b 4.47 ± 0.11 a 2.57 ± 0.15 c 4.17 ± 0.22 a
B (Based on Technovit resin sections; n ≥ 3)
Leaf thickness (µm) 528 ± 62 428 ± 32 472 ± 30 465 ± 57 431 ± 59
The thickness of palisade
mesophyll (PM) (µm)

131 ± 7 121 ± 13 126 ± 6 123 ± 19 114 ± 11

The thickness of spongy
mesophyll (SM) (µm)

339 ± 52 258 ± 11 291 ± 27 286 ± 36 265 ± 51

Ratio of PM and SM (%) 0.40 ± 0.05 0.47 ± 0.04 0.43 ± 0.02 0.44 ± 0.06 0.44 ± 0.04

Note: Small letters indicate significant differences between treatments (ANOVA with Tukey’s HSD, p ≤ 0.05).

In our study, DS increased the up-regulation of enzymatic antiox-
idant defense systems to reduce H2O2 and MDA accumulation.
Higher accumulation of H2O2 was observed in Mg2+ deficient
drought-stressed plants, either due to enhancement in H2O2
generation or a decline in the activity of catalyzing enzymes. CAT
activity was tested to identify the ability of cells to metabolize
ROS production. The results showed that the CAT activity
was higher in all the drought-stressed plants. Previous studies
presented evidence that ROS and cytosolic Ca2+ are signaling
factors responding to Mg2+ deficiency, in agreement with a
previous hypothesis that antioxidation is an early response to
Mg2+ deficiency induced by ROS (Guo et al. 2016). The ability of
plants to overcome oxidative stress partly relies on the induction
of SOD activity and, subsequently, on the up-regulation of other
downstreamantioxidant enzymes (Hasanuzzaman et al. 2020). In
our experiments, the results showed significantly enhanced SOD
activity in seedlings exposed to DS (Figure 6). According to our
results, the maximum increase in SOD activity was observed in
+Mg × DS. The induction of SOD in response to elevated ROS
levels likely has a significant role in strengthening the plant’s
antioxidant defense system and balancing the cell’s redox status.
Our results are consistent with other studies reporting increased
SOD activity in response to DS in sunflower (Gunes et al. 2008),
poplar (Xiao et al. 2008), cowpea (Manivannan et al. 2007),
liquorice (Pan et al. 2006), and oilseed rape (Abedi and Pakniyat
2010).Moreover, a recent study indicatedhigher enzyme activities
of SOD and CAT after Mg foliar application (ur Rehman et al.
2018).

APX enzymes are a group of essential proteins that perform a
vital function in plant cells. They act as catalysts in converting
harmful H2O2 into harmless H2O by using ascorbate as an
electron donor. This process helps to prevent oxidative damage
and maintain cellular homeostasis. APX enzymes are found
in various subcellular compartments, including chloroplasts,
mitochondria, peroxisomes, and cytosol. The APX responses
are directly involved in protecting plant cells against adverse
environmental conditions. Plants experience a variety of negative
impacts when subjected to DS, including stunted growth, altered
gene expression, and an increase in enzymes responsible for ROS
production. Recent research on two separate cowpea cultivars

revealed that the drought-resistant cultivar exhibited 60% higher
APX activity than its counterpart under standard conditions (Li
2023).

3.6 Leaf Anatomy and Ultrastructure of
Chloroplasts

Mg deficiency had a significant impact on the leaf length and
leaf width, which were additionally decreased upon DS (Table 1).
However, the effect of drought on the leaf size of Mg leaf
application (+Mg LA × DS) was significantly minimal (Table 1).
In contrast, the mesophyll morphology evaluated on Technovit
or epoxy resin cross sections was not considerably changed by
Mg2+ deficiency or DS. Mg2+ sufficient plants seemed to have
larger intercellular spaces both in control and DS conditions.
Compared to the positive control (+Mg), in all other conditions,
leaf thickness was reduced and the ratio of the thickness of the
palisade to the spongy mesophyll increased (Table 1, Figure 7a,b).
More notable was the increased accumulation of starch in (−Mg)
and (−Mg × DS), as revealed by Lugol’s iodine solution stain-
ing for light microscopy evaluation, and by the ultrastructural
analysis. Under DS the amount of starch decreased compared
to the control condition (Figures 7c and 8a,b). Chloroplasts
in positive control (+Mg) had electron-dense stroma and a
dense thylakoid network. On most chloroplast profiles, several
plastoglobules associated with stromal thylakoids were observed.
Under DS, the thylakoid organization in Mg-sufficient plants has
not notably changed, except for a slight increase in the abundance
of plastoglobules and a reduced amount of starch. Leaves of
the negative control (−Mg) had the largest chloroplasts with
large and abundant starch grains. The Thylakoid network was
comprised granal and stromal thylakoids, but they were squeezed
in between large starch grains. Plastoglobules were enlarged
compared to Mg2+ sufficient plants. Plants grown under Mg2+
limitation have chloroplasts with parts of stroma devoid of the
thylakoid network (Figure 9). The remaining thylakoid network
was very dense, organized in granal and stromal thylakoids,
and associated with plastoglobules. Compared to chloroplasts
with normal ultrastructure in the same or adjacent cells, the
content of starch seemed reduced,which could indicate that these
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FIGURE 7 The effect of Mg2+ supply on the faba bean leaf anatomy and the starch content. (a) Technovit resin sections (8 µm) stained with
the Richardson’s solution. (b) Epoxy resin sections (1 µm) stained with the Richardson’s solution. (c) Epoxy resin sections stained with Lugol’s iodine
solution to visualize starch grains (white arrowheads point to starch grains in one chloroplast). +Mg (0.5 mMMgSO4), −Mg (0 mMMgSO4), +Mg ×DS
(0.5 mMMgSO4), −Mg × DS (0 mMMgSO4), +Mg LA × DS (leaf-application of 250 mMMgSO4 for four times), PM (palisade mesophyll), SM (spongy
mesophyll). Scalebar: (a, b) 200 µm, (c) 20 µm. DS, drought stress

chloroplasts had reduced photosynthetic capacity. Such abnormal
chloroplasts weremore common in the spongymesophyll than in
the palisade mesophyll.

Structural changes in the leaf mesophyll uponMg2+ deficiency or
DS seemed to be minor. Mesophyll of Mg2+ deficient leaves had
less intercellular space, and in both conditions, the leaves were
a bit thinner, whereas the spongy mesophyll became relatively

thicker. Changes at the ultrastructural level were more promi-
nent. Mg2+ deficiency in control conditions was characterized by
extreme overaccumulation of starch inside chloroplasts, which
can be explained by impaired Mg-dependent phloem loading of
Suc through a Suc transporter (Hermans and Verbruggen 2005).
The starch content decreased under DS irrespective of the Mg2+
status, which is likely related to a decreased photoassimilation
rate. The other notable feature of Mg2+ deficiency was enlarged
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FIGURE 8 The effect of Mg supply on the ultrastructure of chloroplasts in the palisade mesophyll of faba bean leaves. (a) One cell of the palisade
mesophyll. Chloroplasts are aligned along the cell wall; a single chloroplast is indicated with a white dotted circle. (b) Higher resolution images of single
chloroplasts (upper row) and of a part of chloroplasts (lower row). +Mg (0.5 mMMgSO4), −Mg (0 mMMgSO4), +Mg ×DS (0.5 mMMgSO4), −Mg ×DS
(0mMMgSO4),+MgLA×DS (leaf-application of 250mMMgSO4 for four times), SG (starch grain), white arrowheads (plastoglobules), grana thylakoids
(GT) and stromal thylakoids (ST). Scalebar: (a) 20 µm, (b, upper row) 2 µm, (b, lower row) 500 nm. DS, drought stress

plastoglobules. Their composition varies depending on the stress,
and some metabolites, like prenyl lipids, have a protective role
under oxidative stress (Arzac et al. 2022), which was present in
our Mg2+ deficient or/and DS plants as evidenced by biochemical
analyses. The third common ultrastructural characteristic of
plants grown underMg2+ deficient root supply were chloroplasts,
in which thylakoids were not spread throughout the stroma but

were confined to about half of a chloroplast profile. Notably, this
kind of chloroplasts had a relatively low amount of starch, and
relatively sparse plastoglobules localized only along thylakoids.
They were not present in plants with sufficient Mg2+ root supply.
It is tempting to speculate that in this kind of chloroplasts,
thylakoid-devoid stroma was formerly occupied by enlarged
starch grains, or that they represent organelles most affected
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FIGURE 9 Chloroplasts with part of stroma devoid of thylakoidmembranes observed in plants grown under a limited supply ofMg2+. (a) Two cells
of the spongy mesophyll. In the left cell, chloroplasts have areas of stroma without (w/o) thylakoid membranes (gray arrowheads). (b) Higher resolution
images of a single chloroplast. (c) Part of a chloroplast showing the thylakoid network organized into grana thylakoids (GT) and stromal thylakoids (ST).
SG (starch grain), white arrowheads (plastoglobules). Scalebar: (a) 10 µm, (b) 2 µm, and (c) 500 nm.

by the oxidative stress. Either way, these chloroplasts probably
have a low photoassimilation activity. At the same time, foliar
Mg2+ has resulted in a well-established network of grana and
stroma. The reason for the respective stacking unstacking and
reversible stacking is mainly attributed to Mg2+. As a divalent
cation, Mg2+ causes electrostatic screening on the surface of the
thylakoids, which allows the thylakoids to approach each other
in a parallel way. Similar results were reported by Izawa and
Good (1966) in the case of spinach chloroplasts isolated in low salt
media that lost their grana and were considerably swollen; upon
addition of cations, grana reappeared and chloroplasts shrunk,
which proved that Mg2+ ions greatly influence the self-assembly,
and disassembly of thylakoids.

4 Conclusion

We investigated whether in faba bean plant foliar application of
Mg2+ can reverse the symptoms of Mg2+ deficiency in the nutri-
ent solution under DS. Foliar application of Mg2+ significantly
increased the fresh and dry plant biomass, leaf area, chlorophyll
concentration, CO2 assimilation rate, and transpiration rate.
Increased activity of CAT and APX enzymes in plants supple-
mented with foliar application of Mg2+ depicts the role of Mg2+
in imparting defense mechanism toward DS. Moreover, foliar
application of Mg2+ has lower lipid peroxidation evident from
levels of MDA, which directly correlates with minimal damage to
the ultrastructure of the chloroplasts. However, root application
of Mg2+ helped in better preservation of the ultrastructure of
the chloroplasts in terms of photoassimilate translocation from
source to sink organs and reduced starch and sugar accumulation,
whereasMg2+ foliar application is not on par with the root supply
but depicted a significant role in overcoming the DS. Although
Mg root application exhibited better results, we recommend
Mg2+ leaf application as a better practical approach under DS in

field experiments. Consequently, further studies are needed to
investigate the efficiency ofMg2+ foliar application under relevant
agricultural conditions.

Acknowledgments

Divya Parisa received a grant from the Netaji Subhas ICAR International
Fellowship, India, which is gratefully acknowledged. The authors thanked
Tanja Zabel and Ulrike Voigt at the Central Microscopy facility at the
Department of Biology, Kiel University for their outstanding technical
support.

Open access funding enabled and organized by Projekt DEAL.

Data Availability Statement

The data that support the findings of this study are available from the
authors upon reasonable request.

References

Abdalla, M. A., F. K. Nisa, and K. H.Mühling. 2023. “Interaction Between
Selenium and Sulfur Promotes Alteration in the Internal Quality Traits
in Green and Red Lettuce.” Journal of Applied Botany & Food Quality 96:
138–147. https://doi.org/10.5073/JABFQ.2023.096.018.

Abedi, T., and H. Pakniyat. 2010. “Antioxidant Enzyme Changes in
Response to Drought Stress in Ten Cultivars of Oilseed Rape (Brassica
napus L.).” Czech Journal of Genetics and Plant Breeding 46, no. 1: 27–34.

Abid, G., K. Hessini, M. Aouida, et al. 2017. “Agro-Physiological and
Biochemical Responses of Faba Bean (Vicia faba L. var.‘minor’) Geno-
types to Water Deficit Stress.” Biotechnologie, Agronomie, Société Et
Environnement 21, no. 2: 146–159. https://doi.org/10.25518/1780–4507.
13579.

Alici, E. H., and G. Arabaci. 2016. “Determination of SOD, POD, PPO
and Cat Enzyme Activities in Rumex obtusifolius L.” Annual Research &
Review in Biology 11, no. 3: 1–7.

89

 15222624, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.202400321 by C

hristian-A
lbrechts-U

niversitat, W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5073/JABFQ.2023.096.018
https://doi.org/10.25518/1780-4507.13579


Arzac, M. I., B. Fernández-Marín, and J. I. García-Plazaola. 2022. “More
Than Just Lipid Balls: Quantitative Analysis of Plastoglobule Attributes
and Their Stress-Related Responses.” Planta 255, no. 3: 62. https://doi.org/
10.1007/s00425–022–03848–9.

Basu, P. S., M. Ali, and S. K. Chaturvedi. 2007. “Osmotic Adjustment
Increases Water Uptake, Remobilization of Assimilates and Maintains
Photosynthesis in Chickpea Under Drought.” Journal of Experimental
Botany 45: 261–267.

Bates, L. S., R. P. A. Waldren, and I. D. Teare. 1973. “Rapid Determination
of Free Proline for Water-Stress Studies.” Plant and Soil 39: 205–207.

Cakmak, I., C. Hengeler, and H. Marschner. 1994. “Changes in Phloem
Export of Sucrose in Leaves in Response to Phosphorus, Potassium and
Magnesium Deficiency in Bean Plants.” Journal of Experimental Botany
45, no. 9: 1251–1257.

Cataldi, T. R., G. Margiotta, L. Iasi, B. Di Chio, C. Xiloyannis, and S. A.
Bufo. 2000. “Determination of Sugar Compounds in Olive Plant Extracts
by Anion-Exchange Chromatography With Pulsed Amperometric Detec-
tion.” Analytical Chemistry 72, no. 16: 3902–3907.

Chaudhry, A. H., S. Nayab, S. B. Hussain, M. Ali, and Z. Pan. 2021.
“CurrentUnderstandings onMagnesiumDeficiency andFutureOutlooks
for Sustainable Agriculture.” International Journal of Molecular Sciences
22, no. 4: 1819.

Clark, R. B. 1982. “Plant Response to Mineral Element Toxicity and
Deficiency.” In Breeding Plants for Less Favorable Environments, edited
by M. N. Christiansen and C. F. Lewis, 71–142. Hoboken, NJ: John Wiley.

Corpas, F. J., D. K. Gupta, and J. M. Palma. 2015. “Production Sites
of Reactive Oxygen Species (ROS) in Organelles From Plant Cells.” In
Reactive Oxygen Species and Oxidative Damage in Plants Under Stress,
edited by D. Gupta, J. Palma, and F. Corpas, 1–22. Heidelberg: Springer.

Cui, Y., and Q. Wang. 2006. “Physiological Responses of Maize to
Elemental Sulphur and Cadmium Stress.” Plant Soil and Environment 52,
no. 11: 523–529.

Fàbregas, N., and A. R. Fernie. 2019. “The Metabolic Response to
Drought.” Journal of Experimental Botany 70, no. 4: 1077–1085.

Geilfus, C. M., N. Wendler, and K. H. Mühling. 2016. “Biofortification
and Subcellular Localization of Minerals in Faba Bean as Influenced by
Mg Foliar Application.” Journal of Applied Botany and Food Quality 89:
68–72.

Gunes, A., D. J. Pilbeam, A. Inal, and S. Coban. 2008. “Influence of Silicon
on Sunflower Cultivars Under Drought Stress, I: Growth, Antioxidant
Mechanisms, and Lipid Peroxidation.” Communications in Soil Science
and Plant Analysis 39, no. 13–14: 1885–1903.

Guo, W., H. Nazim, Z. Liang, and D. Yang. 2016. “Magnesium Deficiency
in Plants: An Urgent Problem.” The Crop Journal 4, no. 2: 83–91.

Hasanuzzaman, M., M. H. M. B. Bhuyan, F. Zulfiqar, et al. 2020. “Reac-
tive Oxygen Species and Antioxidant Defense in Plants Under Abiotic
Stress: Revisiting the Crucial Role of a Universal Defense Regulator.”
Antioxidants 9, no. 8: 681. https://doi.org/10.3390/antiox9080681.

Herbinger, K., M. Tausz, A. Wonisch, G. Soja, A. Sorger, and D. Grill.
2002. “Complex Interactive Effects of Drought and Ozone Stress on the
Antioxidant Defence Systems of Two Wheat Cultivars.” Plant Physiology
and Biochemistry 40, no. 6–8: 691–696.

Hermans, C., G. N. Johnson, R. J. Strasser, and N. Verbruggen. 2004.
“Physiological Characterisation of Magnesium Deficiency in Sugar Beet:
Acclimation to LowMagnesiumDifferentially Affects Photosystems I and
II.” Planta 220: 344–355.

Hermans, C., andN. Verbruggen. 2005. “Physiological Characterization of
Mg Deficiency in Arabidopsis thaliana.” Journal of Experimental Botany
56, no. 418: 2153–2161.

Horst, W. J. 1988. “The Physiology of Manganese Toxicity.” InManganese
in Soils and Plants. Developments in Plant and Soil Sciences, edited by
R. D. Graham, R. J. Hannam, and N. C. Uren, 33, 175–188. Heidelberg:
Springer.

Hussain, M. A., A. Naeem, B. Pitann, and K. H. Mühling. 2023. “High
Sulfur (S) Supplementation Imparts Waterlogging Tolerance to Oilseed
Rape (Brassica napus L.) Through Upregulating S Metabolism and
Antioxidant Pathways.” Journal of Plant Growth Regulation 42, no. 12:
7591–7605.

Husted, S., K. H. Laursen, C. A. Hebbern, et al. 2009. “Manganese Defi-
ciency Leads to Genotype-Specific Changes in Fluorescence Induction
Kinetics and State Transitions.” Plant Physiology 150, no. 2: 825–833.

Izawa, S., and N. E. Good. 1966. “Effect of salts and Electron Transport
on the Conformation of Isolated Chloroplasts. II. Electron Microscopy.”
Plant Physiology 41, no. 3: 544–552.

Jezek, M., C. M. Geilfus, A. Bayer, and K. H. Mühling. 2015. “Photosyn-
thetic Capacity, Nutrient Status, andGrowth ofMaize (Zeamays L.) Upon
MgSO4 Leaf-Application.” Frontiers in Plant Science 5: 781. https://doi.
org/10.3389/fpls.2014.00781.

Keller, F., and M. M. Ludlow. 1993. “Carbohydrate Metabolism in
Drought-Stressed Leaves of Pigeonpea (Cajanus cajan).” Journal of
Experimental Botany 44, no. 8: 1351–1359.

Krenz, L. M. M., S. Grebenteuch, K. Zocher, S. Rohn, and D. Pleissner.
2023. “Valorization of Faba Bean (Vicia faba) By-Products.” Biomass
Conversion and Biorefinery 14: 1–18. https://doi.org/10.1007/s13399-023-
03779-9.

Kyparissis, A., Y. Petropoulou, and Y. Manetas. 1995. “Summer Survival
of Leaves in a Soft-Leaved Shrub (Phlomis fruticosa L., Labiatae) Under
Mediterranean Field Conditions: Avoidance of Photoinhibitory Dam-
age Through Decreased chlorophyll Contents.” Journal of Experimental
Botany 46, no. 12: 1825–1831.

Li, S. 2023. “Novel Insight Into Functions of Ascorbate Peroxidase in
Higher Plants: More Than a Simple Antioxidant Enzyme.” Redox Biology
64: 102789. https://doi.org/10.1016/j.redox.2023.102789.

Lidon, F. C., and M. G. Teixeira. 2000. “Oxy Radicals Production and
Control in the Chloroplast of Mn-Treated Rice.” Plant Science 152, no. 1:
7–15.

Liu, F., C. R. Jensen, andM. N. Andersen. 2004. “Drought Stress Effect on
Carbohydrate Concentration in Soybean Leaves and Pods During Early
Reproductive Development: Its Implication in Altering Pod Set.” Field
Crops Research 86, no. 1: 1–13.

Ma, Y., M. C. Dias, and H. Freitas. 2020. “Drought and Salinity Stress
Responses and Microbe-Induced Tolerance in Plants.” Frontiers in Plant
Science 11: 591911. https://doi.org/10.3389/fpls.2020.591911.

Manivannan, P., C. A. Jaleel, A. Kishorekumar, et al. 2007. “Changes in
AntioxidantMetabolismofVignaunguiculata (L.)Walp. by Propiconazole
Under Water Deficit Stress.” Colloids and Surfaces B: Biointerfaces 57, no.
1: 69–74.

Morgan, J. M. 1992. “Osmotic Components and Properties Associated
With Genotypic Differences in Osmoregulation in Wheat.” Functional
Plant Biology 19, no. 1: 67–76.

Muscolo, A., M. Sidari, U. Anastasi, C. Santonoceto, and A. Maggio. 2014.
“Effect of PEG-Induced Drought Stress on Seed Germination of Four
Lentil Genotypes.” Journal of Plant Interactions 9, no. 1: 354–363.

Nakano, Y., and K. Asada. 1981. “Hydrogen Peroxide is Scavenged by
Ascorbate-Specific Peroxidase in Spinach Chloroplasts.” Plant and Cell
Physiology 22, no. 5: 867–880.

Nerd, A., and P. M. Neumann. 2004. “PhloemWater Transport Maintains
Stem Growth in a Drought-Stressed Crop Cactus (Hylocereus undatus).”
Journal of the American Society for Horticultural Science 129: 486–490.

Neuhaus, C., C. M. Geilfus, and K. H. Mühling. 2014. “Increasing Root
and Leaf Growth and Yield in Mg-Deficient Faba Beans (Vicia faba) by
MgSO4 Foliar Fertilization.” Journal of Plant Nutrition and Soil Science
177, no. 5: 741–747.

Pan, Y., L. J. Wu, and Z. L. Yu. 2006. “Effect of Salt and Drought Stress
on Antioxidant Enzymes Activities and SOD Isoenzymes of Liquorice
(Glycyrrhiza uralensis Fisch).” Plant Growth Regulation 49: 157–165.

90 Journal of Plant Nutrition and Soil Science, 2025

 15222624, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.202400321 by C

hristian-A
lbrechts-U

niversitat, W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s00425-022-03848-9
https://doi.org/10.3390/antiox9080681
https://doi.org/10.3389/fpls.2014.00781
https://doi.org/10.1007/s13399-023-03779-9
https://doi.org/10.1016/j.redox.2023.102789
https://doi.org/10.3389/fpls.2020.591911


Rumak, I., K. Gieczewska, B. Kierdaszuk, et al. 2010. “3-D Modelling
of Chloroplast Structure Under (Mg2+) Magnesium Ion Treatment.
Relationship Between ThylakoidMembrane Arrangement and Stacking.”
Biochimica et BiophysicaActa (BBA)—Bioenergetics 1797, no. 10: 1736–1748.

Santos, A. S., D. S. Pinho, A. C. D. Silva, et al. 2023. “Magnesium
Supplementation Alleviates Drought Damage During Vegetative Stage of
Soybean Plants.” PLoS ONE 18, no. 11: e0289018. https://doi.org/10.1371/
journal.pone.0289018.

Senbayram, M., A. Gransee, V. Wahle, and H. Thiel. 2015. “Role of
Magnesium Fertilisers in Agriculture: Plant–Soil Continuum.” Crop and
Pasture Science 66, no. 12: 1219–1229.

Shao, R. X., L. F. Xin, H. F. Zheng, et al. 2016. “Changes in Chloro-
plast Ultrastructure in Leaves of Drought-Stressed Maize Inbred Lines.”
Photosynthetica 54, no. 1: 74–80.

Sies, H., and D. P. Jones. 2020. “Reactive Oxygen Species (ROS) as
Pleiotropic Physiological Signalling Agents.” Nature Reviews Molecular
Cell Biology 21, no. 7: 363–383.

Tanoi, K., and N. I. Kobayashi. 2015. “Leaf Senescence by Magnesium
Deficiency.” Plants 4, no. 4: 756–772.

ur Rehman, H., H. F. Alharby, Y. Alzahrani, and M. M. Rady. 2018.
“Magnesium and Organic Biostimulant Integrative Application Induces
Physiological and Biochemical Changes in Sunflower Plants and Its
Harvested Progeny on Sandy Soil.” Plant Physiology and Biochemistry 126:
97–105.

Uzilday, R. Ö., B. Uzilday, T. Yalcinkaya, and İ. Türkan. 2017. “Mg
Deficiency Changes the Isoenzyme Pattern of Reactive Oxygen Species-
Relatedenzymes and Regulates NADPH-Oxidase-Mediated ROS Signal-
ing in Cotton.” Turkish Journal of Biology 41, no. 6: 868–880.

Wang, Y. X., P. Wu, Y. R. Wu, and X. L. Yan. 2002. “Molecular Marker
Analysis of Manganese Toxicity Tolerance in Rice Under Greenhouse
Conditions.” Plant and Soil 238: 227–233.

White, P. J., and M. R. Broadley. 2009. “Biofortification of Crops With
Seven Mineral Elements Often Lacking in Human Diets—Iron, Zinc,
Copper, Calcium,Magnesium, Seleniumand Iodine.”NewPhytologist 182,
no. 1: 49–84.

Wolf, J., B. Pitann, and K. H. Mühling. 2019. “Foliar Magnesium Supply
Increases the Abundance of RuBisCO of Mg-Deficient Maize Plants.”
Journal of Applied Botany & Food Quality 92: 274–280.

Xiao, X., X. Xu, and F. Yang. 2008. “Adaptive Responses to Progressive
Drought Stress in Two Populus cathayana Populations.” Silva Fennica 42,
no. 5: 705–719.

Yang, G. H., L. T. Yang, H. X. Jiang, Y. Li, P. Wang, and L. S.
Chen. 2012. “Physiological Impacts of Magnesium-Deficiency in Citrus
Seedlings: Photosynthesis, Antioxidant System andCarbohydrates.”Trees
26: 1237–1250.

Zhang, F. J., K. K. Zhang, C. Z. Du, et al. 2015. “Effect of Drought Stress
on Anatomical Structure and Chloroplast Ultrastructure in Leaves of
Sugarcane.” Sugar Technology 17: 41–48.

91

 15222624, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.202400321 by C

hristian-A
lbrechts-U

niversitat, W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1371/journal.pone.0289018

	Leaf Anatomical Adaptation and Chloroplast Ultrastructure Changes Upon Magnesium Foliar Application of Faba Bean (Vicia faba L.) Grown Under Drought Stress
	1 | Introduction
	2 | Materials and Methods
	2.1 | Plant Material and Growing Conditions
	2.2 | Quantification of Mg2+, K+, and Mn2+
	2.3 | SPAD and Gas Exchange Measurements
	2.4 | Lipid Peroxidation Assay
	2.5 | Determination of Hydrogen Peroxide (H2O2)
	2.6 | Determination of Soluble Sugars
	2.7 | Determination of Proline
	2.8 | Determination of CAT, SOD, and APX Enzyme Activity Assays
	2.9 | Morphological Analyses
	2.10 | Statistical Analysis

	3 | Results and Discussion
	3.1 | Plant Biomass
	3.2 | K+, Mg2+, and Mn2+ Concentrations in Leaves
	3.3 | Chlorophyll Concentration and Gas Exchange Parameters
	3.4 | The Osmolyte Accumulation
	3.5 | ROS Production, Lipid Peroxidation, and Antioxidant Enzyme Activity
	3.6 | Leaf Anatomy and Ultrastructure of Chloroplasts

	4 | Conclusion
	Acknowledgments
	Data Availability Statement

	References


