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Abstract: Magnesium is a key element for plant growth and development. Plant responses to Mg
deficiency were well investigated, especially in glycophytes. Such responses include a reduction
in plant growth and biomass allocation between shoots and roots, photosynthates partitioning
from source to sink organs, the accumulation of carbohydrates, and an induction of several Mg
transporters. Some physiological and biochemical parameters are good markers of Mg deficiency
stress even though they are not well investigated. In the present study, the halophyte Cakile maritima
was subjected to Mg shortage, and several Mg stress indices were analyzed. Our data showed that
Mg starvation affected shoot and plant length, leaf number, and plant organ growth. A significant
decrease in chlorophyll synthesis and photosynthetic activity was also recorded. Mg deficiency
triggered oxidative damage as electrolyte leakage and lipid peroxidation were increased by Mg
deficiency while the membrane stability index decreased. For a deeper understanding of the effect
of Mg starvation on C. maritima, several tolerance stress indices were evaluated, demonstrating a
negative impact of Mg stress on almost all those parameters. This study provided important insights
on several markers of Mg deficiency stress, which were informative by themselves as unique and
early signals of Mg deficiency stress in this halophyte.
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1. Introduction

Magnesium (Mg) is a key element in plant physiology and biochemistry since it is
classified as the second most prevalent free divalent cation in plant cells [1]. Nevertheless,
it is considered a forgotten element for plant production and development as compared
to other essential elements [2—4]. The common function associated with Mg is its critical
contribution to photosynthesis and the long-distance transport of photoassimilates [5]. The
implication of Mg in the photosynthetic process is evident as the main steps of photosynthe-
sis are Mg-dependent. Indeed, Mg serves as a key promoter of chlorophyll synthesis and is
involved in CO, fixation and assimilation. Mg is required for the growth and development
of plants [6] as a promoter of cell elongation and division. According to Niu et al. [7], in the
root cell, Mg is involved in several biochemical processes, including the activation of many
enzymes, the generation of energy, and the metabolism of carbohydrates among others
and thus, a disruption of Mg uptake by roots affects the metabolism responsible for energy
generation leading to an impairment of the biomass allocation. Besides, Mg is an essen-
tial component of many enzymes involved in several primary and secondary metabolic
pathways, including lipid, amino acid and energy metabolism, biosynthesis of secondary
metabolites, and vitamin synthesis [8] as it is a cofactor of more than 300 enzymes including
ATPases, phosphatases, carboxylases, and RNA polymerases [9,10].
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Mg deficiency is a common problem affecting many agricultural soils worldwide [11],
especially sandy soils, which are known for their low mineral nutrient availability [12].
Mg deficiency is often associated with a decrease in plant growth because Mg is involved
directly in the photosynthetic pathway and, consequently, the production of photosynthetic
metabolites [13]. Under these conditions, Mg, as a relatively mobile microelement, is
transported from old to young tissues [14] to sustain their photosynthetic activity. Such
quick response led to visual chlorosis symptoms in older leaves. Chlorosis could result not
only from low Mg content but can be a direct consequence of leaf chlorophyll reduction
upon long-term Mg shortage stress [15].

Roots are the primary organs responsible for Mg deficiency sensing and signaling in
plants. Thus, low Mg availability in the soil solution promotes root exudation of organic
acids aimed at enhancing the release of Mg from the soil and improving its uptake, a key
adaptive trait to Mg stress [13]. Besides, an induction of root plasma membrane-localized
high-affinity Mg?* transporters (i.e., MGT6 and MGT7) was also demonstrated under
Mg-limiting conditions [16,17]. Interestingly, Mg deficiency can affect the uptake of other
nutrients, notably potassium (K) as OsHAKI, a gene encoding a high-affinity K transporter
was up-regulated in rice plants exposed to Mg shortage. However, upon Mg starvation, the
reduction in root growth and number as a consequence of their low sugar contents impairs
the uptake of other mineral nutrients and negatively affects their use efficiency [18,19].

As Mg is an important component of the photosynthetic machinery, its deficiency
underpins the photosynthetic performance of most crop species [20-22]. The impairment
of the electron transport chain is a common effect of Mg shortage widely described in
a wide range of plant species. Under such circumstances, the production of reactive
oxygen species is unavoidable as the free electrons can interact with the oxygen molecule
to generate superoxide anions, hydrogen peroxide, and hydrogen radicals in different plant
organelles, including mitochondria, peroxisomes and chloroplasts with harmful impacts to
lipids, proteins and nucleic acids [23].

Despite the well-known importance of Mg for plant growth and development, it is
regarded as an overlooked element in many plant species [4]. Indeed, information on
plant responses to its deficiency is still scarce; only limited data is available for some
glycophyte species with emphasis on its effect on the biomass allocation between shoots
and roots, photosynthates and carbohydrates, and the activation of several Mg transporters.
Several physiological and biochemical biomarkers are good indicators of the intensity of Mg
deficiency stress and could be informative by themselves; nonetheless, their investigation
is limited. Besides, information regarding halophytes is scarcely described. Only a few
studies conducted in our laboratory on the halophyte Sulla carnosa revealed an alteration of
the activity of photosystems and chloroplast ultrastructure upon Mg shortage [20,24].

Cakile maritima is an annual diploid plant species and a moderate salt-requiring halo-
phyte (needs 50 to 100 mM NaCl to express its maximal growth potential) widely distributed
on sandy soils throughout the world [25-27]. In Tunisia, it is found along the Tunisian
seashore, with climates ranging from humid to arid [28]. C. maritima is also regarded as an
edible succulent herb commonly used for human consumption with several ethnomedicinal
purposes as it exhibits a good source and high potential for bioactive secondary metabolite
production [29]. Besides, this putative cash crop is a good genetic model of halophytes as its
genome is small and its life cycle is short [26]. Recently, C. maritima has been deemed to be
an excellent model for decorticating plant responses to multiple abiotic stresses, including
salinity, drought, and nutrient deficiencies [30-33]. Its tolerance to salinity and/or potas-
sium shortage was due to its powerful antioxidant system being modulated by plant organs
and stress treatment duration [32-34]. Under salinity stress, maintaining the stability of
the thylakoid protein complexes and the preservation of the photosynthetic efficiency are
the two main adaptive processes enabling the plant to survive following 200 mM NaCl
exposure [31]. It is worth noting that in its natural habitat, C. maritima is challenged not
only with high salinity reaching 500 mM NaCl (equal to NaCl seawater concentration) but,
also with nutrient deficiencies (i.e., macro and microelements) because of the poor soil



Stresses 2024, 4

344

fertility [25]. Thus, the current study aims to decipher the responses of C. maritima to Mg
deficiency with particular emphasis on several biometric, physiological, and biochemical
markers of long-term Mg deficiency, enabling us to provide new insights into their role in
detecting the intensity of Mg stress at the early development stage. We hypothesize that
Mg as a vital macroelement and specific nutrient signal [35] will induce a wide range of
responses in C. maritima once omitted from the nutrient solution.

2. Results
2.1. Biometric and Physiological Markers of Mg Deficiency Stress in C. maritima
2.1.1. Shoot Length, Plant Length and Total Leaf Number

Given that Mg is a crucial macroelement for plant growth and development, several
attributes related to biomass production, including leaf number, shoot, and whole plant
length, were determined in C. maritima upon long-term Mg deficiency stress. Our data
depicted that plants suffering Mg shortage were unable to achieve their optimal devel-
opment in terms of shoot elongation growth as a significant decline in shoot length was
noted, reaching 31.8% (Figure 1A). Whole plant length followed the same trend, being
reduced by 20% as compared to control plants (Figure 1B). Interestingly, the negative effect
of Mg deprivation on total leaf number was greater than on shoot and plant length (—46%,
Figure 1C).
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Figure 1. Effect of Mg deficiency on (A) shoot length, (B) plant length, and (C) leaf number of
C. maritma plants grown hydroponically in a complete or free-Mg medium. Values are means of
9 replicates. Means followed by the different letters are significantly different at p < 0.05 according to
Duncan’s test.
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2.1.2. Leaf, Stem, and Root Biomass Accumulation

To further investigate the effect of Mg starvation on C. maritima growth, the biomass
production of the main plant organ was determined (Figure 2). In plants sufficiently
supplied with Mg, the whole plant’s fresh weight was about 11.82 g, being distributed
between the main plant organs as follows: leaves (48%), stems (43%), and roots (8%). Upon
Mg deficiency, the whole plant growth dropped from 11.82 g to 6.99 g. Similarly, the
growth of the different plant organs was obviously reduced by Mg availability as shoot
fresh weight was significantly impaired by Mg deprivation, with decreases reaching 38%
and 41% in leaves and stems, respectively (Figure 2). Roots were more affected by low Mg
supply (Figure 2). The decrease was about 52% as compared to plants sufficiently fed with
Mg. Interestingly, the allocation of biomass between the different plant organs was not
affected by Mg depletion (Figure 2).
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Figure 2. Effect of Mg deficiency on leaf, stem, and root fresh weight (FW), and the allocation of the
plant biomass between the different plant organs of C. maritma plants grown hydroponically in a
complete or free-Mg medium. In the right, Mg-starved plants. Values are means of 9 replicates. Means
followed by the different letters are significantly different at p < 0.05 according to Duncan’s test.
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2.1.3. Tolerance Stress Indices

For a deeper understanding of the effect of Mg shortage on C. maritima growth, several
indices were calculated (Table 1). Our results demonstrated that all the studied parameters
were significantly affected by Mg deficiency (Table 1). The decrease in shoot and whole
plant elongation growth was concomitant with the decline in shoot (SHSI) and plant height
(PHSI) stress tolerance index. The reduction in shoot biomass production was associated
with a decrease in shoot fresh weight stress tolerance index (SFSI, —41.57%). In the same
way, root fresh weight was in line with a significant decline in root fresh weight stress
tolerance index (RFSI), reaching 50% of the control. On the basis of shoot (SDSI) and root
dry weight stress tolerance index (SDSI), our data indicated a significant reduction (—32%
and —44%, respectively). Data regarding the dry matter stress tolerance index (DMSI)
revealed a decrease of about 33%.

Table 1. Effect of Mg deficiency on SHSI, PHSI, SFSI, RFSI, SDSI, RDSI and DMSI. Values are means
of 9 replicates. Means followed by the different letters are significantly different at p < 0.05 according
to Duncan’s test.

+Mg —Mg
SHSI (%) 100 £ 0.00 a 7033 £3.97b
PHSI (%) 100 £ 0.00 a 83.16 £5.10b
SFSI (%) 100 £ 0.00 a 5843 +3.80b
RFSI (%) 100 £ 0.00 a 50.08 £5.30b
SDSI (%) 100 £ 0.00 a 68.61 £2.23b
RDSI (%) 100 £ 0.00 a 55.36 + 6.58 b
DMSI(%) 100 £ 0.00 a 66.92 +1.83b

2.2. Effect of Mg Deficiency on Chlorophyll Content

Mg shortage severely decreased the concentrations of photosynthetic pigments. C. mar-
itima seedlings grown in the total absence of Mg in the nutrient solution first showed
Mg-deficient symptoms in the basal older leaves. Those later exhibited chlorosis, a typical
symptom of magnesium deficiency in plants resulting from chlorophyll degradation and
loss. The determination of chlorophyll concentration in the same chlorotic leaves revealed
a significant impact of Mg starvation as Chla, Chlb, and total chlorophyll were reduced by
54%, 60%, and 56%, respectively (Table 2). The Chla/Chlb ratio was not affected by Mg
shortage, suggesting that both pigments were similarly affected by Mg depletion (Table 2).
Chlorophyll stability index (CSI) as an indicator of the stress tolerance capacity of plants
was also determined. We found that this parameter was reduced by 55.5% in plants suf-
fering Mg shortage compared to those sufficiently supplemented with Mg (Table 2). In
contrast to chlorophyll, no difference in carotenoid concentrations was observed between
control and Mg-stressed plants (Table 2).

Table 2. Changes in chlorophyll a (Chla), b (Chlb), total chlorophyll (Chla+Chlb), carotenoids (Car),
Chla/Chlb, and chlorophyll stability index (CSI) in C. maritima subjected to high (+Mg) or low
Mg supply (—Mg). Values are means of 4 replicates. Means followed by the different letters are
significantly different at p < 0.05 according to Duncan’s test.

+Mg —Mg
Chla (mg g~ FW) 0.39 £ 0.03 a 0.18 £0.01b
Chlb (mg g~ FW) 022 +0.01a 0.09 £0.01b
Chla+Chlb (mg g~! FW) 0.61 £0.04a 0.27 £0.02b
Car (mg gfl FW) 0.023 + 0.002 a 0.025 4+ 0.001 a
Chla/Chlb 1.81+0.12a 2.09 £0.08 a

CSI (%) 100 £ 0.00 a 4451 +£4.54D
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2.3. Effect of Mg Deficiency on Leaf Gas Exchange

To study the effect of Mg deficiency on photosynthesis, some gas exchange parameters
including net CO, assimilation (A), stomatal conductance (gs), and transpiration rate (E)
were monitored in fully expanded leaves of C. maritima plants conducted under optimal
or low Mg supply. Our data demonstrated that plants fed with adequate Mg supply
displayed a net CO, assimilation of 4.67 pumol CO, m~2 s™!, a stomatal conductance of
0.16 mol H,Om 2 s ! and a transpiration rate of 2.92 mmol H,O m2s! (Figure 3). Mg
deficiency decreased those parameters by 85%, 216%, and 82%, respectively, justifying the
importance of Mg for the photosynthetic process.
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Figure 3. Changes in (A) net CO, assimilation, (B) stomatal conductance (gs), (C) transpiration rate
(E), (D) water use efficiency (WUE), (E) intrinsic water use efficiency (IWUE), and (F) instantaneous
carboxylation efficiency (ICE) in response of C. maritima to Mg supply. Values are means of 5 repli-
cates. Means followed by the different letters are significantly different at p < 0.05 according to
Duncan’s test.

Several parameters were calculated based on A, E, and gs. They include water use
efficiency (WUE), intrinsic water use efficiency (IWUE), and instantaneous carboxylation
efficiency (ICE). Our findings indicated that Mg limitation reduced WUE and ICE by 44%
and 66.5%, respectively (Figure 3). Data regarding IWUE showed that this parameter
remained unaffected by the availability of Mg (Figure 3).
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2.4. Effect of Mg Deficiency on Some Indicators of Oxidative Damage

Mg deficiency can trigger oxidative damage to several biological components, includ-
ing lipids, proteins, and nucleic acids. In our study, electrolyte leakage (EL), malondi-
aldehyde (MDA) content, and membrane stability index (MSI) were evaluated as three
potential biochemical indicators of oxidative stress. As shown in Figure 4A, Mg deficiency
resulted in a significant increase in EL (+34%). Likewise, the lowest values of MDA content
were registered in control plants (1.98 nmol g~ ! FW). Upon Mg shortage, this value dis-
played three-fold increases reaching 6.41 nmol g~! FW (Figure 4B). A contrasting trend
was observed regarding MSI, whose value was decreased by 32.8% in Mg-deficient leaves
(Figure 4C).
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Figure 4. Effect of Mg deficiency on (A) Electrolyte leakage, (B) MDA, and (C) MSI of C. maritma plants
grown hydroponically in a complete or free-Mg medium. Values are means of 4 replicates. Means
followed by the different letters are significantly different at p < 0.05 according to Duncan’s test.
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2.5. Correlation Analysis and Principal Component Analysis (PCA)

A complimentary PCA and correlation analysis were also used to investigate corre-
lations among control and Mg-deficient plants in terms of the measured stress-related
parameters (Figure 5, Table 3). The first two principal components, F1 and F2, explained
75.81% and 7.91% of the cumulative variability of all the measured parameters (Figure 4).
Many positive and negative correlations between the different stress markers used in this
study were obtained. When Mg was omitted from the nutrient solution, numerous neg-
ative and significant correlations were observed for several biometric and physiological
parameters including shoot length, plant length, leaf number, leaf, stem and root fresh
weights, SHSI, PHSI, SFSI, RFSI, SDSI, RDSI, DMSI, photosynthetic pigments (Chla, Chlb
and Chla+Chlb), CSI, MSI, A, gs, E, WUE, and ICE (Table 3) with R? equal to 0.9, 0.69, 0.98,
0.77,0.87,0.84, 0.89, 0.67, 0.95, 0.92, 0.96, 0.86, 0.97, 0.93, 0.98, 0.96, 0.98, 0.94, 0.85, 0.89, 0.75,
0.76 and 0.91 for each parameter respectively. Such data support the negative impact of
Mg starvation on those physiological attributes that can be recognized as useful markers
of Mg deficiency stress in C. maritima. By contrast, positive correlations were observed
for some biochemical parameters, notably EL and MDA (Table 3), with R? equal to 0.94
and 0.95, respectively, depicting that Mg starvation-induced oxidative damage in leaves of
C. maritima.
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Figure 5. Principal component analysis (PCA). Circles () represent different analysis parameters.
Squares (M) represent different treatments (Control and (—) Mg). All studied parameters and the
different treatments are projected onto the F1-F2 principal factorial plane that explains 83.72% of the
variation. The analyzed parameters include shoot length, plant length, leaf number, leaf, stem and
root fresh weights, SHSI, PHSI, SFSI, RFSI, SDSI, RDSI, DMSI, photosynthetic pigments (Chla, Chlb,
Chl a+Chlb, Chla/b and Car, CSI, A, gs, E, WUE, IWUE, ICE, MSI, EL and MDA.
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Table 3. Pearson’s correlation matrix analyzes ‘Control (+Mg)" and Mg deficiency (—) treatments and
different studied parameters. The values mentioned in the table represent correlation coefficients
(r), with negative correlations in red and positive correlations in blue. Correlations are statistically
significant at the 0.05 (*), 0.01 (**), and 0.001 (***) levels. The bold entries mean that the difference
is significant.

Treatment

Variable +Mg —Mg
Shoot lenght 0.90 *** —0.90 ***
Plant lenght 0.69 ** —0.69 **
Leaf number 0.98 *** —0.98 ***

Leaf FW 0.77 *** —0.77 ***

Stem FW 0.87 *** —0.87 ***

Root FW 0.84 *** —0.84 ***

SHSI 0.89 *** —0.89 ***
PHSI 0.67 ** —0.67 **
SFSI 0.95 *** —0.95 ***
RFSI 0.92 *** —0.92 ***
SDSI 0.96 *** —0.96 ***
RDSI 0.86 *** —0.86 ***
DMSI 0.97 *** —0.97 ***
Chla 0.93 *** —0.93 ***
Chlb 0.98 *** —0.98 ***
Chla+Chlb 0.96 *** —0.96 ***
Car —0.263 0.263
Chla/b —0.631 0.631
CSI 0.98 *** —0.98 ***
EL —0.94 *** 0.94 ***
MDA —0.95 *** 0.95 ***
MSI 0.94 *** —0.94 ***
A 0.85 *** —0.85 ***
gs 0.89 *** —0.89 ***
E 0.75 * —0.75 *
WUE 0.76 * —0.76 *
IWUE 0.133 —0.133
ICE 0.91 *** —0.91 ***

3. Discussion

Mg is an essential element for plant growth and crop production. Yet, Mg nutrition is
often forgotten. In glycophytes, some effects of Mg deficiency were elucidated; meanwhile,
in halophytes, little information is available. Plants display an array of physiological and
biochemical responses to Mg shortage. Thus, scientists are generally turning to use such
tools as markers to study the effect of Mg deficiency in plants. In the present investigation,
several attributes were clarified in the halophyte C. maritima upon exposure to Mg deficiency
conditions. Our data demonstrated a significant impact of Mg shortage on plant growth
as leaf number, shoot and plant length, leaf; stem and root fresh weights were reduced
significantly by the lack of Mg in the medium. In fact, such parameters are considered as
important markers of stress effects on plant morphology [36]. Our results corroborated
previous findings obtained in different plant species. In Eustoma grandiflorum, a native
species of alkaline soils in Texas, Mg deficiency was found to reduce root dry weight
without affecting shoot dry matter [21]. Besides, low Mg supply impeded the growth of
both rice and cucumber cultivars [22]. As described previously in many plant species, Mg
deficiency altered the plant organ growth, leading to a significant decrease in the root/shoot
ratio [37—40]. In the halophyte S. carnosa, Mg deficiency lowered the accumulation of
biomass in the main plant organs [20]. Indeed, among the earliest and noticeable effects
of Mg deficiency in plants, a shrinkage and a reduction of the root system were recently
described by Ishfaq et al. [10], which may partially explain the decrease in root-to-shoot
dry weight ratio [40,41].
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Photosynthesis is the main driver of biomass production in plants and is regarded as
among the most important Mg-requiring physiological processes because many photosyn-
thetic enzymes are Mg-dependent [21,42]. In the present study, subjecting C. maritima to
long-term Mg deprivation decreased the net CO, assimilation, the stomatal conductance,
and the transpiration rate. Similar findings were obtained in barley, where a limitation
of CO, assimilation was noticed when plants encountered Mg deficiency [43]. Likewise,
Farhat et al. studied the effect of Mg deficiency on the halophyte S. carnosa and found
a significant decrease in the photosynthetic performance, especially when plants were
subjected to severe Mg shortage [20,44]. Such findings could be explained by the fact that
a high fraction of Mg is found in chloroplasts where it ensures an optimal functioning
of photosynthesis [21] and that Mg is an important component of the photosynthetic ma-
chinery as a cofactor involved in the biosynthesis of various enzymes, including those
involved in respiration and photosynthesis [45] and consequently its deficiency underpins
the photosynthetic performance of most crop species [20-22]. As shown recently by Pang
et al. and Jamali et al., Mg shortage adversely impacted the ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), the main enzyme involved in CO; fixation resulting in a
decrease in photosynthetic performance [46,47]. According to Meng et al., the reduction in
the photosynthetic activity observed in rice and cucumber upon Mg deprivation could be
due to a restriction in mesophyll conductance, maximum rate of electron transport as well
as the rate of ribulose 1,5-bisphosphate carboxylation [22].

The biochemical limitation of photosynthesis under Mg deficiency stress was asso-
ciated with low carboxylation efficiency suggesting a reduction in the maximum rate of
ribulose-1,5- bisphosphate (RuBP) carboxylation and the low regeneration rate of RuBP
driven by the electron transport rate as expected previously by Pena-Rojas [48]. Our
data corroborated those of Santos et al., who found that ICE decreased by 50% upon Mg
deficiency stress [49]. The decrease in ICE was also demonstrated under other nutrient
deficiencies, such as potassium deprivation [50].

Water use efficiency (WUE) represents the ratio of carbon gained through photosyn-
thesis per unit of water lost [51]. WUE was reduced by Mg deficiency, evidencing the
important role of Mg in maintaining the homeostasis of the ratio of water loss to carbon
gain (i.e., rate of CO, uptake for a given rate of water loss). Indeed, according to Waraich
et al., Mg can improve the WUE of crops through different mechanisms and thus should be
included in agricultural practices for improving agricultural water use efficiency [52].

Mg is the most essential element constituent in chlorophyll molecules, and its metabolism
regulates the photosynthetic process [45]. The reduction in chlorophyll concentration
was generally followed by a significant decline in photosynthesis because chlorophyll
metabolism is connected with photosynthesis [53]. In the current investigation, we found
that Mg shortage lowered the chlorophyll concentration of C. maritima plants. It has been
established that plants suffering Mg deprivation exhibited chlorosis phenomenon due to
the relative mobility of Mg from old to young leaves and the degradation of the chlorophyll
molecule by Mg-dechelatase which removes Mg?* from chlorophylls or chlorophyllides
to produce pheophytin or pheophorbide, respectively [54,55]. As reported previously by
the research group of Hermans, Mg deficiency led to an over-accumulation of sucrose
and starch, which reduced leaf chlorophyll content [56-58]. According to those authors,
once accumulated in the leaves, sucrose inhibits CHLOROPHYLL A/B BINDING PROTEIN
2 (CAB2) gene encoding a class of light-harvesting proteins which are defined by Chen
et al. as an antenna complexes of photosystem II (PSII) displaying important roles in the
light-harvesting which are likely complexed with the chlorophyll molecule [59] and thus
represents a crucial component of the light-harvesting complex II [59,60]. The inhibition of
CAB2 by Mg deprivation results in chlorophyll degradation.

The decrease of chlorophyll content in Mg-deficient leaves could be used as a marker
of oxidative damage because it results from the degradation of the chlorophyll molecule
by the excessive accumulation of reactive oxygen species (ROS) or the induction of Mg
dechelatase which initiates the first step of chlorophyll breakdown [53,61]. Such assumption
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was confirmed by the recent findings of Peng et al., who found that subjecting rice to Mg
shortage induced the accumulation of HyO,, which regulated the expression of STAY-
GREEN (OsSGR), a Mg de-chelatase gene involved in chlorophyll degradation [14]. Based
on these observations, those authors concluded that ROS acts via feedback to promote
the expression of genes encoding chlorophyll degradation [14]. Moreover, according to
Kobayashi and Tanoi, the degradation of the chlorophyll molecule upon Mg shortage is
attributed to ROS accumulation in chloroplasts rather than the lack of the element itself [62].

It has been reported that macronutrient deficiencies trigger oxidative stress [63] with
significant damage to several cell biological components. Our data depicted an increase in
MDA and El over a decrease in MSI upon Mg stress, indicating the induction of oxidative
stress in the leaves of C. maritima. We can speculate that Mg starvation-induced oxidative
stress via a decline of the effectiveness of the Calvin cycle, the utilization of reductive powers
(i.e., NADPH), and impaired photosynthetic electron transport rate [63-65]. Indeed, such
disruptions in the photosynthetic functioning are the main driver of ROS generation given
that free electrons can interact with the oxygen molecule to produce dangerous reactive
species such as superoxide anion and hydrogen peroxide [66] with harmful impacts on
lipids, proteins and nucleic acids.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

C. maritima is a halophyte species widely distributed in sandy coasts throughout
Europe, the Canary Islands, North Africa, and West Asia. It is known as an edible plant for
its high tolerance to several environmental cues [32-34,67]. Seeds of C. maritima were ger-
minated in Petri dishes for 7 days. Seedlings were later transferred to hydroponic medium
containing % Hoagland solution with the following composition: 2.5 mM Ca(NO3); - 4H;0,
2.5 mM KNOg, 0.5 mM KH;,POy, and 1 mM MgSO4 - 7H,O for the macronutrients and
23.2 uM H3BO3, 4.6 pM MnCl; - 4H,0, 1.2 uM ZnSOy - 7H20, 0.185 uM CuSOy - 5H,0,
and 0.06 uM Nay;MoOy - 2H,O for the micronutrients. After a pretreatment phase (15 d),
the seedlings were subjected to Mg deficiency by omitting the element from the nutrient
solution. 1 mM NaySO,4 was used instead of 1 mM MgSOy to maintain the concentrations
of SO4. The culture was carried out in a greenhouse located at the Center of Biotechnology
of Borj Cedria (North-East of Tunisia, 36°42'32.9” N, 10°25'40.9” E) under sunlight con-
ditions (23/25 °C). When visual symptoms of Mg deficiency and differences in biomass
production appeared (30 d), plants were harvested and separated into leaves, stems, and
roots, weighted for fresh weight determination, and then dried at 60 °C. Figure 6 illustrates
the experimental design used to investigate the responses of C. maritima to Mg deficiency.

Germination Pre-treatment phase Treatment phase Harvest

Seed germination Hydroponic Mg deficiency

7 d-old seedlings 15 d-old seedlings 52 d-old seedlings

in petri dishes growing

Figure 6. A summary of the experimental design used to investigate several biometric, physiological,
and biochemical responses of C. maritima to Mg deficiency.

4.2. Physiological Stress Markers

4.2.1. Photosynthetic Pigment Analysis

Chlorophyll concentration was assayed according to the Arnon method [68]. 100 mg
of fresh leaves were extracted in 5 mL of 80% (v/v) acetone. Absorbance was read at 665,
649, and 470 nm.

Chla was calculated as: (13.95 x A665) — (6.88 x A649).

Chlb was calculated as: (24.96 x A649) — (7.32 x A665).
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Total chlorophyll was calculated as: Chla + Chlb
Carotenoids were calculated as: (1000 x A470) — (2.05 x Chla — 114.8 x Chlb/245).

4.2.2. Chlorophyll Stability Index (CSI)

CSI was assayed using the method of Sairam et al. [69] and calculated as follows:
CSI = (Total chlorophyll of stressed plants/Total chlorophyll of control plants) x 100

4.2.3. Gas Exchange Analysis

Gas exchange parameters were measured in fully expanded leaves of C. maritima.
Net CO; assimilation rate (A), stomatal conductance (gs), and transpiration rate (E) were
assayed. All measurements were carried out in the growth chamber under sunlight con-
ditions and using a portable photosynthesis system (Licor gas analyzer; LC pro+, ADC
BioScientific Ltd. Hoddesdon, UK).

4.2.4. Water Use Efficiency (WUE), Intrinsic Water Use Efficiency IWUE), and
Instantaneous Carboxylation Efficiency (ICE)

WUE, IWUE and ICE Were Calculated according to Benslima et al. [50].

4.3. Biochemical Stress Markers
4.3.1. Relative Electrolyte Leakage (EL)

EL was determined using an electrical conductivity meter as described previously
by [70]. Fresh leaf samples were placed in 10 mL of deionized water and incubated in a
water bath at 25 °C for 2 h. The initial electrical conductivity C1 was read. Then, samples
were kept in the same solution, and the temperature was raised to 100 °C. After 30 mn,
samples were cooled at 25 °C, and the final electrical conductivity C2 was measured. EL
was quantified using the following equation:

EL = (C1/C2) x 100

4.3.2. Membrane Stability Index (MSI)

The membrane stability index was calculated as described previously by Maghsoudi
et al. [71] using the following equation:

MSI = (1 — C1/C2) x 100

4.3.3. Lipid Peroxidation

The quantification of malondialdehyde (MDA), the final product of lipid peroxidation,
was determined to assess the oxidative stress-induced degradation of unstable lipid per-
oxides using the thiobarbituric acid method [72]. Briefly, leaf samples were homogenized
in trichloroacetic acid (TCA, 0.1%) and then centrifuged at 15,000x g for 10 min. The su-
pernatant was collected and mixed with thiobarbituric acid (TBA, 0.5%), and the obtained
mixture was heated at 95 °C for 30 min. The samples were cooled in an ice bath and then
centrifuged at 10.000x g for 10 min at 4 °C. Finally, the absorbance was read at 532 nm
and 600 nm. MDA content was calculated using the molar extinction coefficient of MDA
(155 mM~ ! em~1).

4.4. Physiological Stress Tolerance Indices

Several indexes of stress tolerance were evaluated as described by Kausar et al. [73]
and Majeed et al. [74] using the following equations

PHSI = (Plant height of stressed plants/Plant height of control plants) x 100

RLSI = (Root length of stressed plants/Root length of control plants) x 100
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SFSI = (Shoot fresh weights of stressed plants/Shoot fresh weights of control plants) x 100
RFSI = (Root fresh weights of stressed plants/Root fresh weights of control plants) x 100
SDSI = (Shoot dry weights of stressed plants/Shoot dry weights of control plants) x 100
RDSI = (Root dry weights of stressed plants/Root dry weights of control plants) x 100
DMSI = (Dry matter of stressed plants/Dry matter of control plants) x 100

4.5. Statistical Analysis

The different biometric, physiological, and biochemical parameters were analyzed
statistically by one-way ANOVA (SPSS, Statgraphics Centurion 16.103), and the differ-
ent treatments were compared using Duncan’s test. Different letters denoted significant
differences at p < 0.05.

4.6. Principal Component Analysis

Correlations among the measured physiological and biochemical parameters and
treatments were explored by a Principal Component Analysis (PCA) using the XLSTAT
software (v. 2014).

5. Conclusions

Mg is a key macroelement for plant growth and development. Yet, few reports em-
phasizing the detection of its deficiency at the early development stage are available in
the literature. Using the halophyte C. maritima, several physiological and biochemical
markers were used for Mg shortage diagnostic. Overall, many biometric and physiological
attributes such as plant height, leaf number, biomass accumulation in the different plant or-
gans, photosynthetic parameters, and several stress tolerance indices, as well as biochemical
markers including EL, MDA, and MSI are useful tools to detect the degree of Mg deficiency
in C. maritima. Based on our findings, soil nutrient improvement should be included in
the management programs of coastal zones, which represent vegetation-rich biotopes for
several edible halophytes: a potential source of food with promising benefits, especially
under the current climate fluctuations to satisfy the increasing needs of populations.
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