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Abstract: Momordica charantia is a climbing plant often used in traditional medicine to treat a large
number of diseases, including diabetes. Salinity is one of the main stressors faced by plants, affecting
almost half of irrigated agricultural land and constantly increasing. The aim of this study was to
determine the resistance of some bitter cucumber genotypes to salt stress by means of dry matter
analysis, chlorophyll a, chlorophyll b, malondialdehyde content, chlorophyll fluorescence, and
potassium (K)/silicon (Si) and calcium (Ca)/silicon (Si) atomic ratios. Two varieties of bitter cucumber
and three experimental lines were used for the experiment. Treatments with different saline solutions
(100 mM of NaCl and 200 mM of NaCl) were applied and compared with an untreated control (0 mM
of NaCl). The analyses revealed an increase in the dry matter content of the varieties subjected to
salt stress. The Line 4 genotype showed an increase of up to 37.2% compared to the control when
treated with 200 mM of NaCl. Following the analysis of the chlorophyll a content, a 38% decrease in
its amount compared to the control was observed when treated with 100 mM of saline and 58.6%
when treated with 200 mM of NaCl in genotype Line 4. Line 3 showed an increase in the chlorophyll
a content compared to the control by 53% in the case of saline treatment with 200 mM. After the
analysis of the chlorophyll b content, a 44% decrease was revealed in the case of Line 4 in the variant
treated with 100 mM compared to the control and a 61% decrease in the 200 mM NaCl treatment.
The highest increase in the concentration of malondialdehyde was recorded in the case of Line 4 in
the variant treated with 200 mM of NaCl by 41% compared to the control. The maximum quantum
yield of PS II decreased in the treated variants compared to the control plants. The most pronounced
difference compared to the control was registered in the case of Line 4, where the treatment with
100 mM of NaCl caused a decrease of 16%, and the treatment with 200 mM caused a decrease of 25%.
In the case of the atomic ratio, significant decreases in K and Ca were observed in the NaCl-treated
variants. The observed differences between the values obtained for each studied genotype highlight
the different degrees of their resistance to salinity.

Keywords: salinity; chlorophyll; malondialdehyde; fluorescence; XRF

1. Introduction

Momordica charantia is a tropical climbing plant that belongs to the Cucurbitaceae
family. Popularly known as bitter cucumber, karela, bitter gourd, or balsam pear, this plant
is widely cultivated across South America, Asia, and East Africa [1]. Bitter cucumber is a
multifunctional species with a remarkably long history in traditional medicine. Momordica
charantia contains a wide range of biologically active chemicals, including proteins, alka-
loids, acids, saponins, flavonoids, steroids, triterpenes, and acids, due to which the plant
possesses antiviral, antifungal, antibacterial, antiparasitic, antitumor, and hypoglycemic
properties, being considered green insulin [2,3]. Bitter cucumber is valued in food for its
high content of minerals, such as copper (Cu), calcium (Ca), iron (Fe), magnesium (Mg),
and zinc (Zn).
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The fruit is rich in several nutrients, such as vitamins A and C, tocopherols, thiamine,
riboflavin, niacin, and folic acid [4,5].

Salt stress impacts nearly every aspect of plant physiology and biochemistry, leading
to significantly reduced crop yields. Salinity is an important abiotic stress factor that
affects almost 50% of irrigated agricultural lands [6]. Irrigated agriculture is expected to
increase by 20% in the coming years, which will likely expand the arable areas affected
by salinity, posing a serious challenge to food security [7]. Salinity causes two different
types of stress. The first stress observed is the osmotic stress that results from an imbalance
in the availability of water around plant roots caused by high concentrations of solutes
that significantly limit the growth and normal development of plants and the amount of
biomass [8]. The installation of osmotic stress causes low water absorption and reduced
plant growth. Plants can withstand the first phase of salt stress through a reduction in cell
expansion and stomatal closure [9].

In the second phase of salt stress, ions accumulated in plants reach toxic concentrations.
Both sodium (Na+) and chloride (Cl–) can have detrimental effects on plant metabolism,
causing poor nutrient uptake and deficient biomass accumulation [10,11].

The most important process that is affected in plants subjected to salt stress is photo-
synthesis. Maintaining photosynthesis at an optimal level depends on the protection of
pigments, which are defended from the slightest signs of the installation of abiotic stress
and, in general, considered an index of the plant’s level of adaptation to unfavorable envi-
ronmental conditions [12,13]. The increased salt content in photosynthetic tissues causes a
contraction of the thylakoid membrane. In chloroplasts, K+ is replaced by Na+, resulting
in damage to photosynthetic system II (PS II) [14–16]. This system is a protein–pigment
complex embedded in the thylakoid membrane of chloroplasts, having a role in capturing
sunlight and splitting the water molecule (H2O) into oxygen (O2), protons (H+), and elec-
trons (e−) [17]. Light energy captured by chlorophyll is used in photochemical reactions to
carry out the process of photosynthesis or, if in excess, is dissipated by non-photochemical
quenching (NPQ) with heat release or emitted as chlorophyll fluorescence. Chlorophyll flu-
orescence is a very sensitive indicator of changes in photosynthesis, which can be recorded
with great precision [18,19]. Photosystem II is a useful parameter to examine the effects of
adverse environmental conditions on crop photosynthetic performance. In conditions of
salt stress, the repair of photosystem II is affected, resulting in photoinhibition showing
higher values and photosynthetic efficiency showing lower values [20–23]. Another effect
of salt stress is the appearance of reactive oxygen species (ROS). Since the O2 concentrations
are high during photosynthesis, ROS are especially formed in the chloroplasts [24]. These
oxygen species can severely disrupt plant metabolism through oxidative damage to lipids,
proteins, and nucleic acids [25].

Lipid peroxidation causes the destruction of the integrity of cell membranes, which
affects their selective permeability, disrupting essential cellular processes. The destruction
of cell membranes leads to a process of protein lysis in the membrane system, thus affecting
vital functions such as signaling and the structural stability of the cell [26,27]. malondialde-
hyde (MDA) is one of the most important products of the peroxidation of polyunsaturated
fatty acids (PUFA) in biomembranes, which highlights the level of damage to the mem-
brane system under the action of salt stress [28]. MDA is considered a marker of oxidative
stress at the cellular level, with high levels indicating an intense lipid-peroxidation process
and, therefore, poor resistance. The presence of MDA triggers enzymatic defense mecha-
nisms [29,30]. Maintaining cell membrane stability is an indicator for identifying tolerant
and stress-sensitive varieties in many crops [29–32].

Maintaining an optimal supply of K and Ca, as well as reducing Na absorption, are
essential features of a high tolerance to salt stress. A high cytosolic K/Na ratio is specific to
tolerant cultivars and is used as a parameter to identify salt-tolerant cultivars. Varieties
with higher salt tolerance have lower K efflux. Salt stress causes an increase in the cytosolic
free Ca2+ concentration, leading to various downstream reactions. Ca is essential for
maintaining selective K uptake by the plant at high Na concentrations [33–35].
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Salinity causes a negative economic impact, both due to the reduction in agricultural
production and the need to manage saline soils. Due to the nutritional and medicinal
importance of bitter cucumber, the interest in this plant is constantly growing. Its culture
has become more and more important with its spread in different areas. In the specialized
literature, there are numerous scientific works that deal with the problem of the resistance
of bitter cucumber to salt stress, and, in particular, the aim is to increase the potential for
adaptation to salinity by applying treatments such as methionine, jasminic acid, proline,
and ascorbic acid [12,36,37].

The aim of this work was to identify the behavior of some genotypes of Momordica
charantia under salt stress. The aim was to determine the adaptation capacity of some
genotypes (Brâncusi, Rodeo, Line 1, Line 3, and Line 4) in order to identify the tolerant
ones with the aim of obtaining favorable crop yields on saline soils. In order to determine
the level of tolerance, some parameters specific to salt stress (physical, biochemical, and
physiological) were monitored, such as chlorophyll a, chlorophyll b, malondialdehyde,
Fv/Fm, F0, Fm, dry matter, and K/Si ratios, respectively, Ca/Si.

2. Materials and Methods
2.1. Procedure for Obtaining Plant Material

The plant material used in this analysis consisted of leaves from various bitter cucum-
ber genotypes. The purpose of using these genotypes is the possibility of their cultivation
in the field under the conditions of the temperate continental climate specific to Romania.
The difference between the genotypes lies in the appearance and size of the fruits (Figure 1).
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Figure 1. The appearance of fruits of different sizes for the Momordica charantia genotypes studied:
(a) Brâncusi variety fruits; (b) Fruit Line 3; (c) Fruit Line 4; (d) Fruits of the Rodeo variety; (e) Fruit
Line 1. A description of each genotype has been added to the Supplementary Information section,
Table S1.

To obtain them, seeds of equal size of bitter cucumbers belonging to two varieties
(Brâncusi and Rodeo varieties) and three experimental lines (Line 1, Line 3, and Line 4) were
sown in cells in the greenhouse of the Research Institute for Agriculture and Environment
(ICAM) belonging to “Ion Ionescu de la Brad” University of Life Sciences, Ias, i, Romania.
For seed germination, a temperature of 28 ◦C was fixed in the greenhouse. After the
germination of the seeds, when the plants were in phenophase 102 of the BBCH scale
(corresponding to the presence of the first two true leaves on the main stem), they were
moved to vegetation pots with a volume of 12 L. The substrate used both for germination
and in the vegetation pots was the same. Information about the properties of the substrate
used can be found in Supplementary Information Table S2. For each genotype, 9 plants
were used and were divided as follows: 3 control plants, 3 plants treated with 100 mM
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saline (V1), and 3 plants treated with 200 mM saline (V2). The experiment was moved
to the Solarium of the University, where the humidity was about 60% and the and the
temperature was identical to that outside. Thus, the temperature during the day was
between 26 and 28 ◦C, and during the night, it was between 20 and 22 ◦C. To determine
the effect of salinity on the 5 genotypes, the plants were treated with saline solutions
at concentrations of 0 mM of NaCl—control (M), 100 mM of NaCl—V1, and 200 mM
of NaCl—V2. In total, three treatments were applied in three different developmental
phenophases approximately 10 days apart. The first treatment was applied in phenophase
201 BBCH (representing the formation of the first lateral shoot), the second treatment was
applied in phenophase 501 BBCH (representing the formation of the first flower on the
plant), and the last treatment was applied in phenophase 701 BBCH (being equivalent to
the emergence of the first fruit). The plants were treated with an amount of 300 mL of
saline solution per treatment. The plant growth procedure was similar to that presented
in our previous work on bitter cucumber [38,39]. The leaves used for dry matter analysis,
XRF analysis, malondialdehyde, and chlorophyll pigments were harvested 7 days after the
application of the last treatment. Fluorescence analysis was performed in the field on day
7 after the last treatment. Analyzes were performed using fully mature leaves located on
the mid-section of the main shoot.

2.2. Procedure for Determination of Dry Matter

A known amount of fresh leaves was oven-dried for 5 h at 105 ◦C. The weights were
considered constant when they remained unchanged between two weighings, indicating
that the leaves were perfectly dry. Once identical values were obtained at two weigh-
ings, the percentage of dry matter was calculated. Three repetitions of this analysis were
performed and averaged.

2.3. Procedure for Determining the Height and Number of Fruits

The average height of the plants was obtained by measuring the plants with the help
of a tape measure and making the averages for each variant of the 5 genotypes. For the
average number of fruits per plant, fruit counts were made on the plants of each variant,
and the averages were then made. Biometric analyses were carried out 7 days after the
application of the last treatment and were carried out on each plant from the analyzed
variants (M, V1, and V2) of each genotype.

2.4. Procedure for the Determination of Photosynthetic Pigments

A sample of 0.5 g was used for the analysis of photosynthetic pigments. A mixed
sample was prepared by shredding and homogenizing nine leaves (three each from three
plants of the same variant) in 80% acetone—Merck (Darmstadt, Germany). The average
sample was made to avoid high consumption of chemicals; thus, only 1 replication was
made for each variant (M, V1, and V2) of the 5 genotypes. The extraction was carried
out using a Gooch filter. The resulting extract was brought to a final volume of 50 mL
with acetone. Readings for the determination of chlorophyll a and chlorophyll b were
taken at 663 and 645 nm. Quantification of absorbances was carried out using specific
calculation formulas:

Chlorophyll a (mg/g) = 12.25·A663 − 2.79·A645

Chlorophyll b (mg/g) = 21.5·A645 − 5.1·A663

where A663 and A645 represent the absorbances measured at 645 nm and 663 nm [40,41].

2.5. Procedure for Determination of Lipid Peroxidation

The level of lipid peroxidation was studied by measuring the amount of malondi-
aldehyde resulting from the reaction with thiobarbituric acid (TBA)—Merck—according
to the method proposed by Heath and Packer in 1968. A 0.5 g mixed sample (prepared as
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described for chlorophyll analysis) was used for each measurement. The plant material
was homogenized with 10 mL of trichloroacetic acid (TCA)—Merck—at 5% concentration,
and the homogenate was centrifuged for 10 min at 15,000 revolutions per minute. A total
of 1 mL of the supernatant was pipetted, then 2 mL of 0.5% TBA and 2 mL of 20% TCA
were added. The obtained mixture was heated at 95 ◦C for 30 min; then, to stop the
reaction, it was rapidly cooled in an ice bath. The product was centrifuged for 10 min
at 10,000 revolutions per minute. The absorbance of the obtained supernatant was read
at 532 nm. The amount of MDA was estimated using the molar extinction coefficient,
115 mM−1cm−1. This coefficient was reported in the specialized literature. Using the coef-
ficient resulted in the formula C(mM) = A/115 [42]. As in the case of chlorophyll, the aim
was to reduce the excessive consumption of chemicals, which is why only one replication
was carried out.

2.6. The Procedure for Determining the Parameters F0 and Fm and the Ratio of Fv/Fm

The maximum quantum yield of PS II represents its maximum efficiency and is
calculated based on the following formula: Fv/Fm. This ratio is given by the device but can
also be calculated using the following formula: (Fm − F0)/Fm. The fluorometer is equipped
with a light source that is applied to the plant material and determines the excitation of the
chlorophyll in the sample, thus determining the fluorescence. The minimum fluorescence
yield in the absence of photosynthetic light (F0) and the maximum fluorescence yield in
the absence of photosynthetic light (Fm) are values determined by the apparatus together
with the Fv/Fm ratio. Six reads were taken for each variant of the five genotypes (M, V1,
and V2). Data used are the mean of six replicates. The analyses performed in this paper
were chosen to cover as many aspects of salt stress as possible. Thus, determinations were
pursued for oxidative stress, ionic stress, and osmotic stress.

2.7. Characterization Methods

UV-Vis spectra were recorded on a Specord 210 Plus—Analitik Jena (Jena, Germany)
spectrophotometer in 1 cm diameter cuvettes. Fluorescence was quantified using the
Chlorophyll Fluorometer OS30p+—Opti-Sciences, Inc. (Huston, TX, USA). The device
offers direct reading and graphical display of Fv/Fm and Fv/F0 measurements. It fea-
tures a red Strasser OJIP light source with self-calibration at 3500 µmole. The fluorimeter
displays an automatic 8-point, 25 ms rolling average to determine the maximum fluo-
rescence yield in the absence of photosynthetic light (Fm) [43]. The presence and ratio
of K to Ca were determined using an EX-2600 X-Calibur SDD energy-dispersive X-ray
fluorescence (EDXRF) system—Xenemetrix Ltd. (Migdal HaEmek, Israel). Apart from the
qualitative assessment, we performed a quantitative evaluation of the K content, consid-
ering that Si is constant. Measurements were performed under identical conditions for
all samples (40 µA, 15 kV, 10 s, in air). The Kα1 peaks for Ca and K were identified, and
their intensity (in Counts) was used to calculate the K/Si and Ca/Si ratios using the follow-
ing formulas: K/Si = (IK/39.1)/(ISi/28) and Ca/Si = (ICa/40)/(ISi/28). The analysis was
performed directly on the biological material; being a mass analysis, a single replication
was performed.

2.8. Statistical Analysis

Two-Way Anova, Student’s t-test, Pearson’s Correlation Coefficient, and principal
component analysis (PCA) statistical tests were used in this paper. The Two-Way Anova test
was carried out using Microsoft Excel 2016 in order to evaluate the influence of two factors
on one variable. In this study, the influence of saline treatments and studied genotypes
were analyzed [44,45]. The Kolmogorov–Smirnov test was used to determine the normal
distribution of the data in order to perform the Two-Way Anova Test.

Student’s t-test was performed using Microsoft Excel to test the differences between
the means of two independent groups of data. In the case of the present study, group I was
represented by the values obtained in the control of each of the three analyses on which it
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was performed, group II was represented by the values for the treatment with 100 mM of
NaCl, and group III was represented by the values obtained when treated with 200 mM of
NaCl [46].

The PCA analysis was performed for a better visualization of the obtained data. This
was done with Origin 2021 9.8.0.200.

3. Results
3.1. Chlorophyll a and Chlorophyll b

The amounts of chlorophyll a varied according to the concentration of the applied
saline treatment (Figure 2A). For the control, the values fluctuated between 8.45 mg/mL in
the case of Line 3 and 13.67 mg/mL for Line 4. The variants treated with 100 mM of NaCl
presented chlorophyll values between 8.34 mg/mL in Line 4 and 11.57 mg/mL in the case
of the Rodeo variety. In the variants treated with 200 mM of NaCl, the chlorophyll a values
were between 5.65 mg/mL in the case of Line 4 and 12.99 mg/mL in Line 3.
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Figure 2. (A) Effect of salt stress on the concentration of chlorophyll a and chlorophyll b in the leaves
of bitter cucumber genotypes expressed in mg/mL. Two-Way Anova test showed a highly significant
statistical influence of treatments on chlorophyll a and b content (p < 0.001). (B) The effect of salt stress
on plant height measured in cm and the number of fruits per plant. Error bars represent standard
error (0.05).

In the case of the control plants, the chlorophyll b (Figure 2A) values fluctuated
between 2.31 mg/mL in the case of Line 3 and 3.5 mg/mL in the Rodeo variety. In the
plants from the variants treated with 100 mM of NaCl, the lowest value was observed in
the case of Line 4 (1.91 mg/mL) and the highest value in the case of the Brâncusi variety
(2.69 mg/mL). Regarding plants treated with the 200 mM saline solution, the lowest value
was recorded in Line 4 (1.34 mg/mL), and the highest value of chlorophyll b was noted in
Line 3 (3.44 mg/mL). Figure S2 shows the appearance of plants subjected to saline stress
compared to untreated plants in terms of the amount of chlorophyll. The plants in border
A were subjected to salt stress, and those in border B were control plants.

3.2. Height and Average Number of Fruits

In the case of control variants, the highest average plant height was noted in Line 4 (202 cm),
and the lowest average height was observed in Line 1 (188 cm) (Figure 2B). In the case of the
variants subjected to the saline treatment with 100 mM, the average height values fluctuated
between 174 cm in Line 1 and 194 cm in Line 3. In the variants that were subjected to the
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treatment with 200 mM of NaCl, the highest value was recorded in Line 3 (206 cm), and the
smallest was recorded in Line 1 (165 cm). In the case of the average number of fruits per
plant in the control variants, the highest value was recorded in Line 1 (4), and the lowest
value was recorded in Line 3 (2.67) (Figure 2B). In the variety treated with 100 mM saline
solution, the most fruits were found in the Rodeo and Linia 3 varieties (3.33), and the fewest
fruits were found in the Brâncusi variety (1.67). The variant treated with 200 mM of NaCl
presented a maximum number of fruits per plant of four in Line 3 and a minimum number
of one in the Brâncusi variety and Line 4.

3.3. Dry Matter

After analyzing the data in Figure 3a, a fluctuation of the percentage values of the
amount of dry matter was observed in the control plants between 16.29% in Line 4 and
20.15% in the Rodeo and Line 1 genotypes. In the case of treatment with 100 mM saline,
the values fluctuated between 20.55% in Line 1 and 22.98% in the Brâncusi variety. Treat-
ment with 200 mM of NaCl determined a minimum value of dry matter in genotype
Line 3 (21.85%) and a maximum value in genotype Line 1 (22.56%).

Horticulturae 2024, 10, x FOR PEER REVIEW 7 of 18 
 

 

3.2. Height and Average Number of Fruits 
In the case of control variants, the highest average plant height was noted in Line 4 

(202 cm), and the lowest average height was observed in Line 1 (188 cm) (Figure 2B). In 
the case of the variants subjected to the saline treatment with 100 mM, the average height 
values fluctuated between 174 cm in Line 1 and 194 cm in Line 3. In the variants that were 
subjected to the treatment with 200 mM of NaCl, the highest value was recorded in Line 
3 (206 cm), and the smallest was recorded in Line 1 (165 cm). In the case of the average 
number of fruits per plant in the control variants, the highest value was recorded in Line 
1 (4), and the lowest value was recorded in Line 3 (2.67) (Figure 2B). In the variety treated 
with 100 mM saline solution, the most fruits were found in the Rodeo and Linia 3 varieties 
(3.33), and the fewest fruits were found in the Brâncusi variety (1.67). The variant treated 
with 200 mM of NaCl presented a maximum number of fruits per plant of four in Line 3 
and a minimum number of one in the Brâncusi variety and Line 4. 

3.3. Dry Matter 
After analyzing the data in Figure 3a, a fluctuation of the percentage values of the 

amount of dry matter was observed in the control plants between 16.29% in Line 4 and 
20.15% in the Rodeo and Line 1 genotypes. In the case of treatment with 100 mM saline, 
the values fluctuated between 20.55% in Line 1 and 22.98% in the Brâncusi variety. Treat-
ment with 200 mM of NaCl determined a minimum value of dry matter in genotype Line 
3 (21.85%) and a maximum value in genotype Line 1 (22.56%). 

 
Figure 3. (a) Effect of salt stress on dry matter percentage in bitter cucumber leaves for each studied 
genotype. Error bars represent the standard deviation (n = 3). (b) The effect of salt stress on the 
concentration of malondialdehyde in the leaves of the bitter gourd varieties and lines studied after 
the application of the third treatment. Values are expressed in mM. Error bars represent the standard 
error (0.05). The Two-Way Anova test showed a highly significant statistical influence of treatments 
and genotypes on malondialdehyde concentration (p < 0.001). 

3.4. Malondialdehyde (MDA) 
Malondialdehyde (Figure 3b) showed control plant values between 1.88 mM in the 

case of Line 3 and 2.53 mM in Line 4. In the case of the variants treated with a saline 
solution of 100 mM of NaCl, the highest value of malondialdehyde was recorded in Line 
1 (2.33 mM), and the highest value was recorded in the Rodeo variety (2.74 mM). Plants 

Figure 3. (a) Effect of salt stress on dry matter percentage in bitter cucumber leaves for each studied
genotype. Error bars represent the standard deviation (n = 3). (b) The effect of salt stress on the
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the application of the third treatment. Values are expressed in mM. Error bars represent the standard
error (0.05). The Two-Way Anova test showed a highly significant statistical influence of treatments
and genotypes on malondialdehyde concentration (p < 0.001).

3.4. Malondialdehyde (MDA)

Malondialdehyde (Figure 3b) showed control plant values between 1.88 mM in the case
of Line 3 and 2.53 mM in Line 4. In the case of the variants treated with a saline solution of
100 mM of NaCl, the highest value of malondialdehyde was recorded in Line 1 (2.33 mM),
and the highest value was recorded in the Rodeo variety (2.74 mM). Plants treated with
a 200 mM NaCl saline solution showed malondialdehyde values between 2.40 mM in
Line 1 and 3.59 mM in Line 4.

3.5. Maximum Quantum Yield of PS II (Fv/Fm)

In Figure 4a, a fluctuation of the values was observed in the control variants; the
values fluctuated between 0.75 in the Brâncusi variety and 0.8 in Line 4. In the variant
treated with 100 mM of NaCl, the highest value was recorded in Line 3 (0.74), and the
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lowest was recorded for the Rodeo variety (0.67). In the case of the variant treated with the
most concentrated saline solution, the maximum value of the Fv/Fm ratio was recorded in
Line 3 (0.71), and the minimum value was recorded in the case of the Rodeo variety (0.61).
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Figure 4. The effect of saline stress on some fluorescence parameters: (a) the maximum quantum
yield of PS II; (b) minimum fluorescence yield in the absence of photosynthetic light; (c) maximum
fluorescence yield in the absence of photosynthetic light. The Two-Way Anova test showed a highly
significant statistical influence of the genotypes (p < 0.005) and a distinctly significant influence
(p < 0.005) of the treatments on the maximum quantum yield of PS II (p < 0.001). Bars represent
standard error (0.05).

3.6. Minimum Fluorescence Yield in the Absence of Photosynthetic Light (F0)

Following the analysis of the values of the minimum fluorescence yield in the absence
of photosynthetic light (F0), values were recorded in the case of untreated controls between
198 in Line 4 and 230 in Line 1 (Figure 4b). When applying the 100 mM saline treatment,
the lowest value for F0 was recorded in Line 4 (246) and the highest in Line 1 (275). In the
case of the 200 mM saline treatment, the highest value was recorded in Line 1 (311), and
the lowest was recorded in Line 3 (273).
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3.7. Maximum Fluorescence Yield in the Absence of Photosynthetic Light (Fm)

The maximum fluorescence yield in the absence of photosynthetic light (Fm) showed,
in the case of the untreated control, the lowest value in the Brâncusi variety (891) and the
highest value in Line 1 (1006) (Figure 4c). In the variant treated with a saline solution of
100 mM of NaCl, the maximum value of Fm was recorded in Line 3 (962), and the minimum
value was observed in the Rodeo variety (789). In the case of treatment with 200 mM of
NaCl, the maximum value was observed in the case of Line 3 (927), and the minimum
value was observed in the case of Line 4 (758).

3.8. X-ray Fluorescence (XRF)

In the case of this XRF analysis, Si was used as a reference, yielding quantitative K/Si
and Ca/Si ratios. The reports are presented in Table 1 and in Figure S1. A strong positive
linear correlation was registered between the two reports (r = 0.8), which implies a similar
behavior of calcium and potassium in the studied genotypes. In the case of the control
variant, the highest value of the two ratios was observed in Brâncus, i, and the lowest value
was noted in Line 1. With the 100 mM NaCl treatment, the highest values of the ratios were
noted in the Brâncusi variety, and the lowest values were noted in Line 4. In the version
treated with 200 mM saline solution, the lowest values of the ratios were noted in Line 3,
and the lowest values were in the Rodeo variety.

Table 1. Analysis of elements K, Ca, and Si performed via XRF analysis.

K (Counts) Kat Ca (Counts) Caat Si (Counts) Siat K/Si Ca/Si

BM 2129 54.45013 2801 70.025 43 1.535714 35.4559 45.59767

BV1 1287 32.9156 2575 64.375 50 1.785714 18.43274 36.05000

BV2 2299 58.79795 3401 85.025 148 5.285714 11.12394 16.08581

L3M 2346 60.00000 2649 66.225 82 2.928571 20.4878 22.61341

L3V1 2304 58.92583 2659 66.475 85 3.035714 19.41086 21.89765

L3V2 2178 55.70332 2292 57.300 79 2.821429 19.74295 20.30886

L4M 3654 93.45269 4397 109.925 71 2.535714 36.85458 43.35070

L4V1 2172 55.54987 4250 106.250 147 5.250000 10.58093 20.23810

L4V2 513 13.12020 970 24.250 41 1.464286 8.960140 16.56098

RM 4366 111.6624 3524 88.100 81 2.892857 38.59935 30.45432

RV1 2083 53.27366 3925 98.125 98 3.500000 15.22104 28.03571

RV2 361 9.232737 531 13.275 31 1.107143 8.339240 11.99032

L1M 881 22.53190 2980 74.500 93 3.321429 6.783810 22.43011

L1V1 1321 33.78517 3138 78.450 105 3.750000 9.009378 20.92000

L1V2 1036 26.49616 3478 86.950 125 4.464286 5.935140 19.47680

The sample codes are formed by the initials of the genotypes followed by the applied treatment: B—Brâncusi,
L3—Line 3, L4—Line 4, R—Rodeo, L1—Line 1; M—control variant, V1—variant treated with 100 mM saline solu-
tion, V2—variant treated with 200 mM saline solution. The analysis presents the values of Kat—atomic potassium,
Caat—atomic calcium, Siat—atomic silicon, K/Si—potassium–silicon ratio, Ca/Si—calcium–silicon ratio.

The Kolmogorov–Smirnov statistical test confirmed the normal distribution of the
data used to perform the Two-Way Anova tests. According to the Two-Way Anova test
(Table S3), the amounts of chlorophyll a and chlorophyll b showed statistically highly
significant differences (p < 0.001) in the case of the variable a Treatment and statistically
insignificant (p > 0.1) in the case of the variable b Genotype. The Two-Way Anova test
highlighted that the differences recorded between the chlorophyll values in the studied
variants were due to the applied NaCl treatments and not to genotypes.

The Two-Way Anova test (Table S3) revealed highly significant differences (p < 0.001)
in the case of malondialdehyde, both in the case of the variable a treatment and in the case
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of the variable b genotype. According to the results of the Anova test, it could be concluded
that the values of malondialdehyde are influenced both by the saline treatments applied
and by the studied bitter cucumber genotypes. It can be admitted that the null hypothesis
(H0) was rejected, and the alternative hypothesis (H1) was accepted.

The Two-Way Anova test (Table S3) revealed statistically significant (p < 0.001) dif-
ferences in the values of the maximum quantum yield of PS II in the case of the variable
Genotype and distinctly significant differences (p < 0.005) in the case of Treatment. Fol-
lowing these observations, it was concluded that H0 was rejected and H1 was accepted in
both cases.

Following the analysis of the results obtained after applying the Student t-test on
chlorophyll a and chlorophyll b (Table 2), a significant difference (p one-tail < 0.05) was
observed between the control (I) and the variant treated with 100 mM of NaCl (II) and a
weak statistical difference (p one-tail < 0.1) in the case of the control (I) and the variant
treated with 200 mM of NaCl (III). There were no statistically significant differences between
the two treatments (II and III) (p one-tail > 0.1). The weak statistical differences or their
absence were due to the different behavior of chlorophyll a and chlorophyll b in the
case of Line 3, where their values increased in the treated plants compared to the other
studied genotypes.

Table 2. Statistical differences between Momordica charantia genotypes between the control variant
and the variants treated with saline solutions in terms of chlorophyll, malondialdehyde, and the
maximum quantum yield of PS II.

Variants Compared t-Stat P(t ≤ t) One-Tail t Critical One-Tail Significance

Chlorophyll a and chlorophyll b

I-II 1.927308 0.043021 1.833113 **
I-III 1.601454 0.07187 1.833113 *
II-III 1.076179 0.154924 1.833113 NS

Malondialdehyde

I-II −21.2204 1.4610−5 2.131847 ****
I-III −6.31858 0.001605 2.131847 ***
II-III −2.08189 0.052898 2.131847 *

The maximum quantum yield of PS II

I-II 4.531843 0.005281 2.131847 ***
I-III 4.503024 0.005399 2.131847 ***
II-III 2.442457 0.03551 2.131847 **

NS—statistically insignificant differences (p > 0.1); *—slightly significant statistical differences (p < 0.1);
**—significant statistical differences (p < 0.05); ***—distinctly significant statistical differences (p < 0.005);
****—highly significant statistical differences (p < 0.001).

The Student’s t-test (Table 2) revealed highly significant differences (p one-tail < 0.001)
from a statistical point of view between the control (I) and the variant treated with 100 mM
of NaCl (II). In the case of the control (I) and the variant treated with 200 mM of NaCl,
distinctly significant statistical differences were observed (p one-tail < 0.005), and weakly
significant statistical differences were recorded between the two treatments with saline
solutions (II and III) (p one-tail < 0.1). Based on the observations made (Table 2), it could be
concluded that the null hypothesis (H0) was rejected, and the alternative hypothesis (H1)
was accepted.

The Student’s t-test (Table 2) revealed distinctly statistically significant differences
(p ≤ 0.01) in the fluorescence values in the case of comparisons between the untreated
control (I) and the treatment with 100 mM of NaCl (II), as well as with the treatment
with 200 mM of NaCl. In the case of the two treatments (II and III), the differences in
the chlorophyll fluorescence values were statistically significant (p ≤ 0.05). Following the
observations made on the basis of the Student’s t-test, it could be concluded that H0 was
rejected and H1 was accepted.
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Due to the large amount of analyzed data, it was decided to use principal component
analysis for a more efficient compression (Figure 5). The results of the PCA analysis
indicated that the first two components had an eigenvalue > 1. According to the biplots,
the genotypes were spread across three-quarters of the biplot, indicating a significant level
of genetic variation among the tested genotypes. Biplot analysis was performed with two
main factors (F1 and F2) for both the control and the two saline treatments (100 mM of
NaCl and 200 mM of NaCl). The control biplot (Figure 5A) explained 90.27% of the total
variability, and it can be seen that all variables contribute almost equally to the variance
explained by PC1 and PC2. The PCA biplot for 100 mM of NaCl (Figure 5B) explained
75.84% of the total variability, showing that BM%, CI b, Fm, and Fv/Fm were the most
discrepant parameters. In the case of this biplot, the most sensitive genotype to salt stress
can be observed: Line 4, which is very weakly correlated with malondialdehyde, because it
increases in sensitive genotypes. The PCA biplot for the 200 mM NaCl treatment (Figure 5C)
showed 81.78% of the total variability, reflecting that F0, K/Si, Cl a, and Cl b are the most
discriminated traits. In the case of this representation, a much better correlation of the
sensitive genotype was observed with malondialdehyde, but also with biomass because the
percent dry matter tends to increase in genotypes affected by stress. The cluster formed by
Linia 4, Rodeo, and Brâncus, i also highlights the poor resistance of the varieties to salinity.
The most resistant genotype, Line 3, is strongly correlated with the parameters K/Si, Fv/Fm,
Cl a, Cl b, and Ca/Si, which represent the main parameters of salinity resistance. Similar
results have been reported in the specialized literature [47–49].
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Figure 5. Principal component analysis for control (A), 100 mM of NaCl (B), and 200 mM of
NaCl (C). BM%—biomass represented by dry matter determined as a percentage; Cl a—chlorophyll a;
Cl b—chlorophyll b; MDA—malondialdehyde; F0—minimum fluorescence yield in the ab-
sence of photosynthetic light; Fm—maximum fluorescence yield in the absence of photosyn-
thetic light; Fv/Fm—the maximum quantum yield of PS II; K/Si—potassium—silicon ratio;
Ca/Si—calcium—silicon ratio; height; Fr. Nr.—fruit number.

4. Discussion
4.1. Dry Matter

The accumulation of osmolytes in plant cells is indispensable for achieving osmotic
balance under saline conditions. Organic substances with the role of osmolytes, such as
sugars and amino acids, determine a high concentration of the vacuolar juice necessary
to absorb water from saline soils [50]. This effect was highlighted by the study of the
five genotypes of Momordica charantia. Following the analysis of the data in Figure 3a, a
general tendency to increase the percentage amount of dry matter was observed in the
variants subjected to saline stress compared to the control values. The biggest difference
compared to the control variant was noted in the Line 4 genotype, where the treatment
with 100 mM of NaCl caused a 29% increase in the amount of dry matter compared to the
untreated control, and the treatment with 200 mM of NaCl caused a 37.2% increase. These
pronounced increases highlight a poor adaptation to salt stress. This result is consistent
with our previous study on metabolites accumulated in bitter cucumber genotypes, where
the highest amounts of proline and aromatic amino acids were recorded in Brâncusi and
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Linia 4 [39]. Line 3 showed the lowest increase in percent dry matter compared to the
untreated control. Treatment with 100 mM of NaCl caused a 6% increase in dry matter
and 200 mM of NaCl 8%. A high amount of osmolytes, although it does not disrupt
the vital activity of the plant, implies a directed energy consumption in this sense and
energy used under normal conditions in growth and development processes, so through
the analysis, we can deduce a lower total amount of biomass in plants that present high
amounts of osmolytes.

4.2. Plant Height and Number of Fruits

Through osmotic stress and induced ion imbalance, salt stress affects plant growth and
development [51]. The general tendency in the studied genotypes was to reduce the plant
height and the number of fruits. The strongest decrease in height was achieved in Line 4,
where the variant treated with 100 mM of NaCl presented a 7% decrease compared to the
untreated control, and in the 200 mM NaCl variant, 14% (Figure 2B). Similar results were
reported by Sunjeet Kumar et al. in their study on stress resistance of some genotypes of
Oenanthe javanica. The authors state that the strongest decreases were recorded in tolerant
genotypes [52]. Genotype Line 3 showed a slight increase in the height of stressed plants
typical of resistant genotypes. In plants treated with 100 mM of NaCl, the increase was
1.5% compared to the control, and in plants treated with 200 mM of NaCl, the average
height increased by 6% compared to the control. This behavior can be explained by the
installation of the first stress phase according to the bifactorial model proposed by Munns,
unlike the other studied genotypes that passed into the ionic stress phase. Between the
analysis of the height and the average number of fruits, a strong positive linear correlation
r=0.73 was recorded, which implies that with the decrease in the height of the plants, the
number of fruits also decreased.

4.3. Chlorophyll a and Chlorophyll b

According to the review by Shanhu Hao et al. (2021), the amount of chlorophyll
decreases in sensitive plants when subjected to salt stress [53]. Following the analysis
of the chlorophyll a values, a general tendency to decrease its amount was observed in
the variants treated with saline solutions, except for Line 3, where a directly proportional
increase in chlorophyll a was noted with the concentration of the applied saline solution
(Figure 2A). In this genotype, compared to the untreated control, the amount of chlorophyll
a in the treatment with 100 mM of NaCl increased by 8.4%, and in the case of the variant
treated with 200 mM of NaCl, a value of chlorophyll a 53% higher than the control was
observed. This increase in the amount of chlorophyll highlights not only the increased
resistance of the genotype to salt stress conditions but also the fact that the plants fit into
the biphasic model proposed by Munns in 1993 [50]. It can thus be deduced that Line 3 is
in the osmotic stress phase, which explains the increases observed compared to the other
Momordica charantia genotypes that are in the toxic stress phase. Keeping plants from
Line 3 for a longer period of time in the osmotic stress phase, correlated with an increase
in the amount of chlorophyll, can be considered a mechanism of their resistance to saline
stress compared to the other studied genotypes. The strongest decrease in the amount of
chlorophyll was noted in Line 4. In this genotype, the amount of chlorophyll decreased
by 38% in the variant treated with 100 mM saline solution and by 58.6% compared to the
untreated control in the variant treated with 200 mM of saline. The reduced amount of
chlorophyll in the case of the Line 4 genotype can be seen in Figure S2A compared to control
plants in Figure S2B. A study by Khalid A. Al-Gaadi et al. on tomato genotypes treated
with salt water revealed a pronounced decrease in the amount of chlorophyll, showing
similarities with the results obtained in the present study [54].

The correlation between chlorophyll b and chlorophyll a was r = 0.98 (Table S4). Due
to this aspect, the behavior of chlorophyll b was almost identical to that of chlorophyll
a. A general trend of decreasing chlorophyll b can be observed in all studied genotypes
except for Line 3, where the values in the case of the treated variants increase by 5.6% in
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the treated variant with 100 mM of NaCl and by 49% in the version treated with 200 mM of
NaCl (Figure 3). According to specialized literature, in the case of salinity-resistant plants,
chlorophyll increases to maintain the normal physiological state even under unfavorable
conditions [55]. Among the genotypes studied, the most pronounced decrease was recorded
in Line 4, where the treatment with 100 mM of saline caused a decrease in the amount of
chlorophyll b by 44% compared to the untreated control. The treatment with 200 mM of
saline resulted in a 61% decrease in chlorophyll b compared to the control.

4.4. Malondialdehyde

After analyzing Figure 3b a trend of increasing malondialdehyde (MDA) values was
observed. A study by Jin Cheng Xing et al. (2019) on the effect of salinity on the growth
of Portulaca oleracea revealed the same general reaction of increasing MDA content in
plants treated with NaCl [56]. The strongest increase in the amount of malondialdehyde
was recorded in Line 4, where treatment with 100 mM of saline produced a 17% increase
compared to the untreated control, and treatment with 200 mM of saline caused a 41%
increase in MDA compared to the witness. These differences between the untreated control
and the variants exposed to salt stress highlight an accentuated peroxidation of lipids
by ROS, thus allowing us to conclude that Line 4 is the most sensitive genotype studied
regarding salt stress. In a study by Dajiang Wang et al. (2022) on salt stress in three Malus
species, the authors showed percentage values of MDA increase similar to the present
study [28]. Compared to Line 4, the smallest differences between the control and saline-
treated variants were recorded in Line 3. In this genotype, salinity caused an 18% percent
increase in MDA for 100 mM NaCl treatment and a 23% increase for treatment with 200 mM
of NaCl. The reduced amounts of MDA in plants subjected to salt stress highlight their
good resistance to adverse factors [57,58].

4.5. Maximum Quantum Efficiency of PSII

Among the fluorescence parameters, the most important is the maximum quantum
efficiency of PSII (Fv/Fm). A significant decrease in this ratio highlights the fact that the
plants are subjected to stress that causes a reduction in photosynthesis [18,59,60]. The
general trend observed in the saline-treated variants was a decrease in the Fv/Fm ratio.
Decreases in this parameter have been reported in the specialized literature at similar saline
concentrations [61]. Among the genotypes studied, the most pronounced decreases were
recorded in the case of Line 4, followed by the Brâncusi variety. In Line 4, in the case of the
variant treated with 100 mM of NaCl, the maximum quantum efficiency of PS II decreased
by 16%, and in the case of treatment with 200 mM of NaCl, the value decreased, compared
to the untreated control, by 25%. The decrease in Fv/Fm implies that there is a significant
destruction of photosystem II, which causes a decrease in chlorophyll content and a low
photosynthetic rate that can reduce plant growth and yield [62].

4.6. Minimum Fluorescence Yield in the Absence of Photosynthetic Light

The increase in the minimum fluorescence yield in the absence of photosynthetic light
(F0) value can be explained by the activation of the processes of dissipation of excessive
light energy in the form of heat or fluorescence to protect the plants against damage caused
by salt stress (Figure 5B). The most pronounced difference between the control and treated
variants was recorded in Line 4. In the case of this line, the plants treated with 100 mM
saline solution showed an increase in F0 by 30%, and in the case of treatment with 200 mM
saline solution, the value of F0 increased by 46%. In their study on the correlation between
chloroplast ultrastructure and fluorescence parameters in rice, Koji Yamane et al. (2008)
reported increases in F0 with applied saline treatments [63]. The maintenance of very small
differences in the case of F0 highlights that Line 3 was affected by salt stress at a very low
level, indicating good salinity resistance. In the V1 variant, Line 3 showed an increase of
7% and in the case of the V2 variant, a 17% increase compared to the control was noted.
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4.7. Maximum Fluorescence Yield in the Absence of Photosynthetic Light

Maximum fluorescence yield in the absence of photosynthetic light (Fm) showed a
tendency toward decreasing values in the case of variants treated with saline solutions
(Figure 5C). The decrease in Fm values in plants subjected to salt stress may indicate a
reduction in the plant’s ability to efficiently use solar energy, which may be the result of a
photosystem II deterioration process [18]. The strongest decrease compared to the control
was recorded in the case of Line 4, where the variants treated with 100 mM saline solution
recorded values 9.3% lower than in the case of control plants, and the variants treated
with 200 mM showed a decrease in values by 18% compared to the untreated witness. The
smallest differences between control and treated plants were recorded in line 3. In this
genotype, the variant treated with 100 mM of NaCl showed a decrease of 2.63%, and the
variant treated with 200 mM of NaCl showed a decrease compared to the control of 6.47%.
Yu-Chang Tsai et al. (2019), in their paper on the efficiency of photosynthesis in the context
of salt stress in Oryza sativa, obtained lower Fm values in plants subjected to salt stress;
thus, the authors positively correlated salinity with the Fm values obtained [18].

4.8. X-ray Fluorescence

The use of silicon as a reference element in the XRF analysis was made due to the low
amount found in the plant and due to its inertness toward the biological environment [64,65].
The analysis tracked the ratios of silicon to K and Ca, two essential elements in plants,
antagonistic to Na [66]. By the inertia of Si, we consider that the fluctuations of the two
ratios are given by the fluctuations of the amounts of K and Ca in control plants and those
subjected to saline stress. Following the analysis of the spectra in Table 1 and Figure S1,
a general downward trend of the two ratios can be observed. Considering the ratios
determined and the fact that in plants treated with NaCl, there were decreases in the
amounts of Ca and K due to the supply of Na, it can be assumed that there is an ionic
imbalance. Similar effects of decreasing the amounts of calcium and potassium, under saline
stress conditions, have been reported in other scientific works using atomic absorption
spectrometry as an analytical technique [33,34]. The reduced amount of K in plant cells
subjected to salt stress is determined by the excessive influx of Na into the cytoplasm,
which causes the depolarization of the membrane potential [67]. Thus, using well-known
information about the K/Na ratio, we tried to indirectly determine the amount of Na in the
studied genotypes. The data provided by the XRF analysis reveal the greatest decreases
in both K/Si and Ca/Si at Line 4, where decreases in calcium amounts were observed at
53.3% in the V1 variant and 61.79% compared to the control in the V2 variant. Compared to
these very significant decreases, the smallest differences were observed in Line 3 (Table 1),
where calcium ratios decreased by a maximum of 3.18% in plants treated with 100 mM
of NaCl and by 10.21% in plants treated with 200 mM of NaCl in comparison with the
untreated control. This insignificant decrease in values highlights the ability of plants to
selectively absorb the necessary elements. This property can be considered a component of
the resistance mechanism of the genotype to salt stress. Both calcium and potassium are
considered essential elements in plants, with a role in growth and development [68,69], so
the analysis of these elements can be correlated with the plant’s ability to produce biomass.
Considering the above, in the present paper, a single resistance mechanism identified in
the Line 3 genotype is supported with experimental evidence.

For a better understanding of the adaptation mechanism observed at Line 3, a scheme
was made with the variations of each studied parameter (Figure 6).
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5. Conclusions

The genotypes of Momordica charantia used in the present study showed significant
variation in various parameters under normal and salt-stress conditions. The monitored
parameters can be used to identify bitter cucumber genotypes resistant to salt stress. These
results were confirmed by PCA analysis.

Due to a large amount of chlorophyll, a maximum quantum yield of the high photo-
synthetic system II and optimal amounts of Ca and K, Line 3 stood out as the most resistant
genotype, which was confirmed by the physiognomic appearance of the stressed plants.
For this reason, the genotype could be used for crops on saline soils. The presented results
make it possible to open new research directions with the perspective of identifying other
possible resistance mechanisms. In future research, we aim to analyze the effect of salt
stress on the bioactive substances that make the species used in traditional medicine.
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