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Abstract: The impact of proline, methionine, and melatonin on cauliflower plants under drought
stress is still unclear in the available publications. So, this research aims to study these biochemical
compounds’ effects on cauliflower plants grown under well-irrigated and drought-stressed conditions.
The obtained results showed that under drought-stressed conditions, foliar application of proline,
methionine, and melatonin significantly (p ≤ 0.05) enhanced leaf area, leaf chlorophyll content,
leaf relative water content (RWC), vitamin C, proline, total soluble sugar, reducing sugar, and non-
reducing sugar compared to the untreated plants. These treatments also significantly increased curd
height, curd diameter, curd freshness, and dry matter compared to untreated plants. Conversely, the
phenolic-related enzymes including polyphenol oxidase (PPO), peroxidase (POD), and phenylalanine
ammonia-lyase (PAL) were significantly reduced compared to the untreated plants. A similar trend
was observed in glucosinolates, abscisic acid (ABA), malondialdehyde (MDA), and total phenols.
Eventually, it can be concluded that the foliar application of proline, methionine, and melatonin
can be considered a proper strategy for enhancing the growth performance and productivity of
cauliflower grown under drought-stressed conditions.

Keywords: Brassica oleracea; quality; antioxidant enzymes; abiotic stress; phenolic enzymes

1. Introduction

Cauliflower (Brassica oleracea var. botrytis L.) is one of the important vegetables belong-
ing to Brassicaceae. It is nutritious healthy food rich in minerals (P, K, Mg, Mn), vitamins
(C, B6), fiber, phenolic compounds, glucosinolates, carotenoids, and polyamines [1]. These
compounds can elevate antioxidant activity and promote human health [2,3]. Cauliflower
production could be negatively affected by water shortage. This shortage in water, particu-
larly at critical stages of plant growth, enhances the metabolic process i.e., the accumulation
of carbohydrates, amino acids, and other osmolyte compounds in order to increase plant
tolerance against drought stresses [4].

Agriculture 2022, 12, 1301. https://doi.org/10.3390/agriculture12091301 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12091301
https://doi.org/10.3390/agriculture12091301
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0001-6352-1784
https://orcid.org/0000-0002-5402-0774
https://orcid.org/0000-0002-2646-3340
https://orcid.org/0000-0001-7598-7557
https://orcid.org/0000-0003-0940-7985
https://orcid.org/0000-0002-9631-6952
https://orcid.org/0000-0001-9437-2136
https://orcid.org/0000-0001-8752-3450
https://orcid.org/0000-0002-7591-8866
https://doi.org/10.3390/agriculture12091301
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12091301?type=check_update&version=1


Agriculture 2022, 12, 1301 2 of 19

Water deficit may trigger a wide series of reverse impacts, which can limit plant growth
and development via the decline of cell division and enlargement [5], photosynthesis [6],
plant growth regulators imbalance [7], and induce oxidative damages [8] that affected cell
membrane integrity, leaf water state and finally decreasing yield [9]. It modifies stomata
activities and restricts nutrient uptake resulting in decreased yield [10]. Water deficit excites
the generation of reactive oxygen species (ROS) deactivating cellular redox regulatory
assignment [11]. Additionally, stressed plants evolve drought tolerance strategies including
promoting biosynthesis of compatible solutes and increasing enzymatic and non-enzymatic
components of the antioxidant device [12]. To safeguard plant survival under water deficit,
there are various ways to stimulate drought tolerance in plants, involving foliar applications
of several activators such as proline, methionine, and melatonin.

Proline is one of the most efficient osmoprotectants that mitigate stress in plants [13].
It can induce protein stabilization and conserve membrane integrity through binding
to hydrogen bonds [14], in addition, protect cells via enhancing water uptake potential
and enzyme activation [15], and is considered a vigorous antioxidative defense molecule,
ROS scavenger [16,17]. Foliar application with proline enhanced phenolic compounds,
proline content, and antioxidant enzyme activity that decreased drought stress symptoms
as enhanced ROS production, electrolyte leakage, and lipid peroxidation [18]. Additionally,
proline is a proteinogenic secondary amino acid and it is classified as a safe compound
when used in human feeding according to FDA (https://www.accessdata.fda.gov/scripts/
cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=582.5650; ITE: 21 CFR 582.5 650; Title 21, Volume 6,
accessed on 22 August 2022).

Methionine is one of the fundamental amino acids, which collaborate in a diversity
of physiological functions and is an effective regulator of plant growth and development
under water deficit [19]. It regulates transpiration, protein synthesis, and photosynthetic
rate, maintains membrane stability, relative water content, and reduces ROS production,
H2O2, and MDA contents as well as enhances enzyme activities thus it protects plant
cells from oxidative damage under water deficit conditions [20,21]. According to FDA
(https://www.accessdata.fda.gov; CITE: 21CFR172.372; Title 21, Volume 3, accessed on
22 August 2022), methionine is one of nine essential amino acids in humans, and it could
be safely added to food for except infant foods.

Melatonin plays a vital role in plant safeguarding against water deficit [22,23]. It
protects the photosynthetic apparatus by enhancing the scavenging efficiency of ROS and
decreases the oxidative damages induced by drought [24]. Melatonin can preserve the
water status of plants under drought via regulating stomatal motion [25], maintaining
cell membrane integrity [26], decreasing the cytotoxic biochemical cellular markers, such
as H2O2, and MDA, enhance antioxidant enzymes activities [27]. Melatonin restricts the
reverse impacts of drought stress via controlling the activity and production of core organic
chemical compounds, especially chlorophyll, proteins, and nitrogen-related molecules [28].
Melatonin is a natural product found in plants and animals. It is considered to be safe as
mentioned, as reported by FDA (https://www.fda.gov, accessed on 22 August 2022).

There are many studies on cauliflower under water deficit, but until now, there have
been insufficient researches related to the impact of proline, methionine, and melatonin
on cauliflower plants and the accumulation of glycosinolates as well antioxidant enzymes
under water deficit conditions. Therefore, the purpose of this study is to investigate the
impacts of proline, methionine, and melatonin on the agronomical and physiological
characteristics of cauliflower plants under water deficit.

2. Material and Methods
2.1. Experimental Layout and Treatments

To investigate the effects of proline, methionine, and melatonin on cauliflower plants
exposed to drought stress, 45 days old homogenous cauliflower (cv. Arasya) seedlings
were transplanted into plastic pots (40 cm diameter) filled with 16 kg pre-washed sand
(one seedling/pot). After transplantation, all plants were acclimated for a month by

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=582.5650
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=582.5650
https://www.accessdata.fda.gov
https://www.fda.gov
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keeping them at 60–70% field capacity. Then, all pots (288) were divided into 3 groups
(96 pots/group) and subjected to the following treatments: (I) control (well-watered), in
which the plants were kept at 60–70% field capacity, (II) moderate drought stress, in which
the plants were kept at 40–50% field capacity, and (III) severe drought stress where the plants
were kept at 30–40% field capacity. To determine the field capacity of each level of irrigation,
12 calibrated tensiometers were distributed on the different treatments (4 devices/irrigation
level). All pots were daily monitored and maintained at the investigated level of field
capacity using specific volume of irrigation water according to the readings of different
devices. Each group of irrigation treatments (96 pots) was divided into 4 subgroups to apply
the foliar treatments. The first subgroup was sprayed with distilled water + 0.05% Tween-20
at (v/v) as a wetting agent, the second subgroup was sprayed with Pro (25 mg L−1) + 0.05%
Tween-20 at (v/v), the third subgroup was sprayed with Met (25 mg L−1) + 0.05% Tween-20
at (v/v), and the fourth subgroup was sprayed with MT (25 mg L−1) + 0.05% Tween-20
at (v/v). All foliar treatments were performed 5 times at 30, 45, 60, 75, and 90 days after
transplanting. Each plant sprayed with a hand-held sprayer at 120 mL on vegetative
growth. All pots were left to grow for additional 15 days; then, gathered to determine the
different studied variables. The experimental layout was a complete randomized design
(CRD) including 3 levels of irrigation × 4 foliar treatments × 8 pots × 3 replicates.

2.2. Studied Parameters

Six samples were randomly chosen from each treatment after 105 days from trans-
planting to determine all the following parameters:

2.2.1. Vegetative Growth and Chlorophyll

Number of leaves was recorded for each selected plant and leaf area (cm2)/plant was
calculated according to Iqbal and Hidayat [29]. Chlorophyll content was measured by using
a SPAD meter (SPAD 502 Minolta Co., Osaka, Japan) as described by Abdelgawad et al. [30].

2.2.2. Relative Water Content (RWC)

RWC was estimated as described by Abd Elbar et al. [31]. Discs of leaves (2 cm
diameter) from fully developed leaves were taken and weighted (FW) then placed in
distilled water for 2 h at 25 ◦C subsequently weighted for turgid weights (TW). The dry
weight (DW) was taken after dried samples in an oven for 24 h at 110 ◦C [32].

RWC (%) =
FW − DW
TW − DW

× 100

2.2.3. Determination of Glucosinolates Content

Glucosinolates (µmol g−1): It was determined as described by Slominski and Camp-
bell [33]. Briefly, the leaf samples (50 mg) were added to 10 mL of distilled water after
extraction for 30 min, then added 5 mL of 20% trichloroacetic acid. Thereafter, the mixtures
of samples were centrifuged at 3000 rpm for 10 min and 3 mL aliquots of supernatant were
mixed with 3 mL of 0.4M Fe (NO3)3 in 1N HNO3. The absorbance was read at 460 nm. The
results are expressed as potassium thiocyanate equivalents in µg/5 mg of extract.

2.2.4. Determination of Vitamin C

Vitamin C (mg/g FW): It was estimated by titration methods [34], mixed 10 g of
leaf samples with 90 mL of oxalic acid (6%), and filtered, then titration 25 mL of filtrated
solution by 2,6–dichlorophenol indophenol.

2.2.5. Determination of Total Soluble Sugars

Total soluble sugars were determined in leaves of cauliflower according to the anthrone
method stated by Yemm and Willis [35]. Reducing, non-reducing, and total sugars (%):
Total sugars were determined by colorimetric method of anthrone and sulfuric acid [36]
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while reducing sugars were estimated by the method of 3, 5-Dinitrosalicylic acid according
to Miller [37]. Non-reducing sugar content was calculated by the difference between them.

2.2.6. Determination of Total Soluble Phenols

Total soluble phenols (mg/100 g FW) were determined by the method of Folin–
Ciocalteu’s reagent, according to Awad et al. [38]. Briefly, the leaf samples (2 g) were
extracted with methanol for 30 min. Thereafter, a spectrophotometer at 765 nm was used to
estimate phenolic compounds’ contents.

2.2.7. Determination of Proline

Proline (µg.g−1 F.W): was determined by ninhydrin method using a spectrophotometer
at 520 nm according to Bates et al. [39], by extracted leaf samples of cauliflower with 3%
sulfosalicylic acid, and diluted in an equal volume of glacial acetic acid and ninhydrin
solutions, then placed in a water bath at 100 ◦C. Thereafter, cooling down the sample with
ice, 5 mL of toluene was added.

2.2.8. Determination of Antioxidant Enzymes Activity

The fresh leaf samples (0.2 g) were ground in 4 mL of 0.1 M ice-cold sodium phos-
phate buffer (pH 7.0) containing 1% (w/v) polyvinylpyrrolidone (PVP) and 0.1 mM EDTA,
centrifuged at 10,000× g at 4 ◦C for 20 min. The supernatant was used for determining total
soluble protein and activity of different enzymes as described by Bradford [40]. Polyphenol
oxidase activity (PPO) (Unit min−1 g−1) (EC 1.14.18.1) was determined at absorbance
420 nm at zero time and after 1 min as described by Oktay et al. [41]. The mixture of
reaction consisted of 100 µL crude enzyme, 600 µL catechol, and 2.3 mL phosphate buffer
(0.1 M, pH 6.5).

Peroxidase activity (POD) (unit mg−1 protein) (EC 1.11.1.7) was estimated as described
by Tarchoune et al. [42]. Briefly, the fresh leaf samples were pulverized and extracted in
50 mM potassium phosphate (pH 7.0). It was estimated as guiacol-induced peroxidation
of H2O2. Phenylalanine ammonia-lyase (PAL) (µmol g−1 h−1 F.W): It was estimated as
Trans-cinnamic acid according to Lister et al. [43]. The PAL assay reaction contains 100 µL
crude extract and 900 µL of 6 µmol phenylalanine in 500 mM tris-HCl buffer (pH 8.5). Then
incubated mixture at 37 ◦C for 1 h and measured on spectrophotometer at 290 nm.

2.2.9. Determination of Lipid Peroxidation and Abscisic Acid

Lipid peroxidation (MDA) was assessed using the technique described by Horie
et al. [44]. Approximately 100 mg of leaf samples of cauliflower plants were homogenized
in 10 mL of trichloroacetic acid (TCA). Then homogenate was centrifuged at 15,000× g for
5 min. After that, the obtained mixture was heated at 95 ◦C for 30 min, rapidly cooled on
ice bath, and then centrifuged again. The absorbance of the supernatant was performed at
450, 532, and 600 nm were determined using microplate reader (Infinite 200 PRO, Tecan
Group Ltd., Männedorf, Switzerland). The values of MDA were reported as nmol g−1 F.W.
Leaf abscisic acid (ABA) was determined using the method stated by Furniss [45]. The
quantification of the ABA was performed using ati-Unicum gas–liquid chromatography,
610 Series, equipped with flame ionization detector according to the method stated by
Bates [39].

2.2.10. Yield and Curd Parameters

Six curds were chosen randomly from each treatment to determine curd height and
diameter (cm), curd fresh weight (g), and curd dry matter %. The curd height was measured
using the gradual meter. Curd fresh weight was directly assessed after sampling using
a digital balance, whereas curd dry matter was estimated by drying the samples in an
air-forced ventilated oven at 105 ◦C until the weight was constant.
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2.3. Statistical Analysis

The data of factorial experiments for two seasons 2021 and 2022 were analyzed using
the SPSS software program (SPSS for Windows, SPSS Inc., Chicago, IL, USA). Combined
analysis was performed over seasons to indicate normality distribution and homogeneity
tests [46,47]. Two-Way analysis of variance (ANOVA) and means were compared at the
0.05 level according to the Tukey HSD test (p ≤ 0.05). All the data are shown as means
values of the interaction between treatments and water levels with standard error (SE).
Furthermore, Pearson’s correlations between the studied variables were performed using
the XLSTAT program (Addinsoft Company, Paris, France, Version 2014).

3. Results
3.1. Plant Growth and Chlorophyll Content

Data in Table 1 shows the impact of proline, methionine, and melatonin on vege-
tative growth measurements, including leaf area, chlorophyll content, and number of
leaves. All cauliflower plants exposed to drought stress showed a significant reduc-
tion in all the recorded plant growth parameters (p ≤ 0.05) in comparison to the well-
irrigated plants (p ≤ 0.05). Under the control plants, leaf area decreased by 25.13% and
39.14% in moderate drought stress and severe drought stress, respectively, compared to
well-watered plants. Furthermore, the reduction in the growth parameters was less pro-
nounced in the cauliflower plants sprayed with proline, methionine, and melatonin than in
untreated plants.

Table 1. Impact of interaction between treatments (proline, methionine, and melatonin) and water
levels on leaf area, leaf chlorophyll content, and number of leaves of cauliflower plants grown under
drought. ±Value indicates standard error (SE) of the means (n = 6). Means followed by different
letters point to significant differences between the treatments at according to Tukey’s multiple range
test (p ≤ 0.05).

Treatments Leaf Area (cm2) Chlorophyll (SPAD) Number of Leaves

Cont.

Well-watered

10,802.33 ± 36.22 f 40.09 ± 0.61 d 21 ± 1.0 a
Pro 13,667.67 ± 57.35 b 46.57 ± 0.65 a 22 ± 0.57 a
Met 14,249.33 ± 67.89 a 44.27 ± 0.56 b 22 ± 1.0 a
MT 12,964.33 ± 38.97 c 43.01 ± 0.62 c 21 ± 0.57 a

Cont.

Moderate drought stress

8088 ± 40.03 J 38.79 ± 0.60 ji 22 ± 0.0 a
Pro 12,169 ± 39.10 d 42.33 ± 0.55 cd 22 ± 0.0 a
Met 11,452.33 ± 49.94 e 41.70 ± 0.62 de 22.6 ± 1.1 a
MT 10,199.33 ± 49.94 g 40.60 ± 0.58 fg 22 ± 1.1 a

Cont.

Severe drought stress

6574 ± 28.0 l 37.74 ± 0.52 k 20 ± 0.57 a
Pro 9491 ± 28.1 h 40.11 ± 0.49 gh 21 ± 0.57 a
Met 8672.67 ± 36.69 i 39.43 ± 0.54 hi 21.3 ± 0.57 a
MT 7478.67 ± 32.13 k 38.29 ± 0.48 jk 21 ± 1 a

The higher values of leaf area and leaf chlorophyll content of cauliflower plants
were recorded in the plants sprayed with proline, methionine, and melatonin compared
to untreated plants, under water-stressed and non-stressed conditions. In this context,
spraying with proline, methionine, and melatonin did not show any significant changes in
the number of leaves under well-irrigated conditions compared to untreated plants.

3.2. Relative Water and Osmolytes Content

Moderate drought stress and severe drought stress significantly decreased relative
water, reducing, non-reducing and total sugars (p ≤ 0.05) in comparison to the well-irrigated
plants (Figure 1A,C–E), while proline content was increased with drought stress (Figure 1B).
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Figure 1. Impact of interaction between treatments (proline, methionine, and melatonin) and water
levels on relative water content (RWC, (A)), proline (B), total soluble sugar (C), reducing sugar (D),
and non-reducing sugar (E) of cauliflower plants grown under different levels of irrigation water.
Bars indicates standard error (SE) of the means (n = 6). Different letters indicate significant differences
between the treatments at according to Tukey’s multiple range test (p ≤ 0.05).

Exogenous application of proline, methionine, and melatonin, as a foliar spray, dis-
played a significant (p ≤ 0.05) enhancement in relative water content (RWC) and proline
compared to the untreated plants, under well-watered and moderate and severe drought
stress conditions (Figure 1A,B). Compared to the untreated plants, the maximum values of
leaf relative water content and proline content were achieved by proline treatment, followed
by methionine and melatonin. Meanwhile, the leaf proline content increased with reducing
the watering levels. Compared to the plants sprayed with tap water, the highest content of
leaf proline was recorded in the plants treated with exogenous proline; conversely, lower
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values were observed in the plants treated with methionine, and melatonin, under different
levels of irrigation water.

Furthermore, total soluble sugars, reducing and non-reducing sugar, were consider-
ably affected by proline, methionine, and melatonin treatments under different levels of
watering (Figure 1C–E). Under the well-watered condition, the application of proline, me-
thionine, and melatonin improved the total soluble sugars by 16.27%, 19.78%, and 12.45%,
respectively, compared to the untreated control (Figure 1C). Under drought stress condi-
tions, the ratio of total sugar content was elevated due to proline, methionine, and melatonin
treatments by 25.50%, 22.48%, and 15.41% at moderate drought stress and 21.1%, 16.44%,
and 5.51% at severe drought stress, respectively, as compared to the untreated plants.

Observing the plants sprayed with tap water (untreated plants), drought stress signifi-
cantly decreased the content of leaf-reducing and non-reducing sugar (p ≤ 0.05), as shown
in Figure 1E. In contrast, the treatments with proline, methionine, and melatonin enhanced
the concentration of leaf-reducing and non-reducing sugar. The improvement ratio caused
by proline, methionine, and melatonin in the sugar reached 28.46%, 25.19%, and 16.49%
at moderate drought stress and 52.86%, 43.65%, and 29.67% at severe drought stress for
non-reducing sugar, respectively, compared to the untreated plants.

3.3. Lipid Peroxidation and Abscisic Acid Content

In this study, changes in the concentration of leaf lipid peroxidation (MDA) and
abscisic acid (ABA) of cauliflower leaves as a result of the applied chemicals are shown
in Figure 2A,B. The findings of the current study showed that MDA and ABA levels were
lower in cauliflower plants under well-watered conditions compared with moderate and
severe drought-stressed conditions (Figure 2). Foliar application of proline, methionine,
and melatonin significantly reduced the levels of MDA and ABA compared to untreated
plants. Furthermore, significant differences were observed between treated plants, under
water-stressed conditions. The lowest values of MDA and ABA were found in cauliflower
plants treated with proline, followed by methionine, and melatonin, while the highest
value was observed in the untreated plants (tap water, control).

Agriculture 2022, 12, x FOR PEER REVIEW 7 of 19 
 

 

Exogenous application of proline, methionine, and melatonin, as a foliar spray, dis-

played a significant (p ≤ 0.05) enhancement in relative water content (RWC) and proline 

compared to the untreated plants, under well-watered and moderate and severe drought 

stress conditions (Figure 1A,B). Compared to the untreated plants, the maximum values 

of leaf relative water content and proline content were achieved by proline treatment, 

followed by methionine and melatonin. Meanwhile, the leaf proline content increased 

with reducing the watering levels. Compared to the plants sprayed with tap water, the 

highest content of leaf proline was recorded in the plants treated with exogenous proline; 

conversely, lower values were observed in the plants treated with methionine, and mela-

tonin, under different levels of irrigation water. 

Furthermore, total soluble sugars, reducing and non-reducing sugar, were consider-

ably affected by proline, methionine, and melatonin treatments under different levels of 

watering (Figure 1C–E). Under the well-watered condition, the application of proline, me-

thionine, and melatonin improved the total soluble sugars by 16.27%, 19.78%, and 12.45%, 

respectively, compared to the untreated control (Figure 1C). Under drought stress condi-

tions, the ratio of total sugar content was elevated due to proline, methionine, and mela-

tonin treatments by 25.50%, 22.48%, and 15.41% at moderate drought stress and 21.1%, 

16.44%, and 5.51% at severe drought stress, respectively, as compared to the untreated 

plants. 

Observing the plants sprayed with tap water (untreated plants), drought stress sig-

nificantly decreased the content of leaf-reducing and non-reducing sugar (p ≤ 0.05), as 

shown in Figure 1E. In contrast, the treatments with proline, methionine, and melatonin 

enhanced the concentration of leaf-reducing and non-reducing sugar. The improvement 

ratio caused by proline, methionine, and melatonin in the sugar reached 28.46%, 25.19%, 

and 16.49% at moderate drought stress and 52.86%, 43.65%, and 29.67% at severe drought 

stress for non-reducing sugar, respectively, compared to the untreated plants. 

3.3. Lipid Peroxidation and Abscisic Acid Content 

In this study, changes in the concentration of leaf lipid peroxidation (MDA) and ab-

scisic acid (ABA) of cauliflower leaves as a result of the applied chemicals are shown in 

Figure 2A,B. The findings of the current study showed that MDA and ABA levels were 

lower in cauliflower plants under well-watered conditions compared with moderate and 

severe drought-stressed conditions (Figure 2). Foliar application of proline, methionine, 

and melatonin significantly reduced the levels of MDA and ABA compared to untreated 

plants. Furthermore, significant differences were observed between treated plants, under 

water-stressed conditions. The lowest values of MDA and ABA were found in cauliflower 

plants treated with proline, followed by methionine, and melatonin, while the highest 

value was observed in the untreated plants (tap water, control). 

 

Figure 2. Impact of interaction between treatments (proline, methionine, and melatonin) and water 

levels on malondialdehyde (MDA, (A)) and abscisic acid (ABA, (B)) of cauliflower plants grown 

Figure 2. Impact of interaction between treatments (proline, methionine, and melatonin) and water
levels on malondialdehyde (MDA, (A)) and abscisic acid (ABA, (B)) of cauliflower plants grown under
different levels of irrigation water. Bars indicates standard error (SE) of the means (n = 6). Different
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3.4. Phenolic-Related Enzymes and Secondary Metabolites

Concerning the phenolic-related enzymes (Figure 3A–C), it can be noted that the activ-
ities of polyphenol oxidase (PPO), peroxidase (POD), and phenylalanine ammonia-lyase
(PAL), under water-stressed conditions, are significantly upraised in cauliflower plants
compared to those of well-watered conditions. In this concern, moderate drought stress
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recorded the highest activity of antioxidant enzymes, followed by severe drought stress.
Moderate drought stress increased PPO, POD, and PAL by 15.92%, 37.78%, and 23.33%,
respectively, compared to well-watered plants, while severe drought stress increased PPO,
POD, and PAL by 23.0%, 57.78%, and 36.67%, respectively, compared to well-watered
plants. In general, the maximum activity of PPO, POD, and PAL was recorded in the leaves
of untreated cauliflower plants, followed by melatonin and methionine, but the lowest
value was observed in the leaves of plants treated with exogenous proline (Figure 3A–C).
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Figure 3. Impact of interaction between treatments (proline, methionine, and melatonin) and water
levels on polyphenol oxidase (PPO, (A)), peroxidase (POD, (B)), and phenylalanine ammonia-lyase
(PAL, (C)), glucosinolates (D), total phenols (E) and vitamin C (F) of cauliflower plants grown under
different levels of irrigation water. Bars indicates standard error (SE) of the means (n = 6). Different
letters indicate significant differences between the treatments at according to Tukey’s multiple range
test (p ≤ 0.05).

A similar significance was observed in the leaf total phenols and glucosinolates content
(Figure 3D,E). Generally, the concentration of total phenols and glucosinolates in leaves
increased with decreasing the irrigation water level. In this concern, moderate drought
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stress recorded the maximum values of total phenols and glucosinolates, followed by
severe drought stress. Under the control plants, leaf total phenols increased by 12.77% and
19.10% in moderate drought stress and severe drought stress, respectively, compared to
well-watered plants, as well as glucosinolates increased by 19.64% and 30.94% in mod-
erate drought stress and severe drought stress, respectively, compared to well-watered
plants. The obtained findings in Figure 3D,E exhibited that foliar application of proline,
methionine, and melatonin extensively reduced the concentration of leaf total phenols and
glucosinolates compared to the untreated plants, under both stressed and non-stressed
conditions. Compared to all the treatments, the highest significant findings were recorded
in the untreated plants exposed to severe drought stress in this respect. While the lowest
content of total phenols and glucosinolates were registered in the leaves of cauliflower
plants under well-watered conditions.

In contrast, the obtained results of this study showed that the content of vitamin C
was higher in the leaves of cauliflower plants under well-watered conditions compared
to moderate and severe drought stress conditions (Figure 3F). In this concern, the lowest
contents of vitamin C were noticed in plants under severe drought stress Moreover, foliar
spraying with proline, methionine, and melatonin elevated vitamin C content in the leaves
of cauliflower plants compared to untreated plants under different levels of irrigation
water. Under well-watered conditions, the proline, methionine, and melatonin treatments
increased the leaf vitamin C content by 15.95%, 18.99%, and 12.23%, respectively. Under
the water-stressed conditions, the aforementioned treatments improved the vitamin C in
the leaves of cauliflower plants exposed to moderate drought stress by 24.65%, 21.63%,
and 12.69%, and by 20.73%, 16.98%, and 7.18% in the leaves of cauliflower plants exposed
to severe drought stress. While the lowest value of vitamin C was obtained in untreated
plants, either under well-watered or water-stressed conditions.

3.5. Yield Parameters

Data in Table 2 shows significant differences in the curd height, curd fresh weight
(plant yield) and curd dry matter of treated and untreated cauliflower plants, under
stress and non-stress conditions. Cauliflower plants exposed to drought stress showed
a significant reduction in yield parameters (p ≤ 0.05) in comparison to the well-irrigated
plants (p ≤ 0.05). Under the control plants, plant yield decreased by 22.18% and 34.15%
in moderate drought stress and severe drought stress, respectively, compared to well-
watered plants. Generally, the higher values of curd height, curd fresh, and dry matter
of cauliflower plants were recorded in the plants sprayed with proline, methionine, and
melatonin compared to untreated plants, under water-stressed and non-stressed conditions
(Table 2). In this context, spraying with proline, methionine, and melatonin did not show
any significant changes in the cured diameter of the cauliflower plants under well-irrigated
conditions compared to untreated plants. But the changes in the cured diameter were more
pronounced under moderate and severe irrigation conditions. Compared to the untreated
plants, the maximum values of cured diameter were recorded in the cauliflower plants
treated with methionine, followed by melatonin and proline.

3.6. Correlation Study

Pearson’s correlation coefficient is used to detect the positive and negative relationship
among the agronomical and biochemical parameters of cauliflower plants sprayed with
proline, methionine, and melatonin, under well-watered or water-stressed conditions. The
significant relationship (bold numbers) and insignificant correlation (nonbolded numbers)
are shown in Table 3. The Pearson’s correlation analysis exhibited that leaf chlorophyll
content was significantly and positively correlated with the vegetative growth characters
(leaf area, and RWC). A similar correlation was found between leaf chlorophyll content
and curd height, curd diameter, curd fresh weight, and curd dry matter. Furthermore, leaf
chlorophyll content is linked significantly and negatively with MDA and ABA content. A
similar negative association was observed between ABA and yield parameters (curd fresh
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and dry matter). On the other hand, the leaf chlorophyll content also correlated significantly
and positively with vitamin C, total soluble sugar, reducing, and non-reducing sugar. These
results imply that foliar spraying with proline, methionine, and melatonin were effective
compounds for mitigating drought stress in cauliflower plants by modulating osmolytes,
sugar biosynthesis, and antioxidant compounds.

Table 2. Impact of interaction between treatments (proline, methionine, and melatonin) and water
levels on curd height, curd diameter, curd fresh weight, curd dry matter, and total yield of cauliflower
plants grown under drought. ±Value indicates standard error (SE) of the means (n = 6). Means
followed by different letters point to significant differences between the treatments at according to
Tukey’s multiple range test (p ≤ 0.05).

Treatments Curd Height (cm) Curd Diameter (cm) Curd Fresh Weight
(Yield/Plant) (g) Curd Dry Matter %

Cont.

Well-watered

13.33 ± 0.57 ab 20.17 ± 0.76 a 1476 ± 5.57 f 15.3 ± 0.20 f
Pro 14.33 ± 0.58 a 20.33 ± 0.29 a 1814 ± 5.00 b 18.8 ± 0.25 b
Met 14.33 ± 0.60 a 20.67 ± 0.20 a 1928 ± 8.50 a 19.9 ± 0.25 a
MT 14.33 ± 0.57 a 20.00 ± 0.29 a 1714 ± 7.50 c 17.8 ± 0.15 c

Cont.

Moderate drought stress

14.00 ± 0.10 ab 19.67 ± 0.58 bc 1148.6 ± 4.0 j 11.80 ± 0.15 j
Pro 14.17 ± 0.29 a 20.00 ± 0.20 b 1655 ± 6.60 d 17.17 ± 0.26 d
Met 14.50 ± 0.50 a 20.33 ± 0.60 a 1569 ± 5.00 e 16.30 ± 0.19 e
MT 13.83 ± 0.20 ab 20.00 ± 0.58 b 1394.33 ± 6.0 g 14.40 ± 0.21 g

Cont.

Severe drought stress

12.00 ± 0.22 e 18.23 ± 0.58 d 972 ± 4.58 l 10.13 ± 0.20 l
Pro 12.67 ± 0.29 d 19.67 ± 0.57 c 1317.7 ± 3.5 h 13.63 ± 0.06 h
Met 12.83 ± 0.58 cd 20.00 ± 0.29 b 1237.3 ± 4.04 i 12.80 ± 0.21 i
MT 12.17 ± 0.57 d 18.67 ± 0.28 ed 1052 ± 4.58 k 10.93 ± 0.15 k
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Table 3. Pearson’s correlation analysis among agro-physiological characteristics of the cauliflower plant sprayed with melatonin either under well-watered or
water-stressed conditions. Values in bold are different from 0 with a significance level alpha = 0.05. RWC = relative water content, V.C = Vitamin C, TSS = total
soluble sugar, Rsu = reducing sugar, TP = total phenol, PPO = polyphenol oxidase, POD = peroxidase, PAL = phenylalanine ammonia-lyase, GLC = glucosinolates,
and Chl. = chlorophyll.

Variables Leaf
Area RWC No. of

Leaves
Curd

Height
Curd

Diameter
Curd
FW

Curd
DM Yield V.C Acidity TSS R.Su. N.R.Su. TP Proline PPO POD PAL GlC Chl.

Leaf area
RWC 0.99

No. of leaves 0.53 0.53
Curd height 0.75 0.75 0.43

Curd diameter 0.74 0.74 0.42 0.68
Curd FW 1.00 1.00 0.55 0.75 0.75
Curd DM 1.00 1.00 0.54 0.75 0.75 1.00

Yield. −0.13 −0.12 −0.10 −0.10 0.04 0.65 −0.12
V.C 1.00 0.99 0.52 0.76 0.73 0.99 0.77 −0.12

Acidity −0.97 −0.97 −0.55 −0.74 −0.75 −0.97 −0.97 0.11 −0.96
TSS 1.00 0.99 0.52 0.76 0.73 0.97 0.77 −0.12 0.75 −0.96

R.Su. 1.00 0.99 0.53 0.75 0.73 0.65 0.88 −0.12 0.99 −0.97 0.67
N.R.Su. 0.99 0.98 0.52 0.78 0.76 0.99 0.98 −0.13 0.98 −0.96 0.79 0.85

TP −0.99 −0.98 −0.51 −0.75 −0.71 −0.99 −0.99 0.13 −0.99 0.96 −0.95 −0.99 −0.98
Proline −0.58 −0.58 −0.19 −0.50 −0.48 −0.58 −0.58 0.07 −0.84 0.59 −0.58 −0.59 −0.58 0.56

PPO −0.99 −0.98 −0.51 −0.75 −0.72 −0.99 −0.99 0.13 −0.79 0.96 −0.88 −0.99 −0.98 0.60 0.58
POD −0.99 −0.99 −0.51 −0.76 −0.73 −0.99 −0.99 0.13 −0.99 0.90 −0.85 −0.93 −0.98 0.69 0.55 0.74
PAL −0.99 −0.98 −0.52 −0.77 −0.75 −0.99 −0.99 0.12 −0.86 0.65 −0.58 −0.66 −0.98 0.83 0.56 0.73 0.95
GLC −0.99 −0.99 −0.52 −0.75 −0.73 −0.99 −0.99 0.13 −0.86 0.70 −0.55 −0.81 −0.98 0.53 0.57 0.96 0.99 0.99
Chl. 0.94 0.92 0.47 0.66 0.64 0.93 0.93 0.54 0.66 −0.90 0.78 0.75 0.91 −0.87 −0.52 −0.96 −0.95 −0.94 −0.96 1.00
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4. Discussion

Drought is considered one of the most important environmental stresses that has
serious limitations on economic crop productivity worldwide [48–50]. Approximately
45% of the globe’s cultivated area is affected by frequent and continuous water shortages.
This stands threatening the food security of about 38% of the world population that lives
in drought-prone areas [51]. Drought-susceptible vegetables such as cauliflower plants
can be extremely influenced by water scarcity. Water shortages can cause a reduction in
the photosynthesis parameters, biochemical compounds, nutrient and water absorption,
growth characteristics, and yield production of sensitive vegetable crops [52,53]. In this
study, plants exposed to drought stress (moderate drought stress and severe drought stress)
exhibited significant decreases in leaf area, leaf chlorophyll content, and the number of
leaves compared to well-watered plants (Table 1). These declines might be due to the result
of confusion in the photosynthetic process by pigment retraction, stomatal conductance
restrictions, and reduction in the photochemical quantum yield [9,11]. Many strategies
have been suggested to mitigate the adverse impacts of water shortages and improve crop
productivity. These strategies include the utilization of grafting, biochar, and biofertilizer
application and spraying with some chemicals or/and nanoparticles of some nutrients.
In this respect, foliar spraying with some chemical compounds such as salicylic acid and
jasmonic acid has been widely studied to induce drought tolerance in different economic
crops [54–57].

Likewise, biochemical application treatments such as proline, methionine, and mela-
tonin have been suggested to alleviate the adverse impacts of abiotic stresses, and they affect
the plant in the same way [58–60]. Furthermore, several reports have shown that exogenous
proline, methionine, and melatonin can certainly influence the growth performance of dif-
ferent crops [13,58–61]. In the present study, the roles of exogenous proline, methionine, and
melatonin in mitigating water stress in cauliflower plants were examined. The current study
confirmed that all the aforementioned treatments (proline, methionine, and melatonin)
significantly improved the leaf chlorophyll content in cauliflower plants under water-
stressed conditions. This effect could be related to the ability of proline, methionine, and
melatonin to protect cauliflower plants from drought-induced oxidative damage [58,61,62].
These results were in harmony with several investigators who stated that the application
of proline, methionine, and melatonin considerably improved the concentration of leaf
chlorophyll and reduced the oxidative damages that occurred by ROS molecules [58,60–63].
On the other hand, the significant reduction in the studied vegetative growth of untreated
cauliflower plants, under water-stressed conditions, might be associated with the reduction
of water and nutrient uptake from the soil and consequently diminish cell division and
elongation as well as plant growth and development [48,51,53,64].

In addition, drought stress significantly disturbs the physiological processes in the
leaves of plants, particularly photosynthetic rate, respiration, stomatal conductance, and
transpiration rate. Those processes are regulated by the leaf stomata through opening and
closing, which are impacted by water balance [48,65]. Relative water content (RWC) is
considered a vital physiological parameter for the water status and supports the plants’
ability to survive under water-stressed conditions.

In the present research, moderate drought stress and severe drought stress significantly
decreased relative water and osmolytes content except for proline in comparison to the well-
irrigated plants (Figure 1). Moderate drought stress and severe drought stress decreased
RWC and this decline could be explained by the negative effects on the plants’ conductiv-
ity, availability, and water absorption [11]. Water deficiency considerably decreased the
RWC, proline, reducing sugar, non-reducing sugar, and total soluble sugar in untreated
cauliflower plants. Conversely, the exogenous proline, methionine, and melatonin, as foliar
spraying, increased the RWC, proline, reducing sugar, non-reducing sugar, and total soluble
sugar of treated cauliflower plants (Figure 1). The leaf proline content increased with reduc-
ing the watering levels. Compared to the plants sprayed with tap water, the highest content
of leaf proline was recorded in the plants treated with exogenous proline; conversely, lower
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values were observed in the plants treated with methionine, and melatonin under different
levels of irrigation water. These findings imply that the high accumulation of endogenous
proline in plant leaves under different levels of irrigation water may be related to the
additional concentration of proline that plants acquire after spraying the cauliflower plants
with exogenous proline. This finding suggests that the previous treatments enhance the
function of leaf stomata by inducing the plant to reopen its stomata [66–68], improving
photosynthesis, increasing the soluble carbohydrates, and permitting the RWC to rise under
water-stressed conditions. Besides, in this study, there is a positive correlation between
RWC and reducing sugar, non-reducing sugar, and total soluble sugar (Table 3). These
results indicate that foliar application with proline, methionine, and melatonin, under
water stress conditions, may stimulate the sucrose biosynthesis (non-reducing sugar) that
is considered the main form of soluble sugars. Similar results were observed by several
investigators who stated that under osmatic stresses, osmolyte substances, i.e., free amino
and total soluble sugar content, were significantly improved by exogenous proline and
melatonin treatment, which may lead to osmotic adjustment [11,58,69]. Moreover, El-Yazied
et al. [58] found that a high positive correlation between the increased concentration of sol-
uble carbohydrates and the ability of the plant to survive under water-stressed conditions.
Many reports declared that leaf stomata and pore numbers were reduced in plants under
water-stressed conditions compared to untreated and treated plants. Moreover, the closure
of stomata decreases the water loss from the plant leaves by transpiration, which could be
related to abscisic acid accumulation [57,59]. Moreover, the closure of stomata decreases
the water loss from the plant leaves by transpiration, which could be related to abscisic
acid accumulation [57,59]. Our study confirmed that the ABA significantly increased in the
untreated cauliflower plants and was reduced in the treated plants under water-stressed
conditions (Figure 2B). In addition, a negative correlation was found between ABA level
and reducing sugar, non-reducing sugar, and total soluble sugar content (Table 3). This
finding indicated that a higher level of ABA, under water-stressed conditions, could be
related to reducing the photosynthesis process and consequently decreasing the accumula-
tion of osmolyte substances in plants, which play a vital role in mitigating environmental
stress tolerance by minimizing water loss and protecting the cell membrane [14,58].

The biotic and abiotic stresses cause serious changes in the production of, lipid peroxi-
dation (MDA), and phytohormones, which lead to great alterations in plant growth and
crop production [48,49]. Malondialdehyde (MDA), a constituent produced by membrane
lipids in response to reactive oxygen species (ROS), can be used as an indicator to assess
the degree of plasma membrane damage and the ability of plants to drought stress toler-
ance (moderate and severe drought-stress) [70]. In the present study, MDA levels were
lowered in cauliflower plants under well-watered conditions compared with moderate and
severe drought-stressed conditions (Figure 2). The plants could respond to drought stress
(moderate and severe drought-stress) by producing fewer leaves, stomata, and decreasing
leaf area, in addition to enhancing stress hormone concentrations such as ABA (Figure 2B).
In the present research, the level of MDA was higher in untreated plants while its level
was low in the treated plants with proline, methionine, and melatonin (Figure 2A). Similar
findings were observed by several researchers who found that the application of proline,
methionine, and melatonin significantly reduced the MDA level in different plants [58,71].

Numerous plant species have multifaceted antioxidant systems consisting of enzy-
matic and non-enzymatic processes involved in detoxifying, removing, and neutralizing
ROS overproduction to preserve cellular redox stability [48,58,60,72]. Antioxidant enzymes
are essential protective enzymes associated with the enzymatic defense system, efficiently
removing the toxicity of ROS, and reducing H2O2 levels in plant cells [11,73]. Under
osmotic stresses such as water shortages, plants change the mechanisms of tolerance to
reduce the adverse effect of abiotic stress through the activation of many antioxidant en-
zymes (PAL, PPO, CAT, and POD) to protect the plant cells from oxidative injury [48,49,51].
Moreover, secondary metabolites, i.e., non-enzymatic antioxidants (vitamin C, phenols),
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proline, ABA, free amino acids, and glucosinolates, play an important role in improving
the tolerance of plants against drought stress conditions [58,74,75].

In the current research, phenolic-related enzymes (Figure 3A–C) significantly upraised
in moderate and severe drought stress of cauliflower plants compared to those of well-
watered conditions. The levels of phenolic-related enzymes (PAL, POD, and PPO) and
secondary metabolites, i.e., total phenols and glucosinolates content, significantly increased
in untreated plants than in the treated plants with proline, methionine, and melatonin,
except for vitamin C; this result could be associated with the toxic effect of ROS under
drought stress conditions [58,75]. These findings suggest that proline, methionine, and
melatonin may play a vital role in the elevation of glucosinolates, enzymatic, and non-
enzymatic antioxidants (total phenols and vitamin C) to protect the cells of the cauliflower
plants from injury under water-stressed conditions. Similarly, the application of proline,
methionine, and melatonin increased the activity of enzymatic antioxidants (PPO, SOD,
and CAT) and non-enzymatic antioxidants in treated plant plants under environmental
stress [13,20,58]. In the current study reflected an increase in the level of vitamin C in
response to water shortages (moderate and severe drought stress) of cauliflower plants
compared to those of well-watered conditions. Compared to the untreated plants, the
maximum vitamin C was noted in treated plants with proline, methionine, and melatonin,
under both well-watered and water-stressed conditions. Vitamin C, as a non-enzymatic
antioxidant, also plays an important role in removing or detoxifying the reactive oxygen
species (ROS) and protects the plant cell from oxidative damage [76,77].

Regarding the yield of cauliflower, drought stress had an adverse effect and re-
duced the yield measurements of cauliflower (curd height, fresh and dry matter of curd).
Cauliflower plants exposed to drought stress (moderate and severe drought stress) showed
a significant reduction in yield parameters (p ≤ 0.05) in comparison to the well-irrigated
plants (Table 2). The results of this study cleared that the curd height, fresh and dry
matter of curd, and total yield improved due to foliar application of proline, methionine,
and melatonin under drought stress conditions (Table 2). Moreover, yield was correlated
positively with chlorophyll content, non-reducing sugar, curd fresh weight, and curd dry
matter and negatively with ABA and MDA levels (Table 3). These findings imply that
proline, methionine, and melatonin have an important role in the improvement of yield
and its measurements under water stress by regulating leaf water status and ABA level,
non-reducing sugar biosynthesis, as well as the formation of enzymatic and non-enzymatic
antioxidants. Consistent with the current study’s findings, many researchers found that
foliar spraying with proline, methionine, and melatonin increased the yield of potato, corn,
and tomato plants under drought conditions [11,58,69]. Therefore, this study suggests
that applying either of the biochemical treatments (proline, methionine, and melatonin)
induces the curd formation and development under water-stressed conditions in the same
way by improving leaf chlorophyll content in cauliflower plants under water-stressed
conditions, which consequently leads to increasing the photosynthetic rate and improving
the accumulation of osmolytes, and carbohydrates in addition to reducing ABA and MDA
in plant cells [13,20,58,78–82].

5. Conclusions

The results of the current study mentioned the importance of foliar applications of
proline, methionine, and melatonin to mitigate drought stress. Furthermore, all treatments
increased the accumulation of total soluble sugar, reducing and non-reducing sugar, which
consequently leads to improving the plant growth and productivity of cauliflower plants
under drought stress conditions (Figure 4). Thus, our treatments could be used as an
agricultural treatment to reduce the harmful effects of drought. Moreover, these compounds
are safe for use.
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