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ABSTRACT

Globally, African marigold (MG) derived essential oils (EOs) have attained an immense economic pertinence in
the flavor, fragrance, food, medicinal, and floricultural industries, which necessitate boosting its production on a
commercial scale. Therefore, we aimed to assess varying levels (0, 50, 100, 150, and 200 mg L) of exogenously
applied melatonin (MT) as a growth hormone to trigger growth, flower yield, and EOs of MG. The MT was applied
as a foliar spray after thirty days of transplantation of MG plants and repeated thrice at fifteen-day intervals. The
results depicted that exogenous MT (150 mg L) recorded the maximum plant height and leaves number along with
fresh and dry weights of leaves and roots. The same treatment exhibited 66%, 64%, and 18% higher flower fresh and
dry weights and flower yield respectively, than the control. Additionally, MT remained effective in reducing days
taken to bud emergence and flowering, while flower retention duration increased by 11 days. Following the trend of
vegetative growth traits, foliar-applied MT (150 mg L!) remained unmatched in terms of physiological attributes
(transpiration rate, stomatal conductance, chlorophyll a, and b contents) of MG. Moreover, for EOs extracted from
fresh and dry flowers and leaves, this treatment remained effective by producing 77%, 73%, 53%, and 85% higher
content, respectively than the control. Finally, the chemical profiling analyses detected eighty-seven chemical con-
stituents (Caryophyllene oxide was the most dominant compound, and cis-Z-alpha-Bisabolene epoxide followed it)
in MG flowers. In terms of the retention time of different chemical compounds in MG flowers, Calarene epoxide had
the highest retention time of 19.75 minutes among major compounds. Based on these results, 150 mg L' dose of MT
may be recommended to growers for boosting MG growth, floral yield and EOs content sustainably.
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worldwide (Tudora et al., 2024), which has boost-
ed its commercial scale production in South Asian
countries, particularly Pakistan (Zulfigar et al.,

INTRODUCTION

African marigold (Tagetes erecta) (MG) is an

annual flowering plant and belongs to the genus
Tagetes and family Asteraceae (Guzman et al.,
2023). Globally, MG has become a promising
cash crop that can be grown in varied pedo-cli-
matic conditions; however, it is typically grown
in tropical regions on a wide scale. Recently, it
has acquired immense economic importance in
terms of aesthetic value and as a source of EOs

2020). MG finds its uses as a culinary spice in the
preparation of a variety of traditional medicines
for wound healing and pesticides. Likewise, its
flowers contain pigments, particularly zeaxanthin
and lutein, that serve as food coloring agents of
high quality as a substitute for saffron, and ed-
ible dye preparation. Moreover, secondary me-
tabolites such as carotenoids, lutein, triterpenes,
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thiophenes, and flavonoids are abundant in 7.
erecta flowers. It also contains complex mixtures
of volatile and bioactive compounds called EOs.
The Tagetes spp. derived EOs are generally yel-
low to red-amber and have a strong, sweet, and
fruity particularly citrus-like aroma. These EOs
have medium viscosity, however, these undergo
polymerization and resultantly become thick like
gel (Mir et al., 2018).

Domestic and international market demand
of MG driven EOs has been persistently on the
rise owing to their utilization in the production
of pharmaceuticals (due to the presence of an-
tioxidants), cosmetics, and food-grade flavors,
along with being diuretics, antibacterial, vision
protection, and anti-inflammatory (Aslam et al.,
2016). The MG-derived EOs have shown a wide
range of antinociceptive, insecticidal, antifungal,
anticancer, antiepileptic, allelopathic, larvicidal,
hepatoprotective, anti-diabetic, antidepressant,
and mosquitocidal actions (Safar et al., 2020). Al-
though, several studies have reported EOs pres-
ence in MG, however, the composition of EOs
tends to vary significantly depending on biologi-
cal factors like the genetic potential of varieties
and abiotic factors (temperature, precipitation,
soil salinity, etc.) along with agronomic manage-
ment practices (Zhnag et al., 2020). This implies
that there could be pronounced variations in the
chemical compositions of EOs derived from MG
which necessitate conducting fresh studies to as-
certain the composition of EOs extracted from
indigenous potent varieties of MG.

The exogenous application of melatonin (MT:
N-acetyl-5-methoxytryptamine), which is a low
molecular weight substance, might be developed
as a pro-environment, farmers-friendly, economi-
cally viable, and potent strategy to boost MG
growth (Moustakas et al., 2023). The MT was
initially identified in the cow’s pineal glands and
was found to have antioxidant activity and critical
roles in modulating numerous physiological pro-
cesses in animals. Thereafter, MT was also iso-
lated as an indoleamine hormone from different
vascular plants in 1995. Previously, it has been
reported that MT exerted an auxin-like function
which triggered plant growth and development
(Talaat et al., 2023). Li et al. (2021) opined that
MT prevented oxidative harm to lipids, proteins,
and nucleic acids by directly scavenging ROS
(reactive oxygen species) or by controlling the
activity and biosynthesis of enzymes and non-
enzymes antioxidants. Additionally, it functioned
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as a crucial signaling molecule that triggered plant
physiological functions and shielded plants from
various abiotic stressors. Likewise, Mukherjee
and Bhatla (2020) noted that MT effectively low-
ered the biosynthesis of reactive oxidative species
(ROS) and restricted cell damage and electrolyte
leakage under unfavorable conditions. They also
reported MT’s role as a promoter of plant develop-
ment, plant stress reliever, and a blooming and fruit
maturation regulator. Moreover, Chen et al. (2021)
reported a pronounced influence of MT on mor-
phological characteristics, mineral nutrition, nitro-
gen, and ROS metabolism in alfalfa, while it also
delayed senescence in rice. Furthermore, Okunlola
et al. (2023) inferred that exogenously applied MT
(50 uM) increased the accumulation of osmolyte,
biosynthesis of pigments, and inorganic ions con-
centration in capsicum species. Sardar et al. (2023)
reported MT (50 and 100 uM) doses also remained
effective in boosting plants vegetative and physi-
ological growth of broccoli plants.

Although the role of MT in the biosynthesis
of EOs in flowering plants like MG is still poorly
understood, the underlying mechanisms of MT
need to be studied from the perspective of linkage
between plant growth attributes and the chemi-
cal composition of EOs. Moreover, research gaps
regarding the optimum dose of exogenous MT
necessitate conducting fresh studies to boost MG
cultivation as a cash crop on a commercial scale.
Therefore, we hypothesized that MG plants might
respond differently to atypical doses of MT in
terms of yield attributes, yield, and EOs composi-
tion owing to the varying impact of MT concentra-
tions on vital physico-chemical processes of MG.
Thus, a study was designed with the prime aim
of improving the growth and yield of marigolds
through foliar-applied melatonin, quantification,
and chemical composition analysis of essential
oils extracted from the leaves and flowers of mari-
golds grown in a South Asian environment.

MATERIALS AND METHODS

Plant materials and experimental treatments

Marigold (7agetes erecta) healthy and su-
perior quality seeds were used as planting ma-
terial in this study and sown to raise nursery at
the Horticulture Research Sub-Station for Flori-
culture and Landscaping, Agriculture Complex,
Multan, Punjab, Pakistan (Latitude 30.19679,
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longitude 71.47824 and altitude of 131 m from
the sea level) having semi-arid conditions dur-
ing 2022-2023. One-month-old seedlings of MG
were transplanted manually in the open field by
maintaining PxP and RxR spacing of 45 cm and
90 cm, respectively. The trial was comprised of
different concentrations of MT (0, 50, 100, 150,
and 200 mg L) that were applied as a foliar spray
on MG plants after one month of transplantation.
The treatments were repeated thrice at fifteen
days’ intervals. The trial was conducted using the
randomized complete block design (RCBD) in
regular arrangement with 5 replications (no sepa-
rate replication was maintained for recording re-
sponse variables). For conducting the EOs analy-
sis, the fresh aerial parts (flowers and leaves) of
the MG plants were collected from each treat-
ment early in the morning to avoid solar radiation
impact and subsequently, samples were stored in
pre-tagged Kraft paper bags for further analysis.

Recording of response variables

For recording response variables, five ran-
domly selected plants were used and then their
average was computed. Plant height and root
length were estimated using a tailor’s measur-
ing tape (Igbal et al., 2021), whereas roots and
shoot’s fresh weights were determined using a
digital balance immediately after plant harvest-
ing (Tarikuzzaman et al., 2024). The dry weights
were determined by putting shoots and root sam-
ples in an oven (70 °C) until constant weights
were obtained (Igbal et al., 2024).

For estimating the pigment content of MG,
fresh leaves were selected, and a clean mortar and
pestle was used for grinding purposes. To maintain
a low temperature during the extraction process,
a small amount of liquid nitrogen and pre-chilled
acetone were added to the mortar to prevent the
degradation of chlorophyll pigments. Thereaf-
ter, the paste was shifted to a clean centrifuge
tube containing acetone (usually 80% acetone).
Following the extraction period, the leaf extract
was gently swirled to ensure thorough mixing. A
spectrophotometer was used to measure the chlo-
rophyll content in the extract. The spectropho-
tometer was set to the appropriate wavelengths
for chlorophyll measurement, typically around
645 nm and 663 nm. Absorbance readings at the
specified wavelengths were recorded. Using the
obtained absorbance values, the chlorophyll con-
tent was calculated using appropriate equations or
formulas. Common equations include the Arnon
(1948) equation.

Chlorophyll a (mg g'1) in original tissue sample =
= Chlorophyll a (mg/ml) x final volume (ml) (1)

Chl a = [12.7(0D663) — 2.69(0D645)] x
X V/1000 x W 2)

Chlorophyll b (mg g') in original tissue sample =
= Chlorophyll a (mg/ml) x final volume (ml) (3)

Chl b =[22.9(0D645) — 4.68(0OD663)] x
x V/1000 x W 4)
An infrared gas analyzer (CI-340 portable,
Hoddesdon, England) was used for transpiration
rate estimation. The water vapor pressure in the
chamber was kept between 6.0 and 8.9 m bar, the
molar flow of air per unit leaf area was kept at 403.3
mmol m?s™!, the ambient temperature of 22.4-27.9
°C, ambient CO, concentration (352 mol mol"),
leaf temperature of 28.4-32.4 °C, and atmospheric
pressure 99.9 KPa (Abbas et al., 2023).

Extraction of essential oil

The EOs were extracted from fresh flowers
and leaves by using a hydro-distillation technique
(Ahmad et al., 2024). Firstly, fresh and healthy
flowers and leaves were collected and air dried
for 5 days at room temperature. Subsequently, the
flower’s petals were separated and placed (300 g)
in the flask of hydro-distillation apparatus con-
taining the distilled water (1 L). After that, the
flask was kept on a heating mantle and connected
to the Clevenger apparatus. When boiling started
the vapors moved from the flask to the Clevenger
apparatus where vapors were condensed back to
water due to the continuous circulation of wa-
ter in the condenser and then started to settle in
the Clevenger column. Heating continued for 3
hours, and EOs settled on the top of the water in
the column due to being light in weight. Water
was drained out and EOs were collected in Ep-
pendorf for further gas chromatography-mass
spectrometry (GCMS) analysis.

The EOs yield was calculated by following
Equation 5.

EOs (%) = (EOs extracted( ml))/
/(Total weight of petals (g)) x 100 ®)]

GC-MS analysis

To analyze the chemical composition of EOs,
a gas chromatography-mass spectrometer (GC-
MS) (model GCMSQP2010 SE, Japan) with a
Rxi-624siIMS capillary column (length 30 m,
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diameter 0.32 mm, and thickness 1.80 pm) and
a turbo molecular pump (58 L/sec for He) were
used. Additionally, a rotary pump operating at
30 L/min (60Hz) was also utilized. The GC-MS
analysis was conducted under the following con-
ditions: 1.0 pl of injection volume, (250 °C) of
injection temperature, oven temperature (40-300
°C in 27 min), 1.40 ml/min of helium carrier gas,
split ratio of 50.0, 1 min of sampling time, injec-
tion mode split less, (200 °C) of ionization, raw
control mode pressure (9.7 kPa), interface tem-
perature (250 °C), and 6 min of solvent cut time.
Finally, the components were identified through
comparison with a pre-stored mass spectrum
(MS) database. Finally, the GC-MS was used to
determine the chemicals’ relative concentrations.

Statistical analyses

The data of all response variables under study
were recorded, arranged, and analyzed statisti-
cally as Fisher’s analysis of variance (one-way
ANOVA) was employed for estimating overall
significance. Thereafter, a comparison for treat-
ment means was used by employing the least sig-
nificant difference (LSD) test at the level of 5%
probability with the help of the SAS statistical
package (9.2 Version, SAS Institute, Cary, NC,
USA) (Gomez and Gomez, 1984).

RESULTS

Vegetative growth traits

As per recorded findings, exogenous MT had
highly significant effects on all vegetative growth
parameters of the MG plant (Table 1). The tall-
est plants (116.90 cm) were recorded by 150 mg
L' which was 33% higher than the plant height
(87.85 cm) recorded by the control treatment. In-
terestingly, the highest dose of MT (200 mg L)

produced 18% shorter plants than 150 mg L,
however, it performed better than the rest of the
treatments. Likewise, all doses of MT remained
effective in increasing leaves and branches num-
ber per plant of MG, however, 150 mg L' dose
surpassed the rest of the treatments by exhibiting
56% and 57% greater leaves and branch numbers,
respectively than the control, whereas it was fol-
lowed by 200 mg L' treatment. Moreover, MT
application remained instrumental in triggering
the stem diameter and leaf area of MG, especially
150 mg L' treatment remained unmatched by
recording the maximum values (65% and 114%
greater than the control treatment, respectively).
Besides the leaf area of MG, the foliage applied
MT (150 mg L") effectively improved leaf fresh
and dry weights (33% and 400, respectively) than
the control treatment, whereas it remained statis-
tically at par with the 200 mg L' dose for leaf
dry weight. On the similar patterns of leaf fresh
and dry weights, foliage applied MT triggered
leaf growth as well as evident from improved
root fresh and dry weights, especially 150 mg L'
dose increased these root traits by 378 g and 21
g respectively than the control treatment. As far
as whole plant weight and plant dry matter were
concerned, 150 mg L' dose of MT remained su-
perior by recording the maximum values (155
g and 3%, respectively greater than the control
treatment) of these traits. Overall, the increasing
dose of MT remained effective in boosting the
vegetative growth of MG up to the dose of 150 mg
L', whereas 200 mg L' treatment performed be-
low par to 150 mg L', except for leaf dry weight,
however, it remained superior to rest of foliage
applied MT treatments under investigation.

Reproductive growth traits

The reproductive growth traits of MG were
significantly influenced by different doses of MT

Table 1. Effect of different doses of foliar applied melatonin on vegetative growth traits of marigold

Plant Leaves Branches Stem Leaf Leaf fresh Leaf dry | Root fresh | Root dry Whole Dry
Treatments height number | number per | diameter area weight (g) weight weight weight plant matter
(cm) per plant plant (cm) (cm?) gnte (9) (mg) (mg) weight (g) (%)
Control 87.85e 169.01e 21.12e 1.14e 2.13e 1.10e 0.20d 134.33e 13.73e 651e 65.17e
50 mg L' 90.48d 192.43d 24.05d 1.36d 3.26d 1.18d 0.23c 269.39d 18.24d 752d 66.09d
100 mg L 94.12¢ 220.27¢ 27.53c 1.50c 3.30c 1.36¢ 0.27b 356.18¢ 28.70c 787c 67.08c
150 mg L' | 116.90a | 264.93a 33.12a 1.89a 4.56a 1.47a 0.29a 596.44a 39.63a 851a 68.50a
200 mg L' | 98.48b 256.75b 32.09b 1.75b 4.16b 1.38b 0.28ab 512.33b 34.54b 806b 67.41b

Note: *values having atypical letters within the same column vary significantly from each other at P < 0.05.
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applied as a foliar spray (Table 2). The control
treatment exhibited the maximum days taken to
bud emergence and flowering, whereas MT foli-
age application (150 mg L) remained effective
in reducing the number of days for these traits by
3 and 8 days, respectively. It was followed by the
MT dose of 150 mg L' which in turn was fol-
lowed by 200 mg L. Likewise, the MT dose of
150 mg L' remained superior to other doses in
terms of flowering duration which were 11 and
4 days greater than the control and 200 mg L'
treatments, respectively. As far as flower number
per plant and flower diameter were concerned,
foliage applied MT (150 mg L") remained effec-
tive in boosting these traits by 37% and 133%,
respectively, compared to the control treatment.
This treatment also remained instrumental in
boosting the flower number per plant and flower
diameter by 1% and 84% respectively, compared
to the following treatment of 200 mg L. As far
as flower fresh and dry weights were concerned,
150 mg L' doses significantly improved these
traits (66% and % higher than the control treat-
ment), while it was followed by the greatest dose
of MT (200 mg L!) which in turn was followed
by 100 mg L' dose of foliar applied MT (Table
2). For flower yield, the exogenously applied MT
(150 mg L") outmatched other treatments by pro-
ducing 18% greater flower yield than the control
treatment, whereas the following treatment 200

mg L' produced 11% higher flower yield than the
control treatment. Overall, following the trend of
vegetative growth traits, the increasing dose of
MT remained effective in boosting the reproduc-
tive growth traits of MG up to the dose of 150
mg L, whereas 200 mg L treatment performed
below par to 150 mg L', however, this treatment
also remained superior to rest of foliage applied
MT doses under investigation.

Physiological growth traits

The recorded findings revealed that foliage
applied MT in different doses remained effective
in significantly affecting the physiological growth
parameters of MG (Table 3). It was noted that MT
(150 mg L") significantly triggered the transpi-
ration rate of MG that was 3.2 mmol H O m~s’
higher than the control treatment, whereas it was
also higher than the transpiration rate recorded by
MG plants receiving 200 mg L' dose of MT. The
lowest dose of foliar-applied MT performed be-
low par with the rest of the treatments, however,
it recorded a significantly higher transpiration
rate than the control treatment. Likewise, the sto-
matal conductance of MG plants was effectively
triggered by the MT dose of 150 mg L' which
was higher than the control treatment by 39 umol
H,O m?s™". It was followed by the maximum dose
of MT (200 mg L) that recorded 24% higher

Table 2. Effect of different doses of foliar applied melatonin on reproductive growth traits of marigold

Days to bud | Days to FIowe_rlng Number of Flower Flower fresh | Flower dry | Flower yield
Treatments . duration flowers per diameter ) .
emergence | flowering (days) plant (cm) weight (g) weight (g) (9)
Control 13.49a 61.53a 111.16e 70.35e 3.20e 7.46e 1.49 635.96e
50 mg L™ 12.30b 59.30b 113.61d 76.68d 3.74d 8.51d 1.70d 647.33d
100 mg L 11.70c 56.73c 115.51¢c 82.10c 4.45¢ 9.75¢c 1.95¢ 658.55¢
150 mg L 10.25e 53.51e 122.78a 96.38a 7.14a 12.36a 2.47a 751.74a
200 mg L™ 10.89d 55.24d 118.87b 95.43b 5.24b 10.21b 2.04b 705.01b

Note: *values having atypical letters within the same column vary significantly from each other at P < 0.05.

Table 3. Effect of different doses of foliar applied melatonin on physiological growth traits of marigold

Treatments (Tn:an:iﬂfgogzt% 22)”23:‘: ;oﬂdoucrf?s‘f% Chlorophyll a (mg/g FW) | Chlorophyll b (mg/g FW)
Control 2.91e 106.0e 0.15d 0.11e
50 mg L 3.31d 116.0d 0.16c 0.13d
100 mg L 3.62¢ 123.0c 0.18b 0.14c
150 mg L 6.10a 145.0a 0.19a 0.16a
200 mg L 4.40b 131.0b 0.18b 0.15b

Note: *values having atypical letters within the same column vary significantly from each other at P < 0.05.
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stomatal conductance compared to control. Inter-
estingly, even the lowest dose of foliage applied
MT remained instrumental in boosting the stoma-
tal conductance of MG by 9% than control. Per-
taining to the chlorophyll (a and b) content, 27%
and 45% increments in chlorophyll-a and chlo-
rophyll-b were recorded for the MT dose of 150
mg L', which was followed by 200 mg L' which
in turn remained statistically at par to 100 mg L"!
for chlorophyll-a content (Table 3). Following the
trend of vegetative and reproductive growth traits
of MG, all foliage-applied doses of MT remained
effective in triggering the physiological growth
traits of MG under investigation, however, 150
mg L' remained unmatched which was followed
by the highest dose (200 mg L) which in turn
was followed by 100 mg L', whereas the low-
est dose (50 mg L") even performed significantly
better than the control treatment.

Essential oils yield

The essential oils were extracted from fresh
and dry flowers as well as leaves of MG using the
hydro-distillation technique and analyzed by GC-
MS (Gas chromatography- mass spectrometry)
protocol. The results revealed that foliage-applied
MT in different doses remained effective in improv-
ing the EOs productivity from flowers and leaves
of the MG (Table 4). As per recorded findings,
EOs extraction from fresh flowers and leaves was
on the higher side than the corresponding values
recorded for dry flowers and leaves of MG. Among
foliage-applied doses of MT, 150 mg L' remained
superior by producing significantly higher EOs in
fresh and dry flowers of MG that were 44% and
74% higher than the control treatment, respective-
ly. The MT dose of 200 mg L' produced 11% and
18% fewer EOs from fresh and dry flowers of MG,
respectively than the most performing treatment
of 150 mg L. This treatment was followed by
100 mg L' which in turn was followed by 50 mg

L' for EOs production from fresh and dry flow-
ers of MG. Overall, fresh and dry leaves of MG
produced significantly higher EOs than the corre-
sponding values recorded by fresh and dry flowers
of MG (Table 4). The results revealed that leaves
of MG responded positively to foliage-applied MT
especially 150 mg L' dose remained unmatched
by producing 53% and 80% greater EOs in fresh
and dry leaves of MG, respectively compared to
the control. This treatment was closely followed by
the highest dose of MT (150 mg L"), which in turn
was followed by 100 mg L. Interestingly, in com-
parison to the control treatment, the lowest dose of
foliar-applied MT produced 17% and 35% higher
EOs in fresh and dry leaves of MG, respectively,
however, it was significantly lower than the corre-
sponding values recorded by the most performing
treatment of 150 mg L.

Essential oils profiling

The chemical composition analyses of MG
flowers revealed the presence of a total of 87
chemical compounds which entailed 9 major, 14
micro, and 64 trace compounds, whereas the cor-
responding values in leaves (total 100 chemical
compounds identified) were 14, 15, and 71, re-
spectively (Tables 5 and 6). As per characteriza-
tion analyses, among major compounds in the EOs
extracted from flowers of MG, Caryophyllene ox-
ide was the most dominant compound and it was
followed by cis-Z-alpha-Bisabolene epoxide,
whereas humulene and bicyclo [10.1.0] tridec-
1-ene were the most dominant minor and trace
compounds, respectively (Table 5). In terms of the
retention time of different chemical compounds in
the MG flowers, Calarene epoxide had the high-
est retention time of 19.75 minutes among major
compounds. Likewise, 2,27:5°,2”’-Terthiophene,
and Bicyclo [7.2.0] undec-4-ene had the maxi-
mum retention time of 26.86 and 29.96 minutes
respectively among minor and trace compounds.

Table 4. Effect of different doses of foliar applied melatonin on essential oils (EOs) production of fresh and dry

flowers and leaves of marigold

Treatments | EO from fresh flowers (%) | EO from dry flowers (%) | EO from fresh leaves (%) | EO from dry leaves (%)
Control 0.22e 0.19% 0.30e 0.20e
50 mgL™" 0.29d 0.24d 0.35d 0.27d

100 mgL" 0.31c 0.27c 0.39c 0.33c

150 mgL" 0.39a 0.33a 0.46a 0.37a

200 mgL-" 0.35b 0.28b 0.43b 0.35b

Note: *values having atypical letters within the same column vary significantly from each other at P < 0.05.
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Table 5. The chemical composition of essential oils extracted from the marigold flowers using the GC-MS analysis

Major components
Sr. No. Chemical Compound Retention time (minutes) Percentage

1 Caryophyllene oxide 15.58 10.86
2 cis-Z-.alpha.-Bisabolene epoxide 18.96 10.10
3 Benzenemethanol, 16.26 7.29
4 Calarene epoxide 19.75 7.07
5 (-)-Spathulenol 15.51 5.75
6 Naphthalene, 16.18 4.02
7 Globulol 16.55 4.68
8 Naphthalene 16.51 2.46
9 Spiro [4.4]nonan-2-one 15.90 215

Minor components
10 Humulene 13.75 1.98
11 Silane, trimethylphenyl 9.62 1.97
12 2-Cyclohexen-1 10.72 1.95
13 Benzene, 1-ethoxy-4-ethyl 12.02 1.28
14 Caryophyllene 13.25 1.31
15 1-(2-Hydroxycyclohexyloxy)-1H-pyridin-2-one 13.94 1.06
16 Benzene 15.85 1.32
17 Globulol 15.99 1.04
18 alpha. —Guaiene 16.08 1.75
19 Cyclopentanecarboxaldehyde 18.51 1.05
20 3-Cyclohexene-1-carboxaldehyde 18.81 1.37
21 Longifolenaldehyde 19.01 1.20
22 n-Hexadecanoic acid 21.49 1.25
23 2,2":5’,2"-Terthiophene 26.86 1.10

Trace components
24 beta.-Pinene 6.17 0.11
25 .gamma.-Terpinene 6.88 0.54
26 p-Cresol 7.65 0.1
27 1,6-Octadien-3-ol, 3,7-dimethyl 7.93 0.58
28 1,6-Octadien-3-ol, 3,7-dimethyl 8.1 0.73
29 5-Octen-2-one, 3,6-dimethyl 8.39 0.14
30 2H-Pyran, 3,4-dihydro-6-methyl 8.62 0.54
31 Cyclohexene, 1,2-dimethyl 8.89 0.15
32 Benzenemethanol, .alpha.,.alpha 9.39 0.41
33 .gamma.-Terpinene 9.51 0.18
34 Ethanone, 1-(3-methylphenyl) 9.57 0.29
35 L-.alpha.-Terpineol 9.75 0.47
36 1H-Benzimidazole, 5-methoxy 10.07 0.22
37 2-Cyclohexen-1 10.46 0.42
38 2,6-Octadien-1-ol 10.88 0.34
39 4-Hexen-1-ol 11.05 0.14
40 p-Cymen-7-ol 11.26 0.31
41 Quinuclidine 11.37 0.41
42 2,4-Pentadien-1-ol 11.46 0.18
43 Acetic acid 11.75 0.25
44 2,6-Octadienal, 3,7-dimethyl 12.12 0.30
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45 o-Methyl o-butyl isopropylphosph 12.49 0.26
46 Isoborneol 12.70 0.37
47 2-Hexanoylfuran 13.07 0.22
48 2-Pentene 13.36 0.14
49 2-Methylene cyclopentanol 13.59 0.51
50 Furan 13.67 0.13
51 5,5-Dimethyl-1,3-hexadiene 14.11 0.34
52 Naphthalene 14.22 0.49
53 2-Isopropenyl-4a 14.31 0.23
54 Santolina epoxide 14.40 0.15
55 2-Isopropylidene-3-methylhexa-3 14.99 0.63
56 Bicyclo [10.1.0] tridec-1-ene 15.09 0.99
57 alpha.-Farnesene 15.15 0.93
58 Caryophyllene 15.25 0.76
59 Cyclohexene 15.42 0.22
60 Guaiol 15.70 0.18
61 Alloaromadendrene 15.78 0.59
62 Caryophyllene oxide 16.68 0.72
63 Caryophyllene oxide 16.73 0.92
64 Spiro[5.6]dodecane 16.81 0.43
65 Alloaromadendrene 17.10 0.53
66 4-Decyne 17.30 0.89
67 Camphene 17.45 0.75
68 Solavetivone 17.58 0.89
69 Epianastrephin 17.86 0.59
70 Isobornyl propionate 18.58 0.72
71 Caryophyllene oxide 19.17 0.48
72 Isoaromadendrene epoxide 19.31 0.20
73 cis-p-mentha-1(7) 19.46 0.16
74 Cycloheptane 19.55 0.16
75 2-Propenoic acid 19.97 0.23
76 Thianthrene 20.11 0.23
77 Isoaromadendrene epoxide 20.98 0.38
78 Isoaromadendrene epoxide 22.01 0.13
79 1(2H)-Phenanthrenone 22.46 0.49
80 Phytol 22.70 0.30
81 Octadecanoic acid 23.37 0.29
82 11H-Indeno[1,2-b]quinoxaline 25.72 0.96
83 Heptadecane 28.91 0.63
84 2(1H)-Naphthalenone, 28.33 0.20
85 Triacontyl acetate, 29.48 0.26
86 Bicyclo[7.2.0Jundec-4-ene 29.78 0.16
87 Bicyclo[7.2.0Jundec-4-ene 29.96 0.22
DISCUSSION essential oils production of marigold flowers

and leaves. The recorded findings revealed that

In this study, foliar application of melatonin growth traits, flower yield, and EOs production
had significant effects on vegetative, reproduc- were significantly improved by increasing the
tive, and physiological growth traits along with concentration of foliage-applied MT, however,
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the highest dose of MT could not perform at par
with its lower dose. Particularly, the 150 mg L
dose surpassed the rest of the treatments by re-
cording the maximum vegetative growth (plant
height, leaves and branches number per plant,
stem diameter, fresh and dry weights of leaf and
roots, leaf area, and whole plant weight). These
findings corroborate with those of Moustakas et
al. (2023), who inferred that MT application (10
and 100 pM) imparted significant influence on
chlorophyll content and leaf area as in our study
that triggered the photosystem II (PSII) function
which promoted robust source-sink relationship
and ultimately vegetative growth was triggered in
mint plants. It was also inferred that both doses
of MT played a strategic role in preventing the
biosynthesis of reactive oxygen species (ROS)
which improved plant growth under the un-no-
ticed incidences of abiotic stresses (particularly
heat and drought stress) (Ramirez-Estrada et al.,
2023). Moreover, robust vegetative growth re-
corded by foliage-applied MT was attributed to
the non-photochemical quenching (NPQ) mecha-
nism which improved chlorophyll content and
PSII functionality causing significant improve-
ment in plant height, stem diameter, and leaf area.
These improvements caused more biomass accu-
mulation of roots and ultimately plants fresh and
dry weights were also increased. Overall, foliage
application of MT (100 uM) was recommended
as a photosynthetic bio-stimulant for improving
the vegetative growth traits especially root and
shoot of crop plants under both favorable and
stressed conditions. Moreover, the sub-optimal
performance of the highest dose (200 mg L) in
this study might be attributed to suppression of
PSII and biosynthesis of ROS (Islam et al., 2023;
Sagar et al., 2023), however future research needs
to explore the underlying mechanisms. Similarly,
MT’s roles in boosting morphological characteris-
tics, energy status, and nitrogen metabolism in al-
falfa have also been reported previously by Chen
et al. (2021), and similar findings were reported
by Cui et al. (2017) in wheat. Moreover, Yang et
al. inferred that exogenously applied MT boosted
endogenous MT levels and stimulated the organic
acids biosynthesis in the root system, and ulti-
mately, root fresh and dry weights were improved
along with whole plant weight. Dai et al. (2020)
also reported a significant influence of foliage-ap-
plied MT on the root growth of rapeseed. Further-
more, it was concluded that exogenous applica-
tion of MT remained instrumental in boosting the

biosynthesis of endogenous MT along with phos-
phoglycerate kinase, fructose-1,6-bisphosphate
esterase, and fructose-1,6-bisphosphate aldolase
which improved all vegetative growth traits of to-
mato seedlings (Yang et al., 2023).

As far as reproductive growth traits (time
taken to bud emergence and flowering, number
of flowers, flower diameter, flower fresh and dry
weights, flowering duration, and flower yield)
of MG were concerned, MT (150 mg L") foliar
application remained effective in boosting these
traits on the similar pattern of vegetative growth
parameters under investigation. It might be at-
tributed to improved water and nutrient use ef-
ficiencies achieved through greater photosyn-
thetic efficiency caused by MT-triggered stomatal
conductance and decreased canopy temperature
(Sharif et al., 2018). Our findings report a similar
trend as recorded by Talaat (2023), who opined
that barley plants responded positively in terms
of reproductive growth traits to MT (70 uM) un-
der field capacity levels of 30%, 70%, and 100%.
It was inferred that Calvin cycle enzyme activity
was triggered by MT that boosted gas exchange
capacity and strengthened the chlorophyll fluo-
rescence system, which led to greater diversion
of assimilated toward reproductive sink-sites, and
ultimately, flower diameter and their fresh and
dry weights were enhanced. Furthermore, exog-
enously applied MT increased the concentration
of endogenous MT along with indole-3-acetic
acid, gibberellins, and cytokinins which played
key roles in enhancing the floral retention dura-
tion and flower yield. Previously, similar findings
have also been reported by Yang et al. (2023),
who inferred that foliage-applied MT (100 pmol
L") improved the endogenous MT levels and
chlorophyll fluorescence induction kinetics along
with neutralizing the deleterious impacts of alka-
line (60 mmol L' NaHCO,) environment which
significantly promoted flowering and fruit devel-
opment in tomatoes. Moreover, Fu et al. (2023)
administered four concentrations of MT (50,
100, 150, and 200 Mm) to cotton seedlings and
noted that all doses of MT remained effective
in boosting the reproductive growth (flowering
and boll formation) by modulating the biosyn-
thesis of superoxide dismutase (SOD), and per-
oxidase (POD) which improved growth of crop
plants even when there was frequent incidence of
chilling stress coupled with saline environment.
Furthermore, Meftahizadeh et al. (2023) ob-
served that MT triggered the modulation of redox
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reactions and improved the phytochemical status
which improved the growth of guar.

Besides vegetative and reproductive growth
traits, the physiological parameters (transpira-
tion rate, stomatal conductance, chlorophyll a,
and chlorophyll b content) of MG plants were
pronouncedly improved by 150 mg L' level of
MT. It might be inferred that the same dose of MT
resulted in the maximum leaf area and leaf diam-
eter which led to the highest chlorophyll content.
Similar findings have been reported by previous
studies wherein the NPQ mechanism triggered by
exogenous application of MT was attributed to
increased chlorophyll (a and b) content (Imran et
al., 2021; Kaya and Doganlar, 2018). Moreover,
Talaat (2023) concluded that exogenously applied
MT effectively improved endogenous MT con-
centration, which led to enhanced transpiration
rate and stomatal conductance, and ultimately,
chlorophyll synthesis (owning to strengthening
of chlorophyll fluorescence system) and photo-
synthesis rate were also improved. Moreover, fo-
liage application of MT (50-150 Mm) triggered
the photosynthesis rate, and it was attributed to
improved chlorophyll content in the leaves of
crop plants. Furthermore, Ramirez-Estrada et al.
(2023) administered different doses of MT (1, 10,
and 100 uM) and results revealed that MT doses
especially 10 uM treatment remained unmatched
in terms of SPAD values and photosynthetic effi-
ciency, while it was inferred that MT remained ef-
fective to promote photoinhibition and improved
chlorophyll contents and ultimately photosyn-
thesis rate was increased in green bean plants.
Okunlola et al. (2023) also reported similar re-
search findings whereby exogenously applied MT
(50 uM) significantly influenced several physi-
ological functions in capsicum species including
accumulation of osmolyte, biosynthesis of pig-
ments (chlorophyll a and b), and inorganic ions
concentration. Moreover, Imran et al. (2021) also
reported MT-induced regulation of physiological
functions in soybean plants via the biosynthesis
of endogenous nitric oxide. Contrastingly, Jiang
et al. (2016) record'ed MT-associated physiologi-
cal function modulation through antioxidant ca-
pacity improvement and ion homeostasis in maize
seedlings and root development of sweet cherry
(Sarropoulou et al., 2012). Furthermore, Sharif et
al. (2018) attributed MT associated physiological
growth to the regulation of abscisic acid metabo-
lism and the strengthening of the antioxidant sys-
tem by MT that maintained stomatal opening and

166

increased pigment content. However, Campos et
al. (2019) and Mohammadi et al. (2021) observed
a significant reduction in oxidative stress by MT
application and concluded that it could impact
several other physiological functions in young
coffee plants and Anise hyssop.

In this study, EOs were extracted from fresh
leaves and flowers of MG that contained mono-
terpene hydrocarbons (e.g., ocimene, limonene,
terpinene, myrcene, etc.) and acyclic monoter-
pene ketones (e.g., tagetone, dihydrotagetone,
tagetenone). Similar findings were previously re-
ported wherein smaller amounts of sesquiterpene
hydrocarbons and oxygenated compounds were
also present in MG flowers (Sharma et al., 2020;
Arnao and Hernandez-Ruiz, 2019). In this study,
essential oil yield increased with the increase in
MT application, which could be attributed to the
increasing division rate of the meristematic cells
which produced more enzymes that played a vital
role in triggering the biosynthesis of EOs. Like-
wise, the [AA and MT were reported to entail sim-
ilar chemical structures and performed auxin-like
functions to increase the biosynthesis of EOs in
tea, cotton, and pistachio plants (Kamiab, 2020).
Our results indicated 87 compounds in flowers.
The EOs contents were increased by the effect of
MT, which improved plant growth and develop-
ment. There were three types of compounds based
on their percentage in oil, which were identified
as significant (more than 2%), minor (less than
2% and more than 1%), and trace compounds
(less than 0%). Among these compounds, Caryo-
phyllene oxide (10.86%), cis-Z-alpha-Bisabolene
epoxide (10.10%), Benzenemethanol (7.29%)
were major compounds, Humulene (1.98%),
Silane, trimethylphenyl (1.97%), 2-Cyclohex-
en-1(1.95%) were minor compounds and 2-Iso-
propylidene-3-methylhexa-3 (0.99%), Bicyclo
[10.1.0] tridec-1-ene (0.93%), Caryophyllene ox-
ide (0.92%) were trace compounds were analyzed
in flowers of MG.

Our results were different from earlier studies
which reported 18 compounds that might be at-
tributed to different varieties, agro-environmental
conditions, agronomic management practices etc.
whereas the major chemical constituents were
piperitone (19.2%), Pcaryophyllene (15.2%),
limonene (11.7%), methyl eugenol (12.3%), (E)
— ocimene (13.7%), piperitenone (8.1%) and ter-
pinolene (11.9%) (Irshad et al., 2021). The study
reported a substantial variation in the relative
quantities of monoterpenoids, sesquiterpenoids,
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and some of the unreported higher molecular
weight hydrocarbons in the EOs of aerial parts.
Comparing the composition of 7. erecta flower’s
essential oil showed some similarities and differ-
ences with previous studies (Tudora et al., 2024;
Safar et al., 2020). While the major constituent in
the flower oil was B-caryophyllene, cis-ocimene,
and l-limonene were identified as the major con-
stituent in aerial parts. Unlike, high levels of
piperitone and low levels of limonene and piperi-
tenone were reported in 7. patula EOs that could
be attributed to the differential roles of MT in
free-radical scavenging and stomatal behavior of
plants under abiotic stresses (Shen et al., 2021;
Li et al.,, 2019). This difference between previous
studies and these results could be probably due
to different species of MG and the MT applica-
tion mode (seed priming) and time of foliar spray.
Parsa Motlagh et al. (2024) also recorded a sig-
nificant influence of foliage-applied MT (0.5 and
1 mM) on fatty acid composition in sesame.

CONCLUSIONS

Here in this study, we have explored the pro-
duction potential of marigold by optimizing the
foliar applied doses of melatonin. The recorded
findings were completely in line with the research
hypothesis which demonstrated that exogenous
foliar application of MT significantly affected
the agro-botanical, physiological, and biochemi-
cal characteristics of MG. Overall, the MT dose
of 150 mg L' remained unmatched by triggering
the vegetative and reproductive growth of MG
by boosting the physiological growth processes
(transpiration rate, stomatal conductance, Chloro-
phyll a, and b contents). The highest dose of MT
(200 mg L") could not perform at par with 150
mg L', however, it remained superior to the rest
of the MT doses as well as control treatment. The
chemical profiling of EOs extracted from flowers
identified 87 chemical constituents. As per char-
acterization analyses, among major compounds in
the EOs extracted from flowers of MG, Caryoph-
yllene oxide was the most dominant compound,
and it was followed by cis-Z-alpha-Bisabolene
epoxide, whereas humulene and bicyclo [10.1.0]
tridec-1-ene were the most dominant minor and
trace compounds, respectively. In terms of the
retention time of different chemical compounds
in MG flowers, Calarene epoxide had the high-
est retention time of 19.75 minutes among major

compounds. Likewise, 2,27:5°, 2”’-Terthiophene,
and Bicyclo [7.2.0] undec-4-ene had the maxi-
mum retention time of 26.86 and 29.96 minutes,
respectively, among minor and trace compounds.
Thus, these findings might serve as a baseline
to develop MT exogenous application as a bio-
logically viable and potent strategy to boost MG
growth and flower yield sustainably. Future stud-
ies need to perform the economic analysis of
employed MT treatments concerning the added
advantages offered in the form of flower yield
increment and essential oil yield. Moreover, vari-
ous underlying mechanisms responsible for in-
ducing MT-related boosts in plant physiological
processes still need to be explored for increasing
MG yield and essential oil production to meet the
persistently increasing demand in food, medici-
nal, and pesticide industries.

REFERENCES

1. Abbas S.F., Bukhari M.A., Raza M.A.S., Abbasi
G.H., Ahmad Z., Algahtani M.D., Almutairi K.F.,
Abd_Allah E.F., Igbal M.A. 2023. Enhancing
drought tolerance in wheat cultivars through nano-
ZnO priming by improving leaf pigments and an-
tioxidant activity. Sustainability, 15, 5835. https://
doi.org/10.3390/sul5075835

2. Ahmad Z., Younis R., Ahmad T., Igbal M.A., Ar-
tyszak A., Alzahrani Y.M., Alharby H.F., Alsa-
madany H. 2024. Modulating physiological and
antioxidant responses in wheat cultivars via foliar
application of silicon nanoparticles (SiNPs) under
arsenic stress conditions. Silicon, 16, 5199-5211.
https://doi.org/10.1007/s12633-024-03078-6

3. Arnao M.B., Hernandez-Ruiz J. 2019. Melatonin: A
new plant hormone and/or a plant master regulator?
Trends in Plant Science, 24, 38-48.

4. Armon D.I. 1949. Copper Enzymes in Isolated Chlo-
roplasts. Polyphenoloxidase in Beta Vulgaris. Plant
Physiology, 24, 1-15. https://doi.org/10.1104/24.1.1

5. Aslam A., Zaman F., Qasim M., Ziaf K., Shaheen I.,
Afzal NS., Hussain S. 2016. Impact of nitrogen and
potash on growth, flower and seed yield of African
marigold (Tagetes erecta L.). Scientia, 14, 266—269.

6. Campos C.N., Avila R.G., Souza K.R.D., Azevedo
L.M., Alves J.D. 2019. Melatonin reduces oxidative
stress and promotes drought tolerance in young Cof-

fea arabica L. plants. Agricultural Water Manage-
ment, 211, 37-47.

7. Chen Z., Cao X., Niu J. 2021. Effects of melatonin
on morphological characteristics, mineral nutrition,
nitrogen metabolism, and energy status in alfalfa un-
der high-nitrate stress. Frontiers in Plant Science, 12,

167



Journal of Ecological Engineering 2024, 25(12), 157-169

694179. https://doi.org/10.3389/fpls.2021.694179

8. Cui G., Zhao X., Liu S., Sun F., Zhang C., Xi Y.
2017. Benefcial effects of melatonin in overcoming
drought stress in wheat seedlings. Plant Physiology
and Biochemistry, 118, 138—149.

9. DaiL.,LilJ.,Harmens H., Zheng X., Zhang C. 2020.
Melatonin enhances drought resistance by regulat-
ing leaf stomatal behaviour, root growth and cata-
lase activity in two contrasting rapeseed (Brassica
napus L.) genotypes. Plant Physiology and Bio-
chemistry, 149, 86-95.

10.Fu Y., Xin L., Mounkaila Hamani A.K., Sun W.,
Wang H., Amin A.S. 2023. Foliar application of
melatonin positively affects the physio-biochemi-
cal characteristics of cotton (Gossypium hirsutum
L.) under the combined effects of low temperature
and salinity stress. Plants, 12, 3730. https://doi.
org/10.3390/plants 12213730

11. Gomez K.A., Gomez A.A. 1984. Statistical proce-
dures for Agricultural Research. 2nd Edition, John
Wiley and Sons, New York.

12. Guzman M.R., Marques 1. 2023. Effect of var-
ied salinity on marigold flowers: reduced size
and quantity despite enhanced antioxidant activ-
ity. Agronomy, 13, 3076. https://doi.org/10.3390/
agronomy13123076

13. Imran M., Shazad R., Bilal S., Imran Q.M., Khan
M.,Kang S.M.,KhanA.L., Yun B.W., Lee [.J. 2021.
Exogenous melatonin mediates the regulation of en-
dogenous nitric oxide in Glycine max L. to reduce
effects of drought stress. Environmental and Experi-
mental Botany, 188, 104511.

14.Igbal A., Abbas R.N., Al Zoubi O.M., AlasasfaM.A.,
Rahim N., Tarikuzzaman M., Aydemir S.K., Igbal
M.A. 2024. Harnessing the mineral fertilization re-
gimes for bolstering biomass productivity and nu-
tritional quality of cowpea [ Vigna unguiculata (L.)
Walp]. Journal of Ecological Engineering, 25(7),
340-351. https://doi.org/10.12911/22998993/18893

15.Igbal M. A., Imtiaz H., Abdul H., Bilal A. 2021. Soy-
bean herbage yield, nutritional value and profitabil-
ity under integrated manures management. Anais da
Academia Brasileira de Ciencias, 93(1), e20181384.
https://doi.org/10.1590/00013765202120181384

16.Islam M.R., Kamal, M.M., Hossain M.F., Hossain
J.,Azam M.G., Akhter M.M., Hasan M.K_, Al-Ash-
kar I., Almutairi K.F., EL Sabagh A., Rahman M. A.,
Igbal M.A., Islam M.S. 2023. Drought tolerance in
mung bean is associated with the genotypic diver-
gence, regulation of proline, photosynthetic pigment
and water relation. Phyton, International Journal of
Experimental Botany, 92(3), 955-981. https://doi.
org/10.32604/phyton

17.Jiang C., Cui Q., Feng K., Xu D., Li C., Zheng Q.
2016. Melatonin improves antioxidant capacity
and ion homeostasis and enhances salt tolerance in

168

maize seedlings. Acta Physiology, 38, 82.

18. Kamiab F. 2020. Exogenous melatonin mitigates sa-
linity damage and improves the growth of pistachio
under salinity stress. Journal of Plant Nutrition, 43,
1468-1484.

19.Kaya A., Doganlar Z.B. 2019. Melatonin improves
the multiple stress tolerance in pepper (Capsicum
annuum). Scientia Horticulturae, 25, 108509.

20.LiZ.,Su X., Chen Y., Fan X, He L., Guo J., Wang
Y., Yang Q. 2021. Melatonin improves drought resis-
tance in maize seedlings by enhancing the antioxi-
dant system and regulating abscisic acid metabolism
to maintain stomatal opening under PEG-induced
drought. Journal of Plant Biology, 64, 299-312.

21.Li J., Yang Y., Sun K., Chen Y., Chen X., Li, X.
2019. Exogenous melatonin enhances cold, salt and
drought stress tolerance by improving antioxidant
defense in tea plant (Camellia sinensis (L.) O. Kun-
tze). Molecules, 24, 1826.

22.Meftahizadeh H., Baath G.S., Saini R.K. 2023. Mel-
atonin-mediated alleviation of soil salinity stress by
modulation of redox reactions and phytochemical
status in guar (Cyamopsis tetragonoloba L.). Jour-
nal of Plant Growth Regulation, 42, 4851-4869.
https://doi.org/10.1007/s00344-022-10740-z

23.MirA.R., Argal S., Agarwal R.M. 2018. Accumula-
tion of secondary metabolites and osmotica in differ-
ent Parts of 7. erecta L. and its ecophysiological rel-
evance. International Journal of Scientific Research
and Reviews, 7(1), 198-209.

24. Mohammadi H., Moradi S., Aghaee A. 2021. Ef-
fect of melatonin on morphological and physiologi-
cal parameters of Anise hyssop under water deficit
stress conditions. Journal of Plant Process and Func-
tion, 10(44), 45-58.

25.Moustakas M., Sperdouli I., Adamakis 1.D.S.,
Sas B., Isgdren S., Moustaka J., Morales F. 2023.
Mechanistic approach on melatonin-induced hor-
mesis of photosystem ii function in the medicinal
plant Mentha spicata. Plants, 12, 4025. https://doi.
org/10.3390/plants12234025

26. Mukherjee S., Bhatla S.C. 2020. Exogenous mela-
tonin modulates endogenous H2S homeostasis and
L-cysteine desulthydrase activity in salt-stressed
tomato (Solanum lycopersicum L. var. cherry) seed-
ling cotyledons. Journal of Plant Growth Regula-
tion, 40, 2502-2514.

27.Okunlola G.O., Olatunji O.A., Niewiadomska E.
2023. Foliar application of melatonin alleviates
the deleterious effects of drought on the three most
cultivated capsicum species in Africa. Gesunde
Pflanzen, 75, 139-149. https://doi.org/10.1007/
$10343-022-00685-4

28. Parsa Motlagh B., Shahdadi F., Salehi Sardoei A.
2024. Foliar-applied melatonin alters grain yield and
the fatty acid profile of sesame (Sesamum indicum



Journal of Ecological Engineering 2024, 25(12), 157-169

L.) under drought stress. Journal of Crop Health, 18.
https://doi.org/10.1007/s10343-024-00977-x

29. Ramirez-Estrada C.A., Sanchez E., Flores-Cordova
M.A., Pérez-Alvarez S., Noperi-Mosqueda L.C.,
Chavez-Mendoza C. 2023. Photosynthetic effi-
ciency in green bean plants through the application
of omeprazole and melatonin at low doses. Interna-
tional Journal of Plant Biology, 14, 864—878. https://
doi.org/10.3390/ijpb14040064

30. Safar A.A., Ghafoor A.O., Dastan D. 2020. Screen-
ing of chemical characterization, antifungal and cyto-
toxic activities of essential oil constituents of Tagetes
erecta L. from Erbil, Kurdistan region-Iraq. Polish
Journal of Environmental Studies, 29, 2317-2326.

31.Sagar A., Hossain M.A., Uddin, M.N., Tajkia J.E.,
MiaM.A., Igbal M. A. 2023. Genotypic divergence,
photosynthetic efficiency, sodium extrusion, and
osmoprotectant regulation conferred salt tolerance
in sorghum. Phyton-International Journal of Ex-
perimental Botany, 92(8), 2349-2368. https://doi.
org/10.32604/phyton.2023.028974

32.Sardar H., Ramzan M.A., Naz S. 2023. Exogenous
application of melatonin improves the growth and
productivity of two broccoli (Brassica oleracea L.)
cultivars under salt stress. Journal of Plant Growth
Regulation, 42, 5152-5166. https://doi.org/10.1007/
$00344-023-10946-9

33. Sarropoulou V.N., Therios I.N., Dimassi-Theri-
ou K.N. 2012. Melatonin promotes adventitious
root regeneration in in vitro shoot tip explants of
the commercial sweet cherry rootstocks CAB-6P
(Prunus cerasus L.), Gisela 6 (P. cerasus * P. ca-
nescens), and MxM 60 (P. avium x P. mahaleb).
Journal of Pineal Research, 52, 38-46.

34. Sharif R., Xie C., Zhang H., Arnao M.B., Ali M.,
Ali Q., Muhammad I., Shalmani A., Nawaz M.A.,
Chen P. 2018. Melatonin and its effects on plant sys-
tems. Molecules, 23,2352 https://doi.org/10.3390/
molecules23092352

35.Sharma A., Wang J., Xu D., Tao S., Chong S., Yan
D.,LiZ., Yuan H., Zheng, B. 2020. Melatonin regu-
lates the functional components of photosynthesis,

antioxidant system, gene expression, and metabolic
pathways to induce drought resistance in grafted
Carya cathayensis plants. Science of the Total En-
vironment, 713, 136675.

36. Shen J., Chen D., Zhang X., Song L., Dong J., Xu
Q.,Hu M., Cheng Y., Shen F., Wang W. 2021. Miti-
gation of salt stress response in upland cotton (Gos-

sypium hirsutum) by exogenous melatonin. Journal
of Plant Research, 134, 857-871.

37. Talaat N.B. 2023. Drought stress alleviator mela-
tonin reconfigures water-stressed barley (Hordeum
vulgare L.) plants’ pho-tosynthetic efficiency, an-
tioxidant capacity, and endogenous phytohormone
profile. International Journal of Molecular Sciences,
24, 16228. https://doi.org/10.3390/ijms242216228

38. Tarikuzzaman M., Igbal M.A., Lynam J.G. 2024. Di-
rect contact membrane distillation of artificial urine
for sugar beet production in a hydroponic system.
Journal of Ecological Engineering, 25(10), 252—
260. https://doi.org/10.12911/22998993/192174

39. Tudora C., Nenciu F., Muscalu A., Burnichi F.,
Gatea, F., Boiu-Sicuia O.A., Isracl-Roming F. 2024,
Pesticidal potential of essential oil obtained from a
new variety of marigold (Tagetes patula L., fam.
Asteraceae). Applied Science, 14, 3159. https://doi.
org/10.3390/app14083159

40. Yang Y., Guan S., Jiang X., Li M., Wei S., Diao M.
2023. Exogenous melatonin alleviates the inhibitory
effect of NaHCO, on tomato growth by regulating
the root pH value and promoting plant photosynthe-
sis. Agronomy, 13, 2777. https://doi.org/10.3390/
agronomy13112777

41.Zhang H., Zhang S., Zhang H., Chen X., Liang F.,
Qin H., Zhang Y., Cong, R., Xin H., Zhang Z. 2020.
Carotenoid metabolite and transcriptome dynamics
underlying flower color in marigold (7agetes erecta
L.). Scientific Reports, 10, 16835.

42. Zulfigar F., Younis A., Riaz A., Mansoor F., Hameed
M., Akram N.A., Abideen Z. 2020. Morpho-ana-
tomical adaptations of two Tagetes erecta L. cul-

tivars with contrasting response to drought stress.
Pakistan Journal of Botany, 52, 801-810.

169



