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This study aimed to evaluate the effects of nanoparticle fertilizers and
plant growth regulator (PGR) treatments on Catharanthus roseus (L.)
plants under water-deficit stress. Plant growth and yield were
evaluated in two consecutive years (2018-2019 and 2019-2020). This
experiment was performed as a split factorial plot arranged in a
randomized complete block design (RCBD) with three replications. The
main factor was irrigation at three levels (full irrigation, mild, and
severe water-deficit stress). The subfactors included priming with
PGRs (not priming, auxin, gibberellic acid, and cytokinin) and foliar
application of nanoparticles (water, nano Zn particles, nano Mg
particles, and nano Zn particles + nano Mg particles). The results
showed that water-deficit stress decreased total chlorophyll content,
plant height, number of flowers, and shoot dry weight. However, plants
primed with PGRs had higher plant height, lateral branches, and shoot
dry weights than the control. The highest vinblastine (0.0091%) and
agmatine content (0.667%) occurred in response to severe water-
deficit stress and ZnO (1 mg L-1) + MgO (0.5 mg L-1). Moreover, stem
diameter and lateral branches had the highest value without priming
with plant growth regulators but with ZnO application (1 mg L) +
MgO (0.5 mg L-1). In contrast, priming with gibberellic acid and foliar
application of ZnO (1 mg L) + MgO (0.5 mg L) increased the
agmatine content. The current study suggested nanoparticles and PGRs
can enhance Catharanthus roseus tolerance to water-deficit conditions.

Introduction

Environmental factors such as

moisture,

result of high evaporation (high temperature) and
low rainfall, associated with poor soil and water

temperature, nutrients, and radiation can affect
secondary metabolite composition, physical
appearance, growth, and plant development by
changing metabolic and physiological processes.
Due to extreme nutritional and salt accumulation,
arable lands are becoming threatened with the
possibility of turning into wastelands. Salt stress
occurs more in arid and semi-arid regions as a
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management. Stress situations cause membrane
metabolic and disorganization toxicity. Reactive
oxygen species (Hosseini et al, 2023a) can
emanate from hydrogen peroxide (H202),
superoxide anion (02-), and hydroxyl radicals, as
the first consequence of stress taking place in
mitochondria and chloroplasts. Plants have
advanced differences in their apparatus to protect
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themselves from the impacts of oxidative stress
such as enzymatic and non-enzymatic
antioxidants. In most situations, the activity of the
antioxidant defense system increases but usually
decreases in severe stress conditions (Hosseini et
al,, 2023b). Osmotic adjustment is often regarded
as a reaction of plants to salt stress for the
protection of plants by synthesizing and/or
accumulation of compatible osmolytes solutes in
the cytoplasm, such as proline, glycine betaine,
free amino acids, and soluble sugars. Meanwhile,
the hydrolyzation of protein under drought stress
is a reason for high proline contents.

In the last decade, treating plants with plant
growth regulators (PGRs) has been an effective
way to improve plant resistance and reduce stress
injury. Phytohormones can moderate plant
physiological processes and have an important
role in ameliorating plant defense systems against
unfavorable environmental conditions. Among
these substances, gibberellic acid, auxin, and
cytokinin are worth mentioning. Cytokinin
assumes a protective role and acts as an internal
growth regulator or plant growth inhibitor (Khan
et al, 2012). Auxin compounds play a key role in
growth, development, and response to
environmental stresses (Keshavarz et al., 2016).
Also, they are key messenger compounds in the
induction process that lead to the accumulation of
secondary metabolites (Keshavarz and Khodabin,
2019). Cytokinin reportedly increased plant
tolerance to water-deficit stress with chlorophyll
accumulation, and its application decreased lipid
peroxidation (malondialdehyde and hydrogen
peroxide) while promoting the activities of
ascorbate peroxidase, glutathione reductase, and
antioxidant enzyme systems such as superoxide
dismutase, peroxidase, catalase, and non-
enzymatic compounds (proline and soluble
sugars) (Farooq et al., 2013).

To mitigate or compensate for drought stress and
increase crop fitting and yield, the effects of
micronutrient application have received attention
from researchers (Keshavarz et al,, 2018). In this
context, many reports have demonstrated that
zinc (Zn) acts as an activator for many enzymes
such as aldolase, isomerase, transferase, and DNA
polymerase (Zhang et al, 2023). Moreover, Zn
presents fundamental roles in several critical
cellular functions such as protein metabolism,
gene expression, elicitation of plant resistance
mechanisms against environmental stresses,
structural and  functional integrity in
biomembranes, and indole acetic acid (IAA)
metabolism (Karami et al., 2016). Zn neutralizes
the impact of drought stress by increasing protein
and chlorophyll biosynthesis and improving the
yield potential of photosystem II (Chavoush et al.,
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2019). Farahani et al. (2020) indicated that the
application of zinc improves seed yield due to an
increase in carbohydrate metabolites.
Magnesium (Mg) is an important micronutrient,
which plays a vital role in the structure of
photosynthesis II, providing required electrons
for photosynthetic activity (Pourjafar et al,
2016). It is also involved in activating nitrogen
metabolizing enzymes, RNA polymerase, and
enzymes for the biosynthesis of fatty acid and
gibberellic acid (Movahhedy-Dehnavy et al,
2009). Previous research demonstrated the
beneficial effects of Mg on water-deficit stress
responses, such as an increase in plant water-use
efficiency, stomatal conductance, viability of
pollens, photosynthesis rate, and leaf chlorophyll
content (Millaleo et al, 2013). Movahhedi
Dehnavi et al. (2008) reported that Zn and Mg
foliar spraying can compensate for the adverse
effects of drought stress on flowering
developmental stages. Ajmal et al. (2023) argued
that Zn foliar application resulted in a faster
uptake of nitrogen, phosphorous, and potassium.
Zn and Mg foliar spraying enhanced seed
production and yield components in canola
(Kalantar et al., 2015), soybean (Karami et al,,
2016), and Vigna radiata (L.) (Ajmal et al., 2023).
High phosphorus content in the soil, high pH,
lime, soil moisture, cold temperatures, and
increased levels of HCO3 in the root-soil system
are several causes of Zn and Mg unavailability in
the soil (Lima etal., 2013).

Many soils in Iran are calcareous and have low Zn
and Mg availability. Foliar application of these
elements as nanoparticles seems to be an
effective method to alleviate Zn and Mg deficiency
in plants. Therefore, this study compared the
effects of water-deficit stress and nanoparticle
application of PGRs to alleviate the effects of
water-deficit and determine their relationships
with  biochemical and agronomical traits
in Catharanthus roseus plants.

Materials and Methods

Study site and experimental design

This study was conducted in a research field at
Tehran University, Varamin, Iran (latitude 35.21E;
longitude 51.38N, with an altitude of 1000 meters
above sea level) in the 2018-2020 crop seasons.
This region has a semi-arid climate, with an
annual average temperature of 14.2 °C and an
average rainfall of 244 mm (Fig. 1).

Before planting, several soil samples were
collected and tested for their properties. Based on
the soil analysis, soil Mg and Zn contents were
relatively low. Also, irrigation water samples
indicated insufficient Mg and Zn levels. The
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experimental site had clay loamy soil, with pH 7.8
and 7.7, EC 4.6 and 4.8 dS m-!, organic matter
1.28% and 1.31%, with available nitrogen 14.9
and 17.8 ppm, and available phosphorus 41.8 and
39.6 ppm. We arranged a randomized complete
block design (RCBD) in a split factorial plot with

= Monthly precipitation in 2018-2019

—— Average monthly temperature in 2018-2019

three replications. Each experiment included
forty-eight experimental units, including three
irrigation treatments, four PGRs, seed priming,
and four foliar applications of Zn and Mg
nanoparticles.
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Fig. 1. Average monthly temperature and precipitation during the period of April-October in 2018-2019 and 2019-

Plant treatments

For each treatment, we cultured one-hundred
periwinkle seeds at one-centimeter distances
apart from each other. When the plants reached
the 3-4 leaf stage, we transferred each seedling
from the nursery bed to the farm (Sepehri et al.,
2013). The main factor consisted of three
irrigation treatments: irrigation at 75% (full
irrigation), 60% (mild water-deficit stress), and
40% (severe water-deficit stress) (Keshavarz
Mirzamohammadi et al, 2021a). The water-
deficit stress treatments were applied at the 4-6
leaf stage at the time of plant establishment.
Irrigation levels were applied using a tensiometer
device manufactured by Ecomatik (EQ15
SN:02385, Germany). The subplots included
foliar application with ZnO and MgO [F1: water,
F2: nano Zn particles (1 mg L), F3: nano Mg
particles (0.5 mg L-1) and F4: nano Zn particles (1
mg L) + nano Mg particles (0.5 mg L1)] and
PGRs [non-application as control; auxin (50

2020.
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ppm), gibberellic acid (50 ppm) and cytokinin
(50 ppm)]. Zinc oxide (ZnO) nanoparticles
appeared as whitish crystals of a hexagon shape
with 5.61 g cm-3 density. Manganese oxide (MnO)
nanoparticles were in liquid form and had 4.5 g
cm3 density. For priming treatments, we primed
the seeds for 6 h in priming solutions. Also, the
control samples were primed using distilled
water only. The foliar application of nanoparticles
was done twice, first when the plants were 68
days old and then at a second time when they
were 78 days old. Meanwhile, the soil surface was
covered by polyethylene bags to prevent the foliar
treatment from reaching the soil.

Harvest and parameters analysis

Three-month-old uniform C. roseus plants were
collected after careful consideration of the
marginal effect. The samples were fixed in liquid
nitrogen and kept at -80 °C in a refrigerator. The
total chlorophyll content (mg g?! FW) and
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anthocyanin content (mM cm) were measurable
according to Lichtenthaler (1987) and Krizek et
al. (1993), respectively. Total alkaloids content
(%) was determined using a spectrophotometer
(Model Varian SpectrAA-400) and by a standard
curve according to Fazel et al. (2008). After
harvesting, the plant height (cm), stem diameter
(mm), lateral branch (plant!) and number of
flowers (plant-1) were measured. Then, the plant
was air-dried in a shady, well-ventilated room
(20-25°C) for 7 days until reaching a constant dry
matter, which was reported as shoot dry weight (g
plant!) and consisted of total aboveground
biomass (Keshavarz et al., 2018). The essential oil
was extracted from 20 g of dried leaves by
hydrodistillation in a Clevenger-type device for
two h. Vinblastine, vincristine, and agmatine in C.
roseus leaves were measured using high-
performance liquid chromatography (HPLC)
according to Hisiger and Jolicoeur (2007).
Vinblastine, vincristine, and agmatine standards
in ultrapure water were purchased from Sigma
Aldrich (Burlington, USA).

Statistical analysis

Data variance during the two years was analyzed
using ANOVA and the LSD mean-wise comparison
test (P < 0.05). For the analysis, SAS 9.1 and S-
PLUS ver. 6.1 software executed Principal
Component Analysis (PCA) based on a biplot and
clustering analysis.

Results

Principal component analysis (PCA) and
cluster analysis (CA)

PCA demonstrated that the first and second
components had an eigenvalue higher than one,
thus being selected as effective components (Fig.
2). The first and second components had the
highest relative variance, 27.92 and 21.44%,
respectively, and accounted for 49.36% of the
total variance. The biplot obtained from the first
and second components showed that under well-
watered conditions, T2, T9, and T12 were placed
in the same groups due to their high affinity and
correlated significantly with Y1, Y4, and Y8. In
addition, T7, T10, T14, T15, and T16, under well-
watered conditions, were placed in the same
group due to their neighborhood and showed a
strong correlation with Y, Y5, Y7, and Y10. The
results of PCA showed that under mild drought
stress, T2, T3, and T4 were placed in one set due
to their high affinity based on the measured traits
and had a high correlation with Y1, Y3, Y4, and Y5.
Moreover, T5, T6, T7, T8, and T9 under mild
drought conditions, were placed in the same
group due to their neighborhood and showed a
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strong correlation with Y7, Y10, and Y11. Under
severe water-deficit stress, treatment of T3, T4,
T5, T8, T9 and T10 formed an adjacent group, and
were related with Y2, Y7, Y8, Y9, Y10 and Y11.
Moreover, T6, T11,T12,T13, T14, and T16, under
severe drought conditions, formed one group that
was strongly associated with Y7, Y10, and Y11.

Analysis of variance and comparison of mean
values

The combined analysis of variance on the data
showed that the effect of irrigation regimes, PGRs,
and micronutrients were statistically significant
on all studied characteristics, except for total
alkaloid content (Table 1). The interactions
between irrigations and PGRs were also
statistically significant on plant height, stem
diameter, number of lateral branches, shoot dry
weight, vinblastine, vincristine, and agmatine (%)
(Table 1).

Total chlorophyll content

The total chlorophyll content responded
differently to the main effects of irrigation
regimes, PGRs, and micronutrients (Table 1). The
results showed that mild and severe water-deficit
stress reduced the total chlorophyll content in
plants compared to those treated with well-
watered conditions (Table 2). The highest total
chlorophyll content (2.42 mg g! FW) occurred
under well-watered conditions while mild and
severe water-deficit stress decreased total
chlorophyll content by 14.04% and 27.68%,
respectively. Total chlorophyll content showed a
variation response to PGRs application ranging
from 2.03 (mg g! FW) in non-application
treatments to 2.13 (mg g! FW) in the gibberellic
acid treatment. Regarding micronutrient
application, the maximum chlorophyll content
occurred in response to the ZnO + MgO
treatment, with an average of 2.11 mg g-* FW that
increased by 2.84%, 0.94%, and 1.89%, compared
to the non-application treatment, ZnO, and MgO
treatments (Table 3).
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Fig. 2. Results of biplot of the first and second components based on principal component analysis. Y1: total chlorophyll; Y2: plant height; Y3: stem diameter; Y4: number of

lateral branches; Y5: number of flowers; Y6: shoot dry weight; Y7: anthocyanin; Y8: total alkaloid; Y9 vinblastine; Y10: vincristine; Y11: agmatine. T1: no hormone application X
no micronutrient application; T2: no hormone application X ZnO; T3: no hormone application X Mg0O; T4: no hormone application X ZnO + MgO; T5: auxin X no micronutrient
application; T6: auxin X ZnO, T7: auxin X Mg0O; T8: auxin X ZnO + MgO; T9: gibberellic acid X no micronutrient application; T10: gibberellic acid x ZnO, T11: gibberellic acid X

MgO; T12: gibberellic acid X ZnO + Mg0; T13: cytokinin X no micronutrient application; T14: cytokinin X ZnO, T15: cytokinin X MgO; T16: cytokinin X ZnO + MgO.
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Table 1. Combined analysis of variance on some physiological and agronomic traits of periwinkle herb ( Catharanthus roseusL.) as affected by irrigation regimes, plant hormone,
and nano particle treatments.

Source of variation df TChl PH SD LB No. F SDW Anto TAIk Vinb Vinc Agma
Year 1 0.0002"s 29.6™ 0.01ms 1.68m 30.02m 3.05m 0.0007ms 0.007ms 0.00000002" 0.0000001™ 0.0007"s
yearxReplication 4 0.0001 4.9 0.002 0.84 4.1 0.47 0.0001 0.0009 0.00000004 0.0000002 0.0001
Irrigation (IR) 2 10.8™ 10725™ 65.9" 324™ 11147** 6444™ L1 12.05™ 0.0006" 0.19™ 3.7
IRxYear 2 0.000001" 0.26™ 0.0001™s 0.031ms 0.33ns 0.04rs 0.000007" 0.0001"s 0.00000004" 0.0000001™ 0.00009"s
IRx year xReplication 8 0.0002 1.73 0.01 0.51 2.5 1.54 0.0002 0.001 0.00000004 0.000003 0.00006"
Plant hormone (H) 3 0.14™ 4152™ 101.2* 419™ 1150™ 4921 0.013* 0.031m 0.00001" 0.003* 0.82"
Micro nutrient (MN) 3 0.046™ 831™ 6.38"" 222™ 1185™ 655™ 0.05™ 0.18"™ 0.00001™ 0.001™ 0.3™
HxIR 6 0.001ms 53* 0.72" 17" 1o 70™ 0.0003ms 0.001ms 0.0000006™ 0.0003™ 0.12"
MNXIR 6 0.0003"s 9.5ms 0.04rs 3.2" 6.8 6.18" 0.0005™ 0.0054"s 0.0000006" 0.0001"s 0.032™
MNxH 9 0.001ms 21.7m 0.11* 2.39" 6.09ms 6.42"s 0.0013ms 0.011ms 0.0000001"s 0.00004"s 0.007""
MNx H xIR 18 0.00003" 3.430s 0.002ms 0.9ms 2.42ms 0.55m 0.0001™s 0.0008" 0.00000007™ 0.000007"s 0.001"
HxYear 3 0.0000001™ 0.1m¢ 0.0003m 0.04rs 0.03ms 0.02"¢ 0.00000008" 0.0000005™ 0.000000001™s 0.00000001™ 0.00001"s
Year x MN 6 0.0003" 3.18" 0.002ms 0.43ns 3.09ms 2.1m 0.0002m 0.003ms 0.00000004" 0.000007"s 0.0001"s
Year x IR x MN 6 0.0000001™ 0.001m 0.00001"s 0.001ms 0.0003™s 0.0005" 0.000000001"  0.00000003" 0.000000001™s 0.000000001" 0.000003"
Year x IR x MN 9 0.00000009™ 0.006™ 0.00001"s 0.007ms 0.01ms 0.001ms 0.0000001"s 0.000001"s 0.000000001™s 0.000000001"s 0.000002"s
IR x H x MN 9 0.00000004" 0.0005" 0.000009" 0.0002ms 0.0001ms 0.00004"s 0.00000001™ 0.0000002m 0.000000001™s 0.000000001"s 0.0000002"s
Year X IR x H x MN 18 0.00000003  0.00008™  0.000006™  0.00008™  0.00008" 0.00001"s 0.000000001™  0.00000002"s 0.000000001™s 0.000000001"  0.00000004"
Error 174 0.0008 17.0 0.051 191.2 17.06 11.6 0.0009 0.01 0.0000001 0.00007 0.001
CV (%) 1.42 6.4 3.86 13.5 7.0 8.2 5.0 9.92 5.8 10.9 9.81

TChl: total chlorophyll; PH: plant height; SD: stem diameter; LB: number of lateral branches; No. F: number of flowers; SDW: shoot dry weight; Anto: anthocyanin; TAl
1: total alkaloid; Vinb: vinblastine; Vinc: vincristine; Agma: agmatine.
** * and ns indicate significance (p<0.01), (p<0.05), and no significance, respectively.

Table 2. Main effects of irrigation regimes and plant hormone foliar treatments on total chlorophyll content, number of flowers, flavonoids, and total alkaloid content in
periwinkle herbs (Catharanthus roseusL.).

Irrigation regimes Ch]gr(:)t;;y” Number of fllowers Anthocyar}in thal \
(mg &! FW) (Plant™") (mM cm™) alkaloid (%)

Well-watered 2422 70.42 0.51¢ 0.87¢

Mild water-deficit stress 2.08° 57.3° 0.63" 1.27°

Severe water-deficit stress 1.75¢ 49.1° 0.732 1.582

Plant hormone

No application 2.034 53.64 0.62° -
Auxin 2.06° 58.8¢ 0.61¢ -
Gibberellic acid 2.132 62.8% 0.64* -
Cytokinin 2.1° 60.9° 0.62° -

Means followed by similar letters in columns are not significantly different at 5% probability level by the Least Significant Difference test.
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Table 3. Main effects of nano particles foliar application on some studied traits of periwinkle herb ( Catharanthus

roseus L.).
Nano particles (mngC_lhéW) PH(cm) (SgﬁtF- (e ill)a ‘::;_,) (mﬁ“ctfn_l) TAIK(%)  Vine(%)
No application 2.05¢ 60.6° 54.44 37.8¢ 0.59¢ 1.17¢ 0.072¢
ZnO (1 mg L) 2.09° 64.7° 60.7° 42.4v 0.63 1.24b 0.076¢
MgO (0.5 mg L) 2.07¢ 62.9b 57.1¢ 40.02¢ 0.62° 1.24b 0.079
ZnO (1 mg L") + 2112 68.7° 63.6° 44.8° 0.66° 1.30° 0.083°

MgO (0.5 mg L)

TChl: total chlorophyll; PH: plant height; SD: stem diameter; LB: number of lateral branches; No. F: number of f
lowers; SDW: shoot dry weight; Anto: anthocyanin; TAIl: total alkaloid; Vinc: vincristine. Means followed by si
milar letters in columns are not significantly different at 5% probability level by the Least Significant Difference

test.

Stem diameter

Combined analyses across both years revealed
that the interaction between irrigation and PGR
significantly affected the stem diameter. The well-
watered irrigation regime produced the highest
stem diameter across all PGRs, and it was higher
than mild and severe water-deficit stress by
17.61% and 23.50%, respectively. The maximum
(8.73%) and minimum (4.32%) stem diameter
occurred in the absence of PGR application under
well-watered conditions and auxin application
under severe water-deficit stress conditions,
respectively (Table 4). It should be noted that the
stem diameter (on average across irrigation
regimes) decreased by 35.41%, 30.89%, and
21.97%, respectively, when the plants were
treated with auxin, gibberellic acid, and cytokinin,
compared to non-treated plants. Auxin,
gibberellic acid, and cytokinin decreased the stem
diameter by 36%, 28.02%, and 22.6%,
respectively. Indeed, the thickest (7.98 mm) and
thinnest (4.6 mm) stem diameters occurred in the
absence of PGR application X ZnO + MgO and
auxin application without micronutrients (Table
5). Among PGR treatments, the stem diameter
grew 6.22 mm in response to ZnO (1 mg L) +
MgO (0.5 mg L-1), which was higher than the non-
application, auxin, and cytokinin by 23.9%,
4.22%, and 13.32%.

Lateral branches

When averaged across PGR application, the
maximum lateral branch (9.79 plant!) occurred
in plants of the well-watered condition.
Meanwhile, mild and severe water-deficit stress
decreased the lateral branch count by 26.9% and
36.1% (Table 4). Among all treatments, no PGR
application under well-watered conditions (14.18
plant1) had the highest lateral branch plant?!
(Table 4). Regarding the interaction between
irrigation levels and micronutrient application
(Table 6), the maximum lateral branch count
occurred in the ZnO + MgO treatment under well-
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watered conditions with an average of 12.03
plantl. Among the micronutrient treatments,
plants grown under well-watered conditions had
the maximum lateral branches that increased by
26.9% and 36.1%, compared to mild and severe
water-deficit stress.

Averaged across PGRs, nanoparticles increased
the number of lateral branches by 34.8%, 18.8%,
and 41.6%, respectively, compared to the control
(Table 5). Indeed, the highest (13.35) and lowest
(3.25) number of lateral branches occurred in the
absence of PGRs X nano Zn + nano Mg and auxin
X no nano particles application (Table 5). Among
nanoparticle treatments, the number of lateral
branches was 10.9 plant! in the gibberellic acid
treatment, which was higher than in the non-

application, auxin, and cytokinin treatment
groups by 23.9%, 4.22%, and 13.32%,
respectively.

Flower count

Main comparisons indicated 70.4 flowers plant!
in well-watered conditions, and a decrease of
18.61% and 30.38% occurred when the plants
received mild and severe water-deficit stress
(Table 2). The flower count became 62.8 plant! in
response to gibberellic acid foliar application and
decreased by 14.72%, 6.88%, and 3.04%,
respectively, when the plants received no PGR,
auxin, and cytokinin, respectively (Table 2). The
results showed that the application of MgO + ZnO
significantly increased the flower count, reaching
63.6 flowers plant!, and a decrease by 14.53%,
4.58%, and 10.26% occurred in the flower count
plant! in the non-treated application, ZnO, and
MgO, respectively (Table 3).

Shoot dry weight

The results showed that the application of MgO +
ZnO significantly increased shoot dry weight by
44.8 g plantl. A decrease by 15.6%, 5.3%, and
10.6% occurred in shoot dry weight when the
plants were not treated with ZnO and MgO (Table
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3). Although a significant decrease occurred in
shoot dry weight when the plants were exposed
to water-deficit stress, the application of plant
growth regulators boosted the shoot dry weight
in all irrigation regimes (Table 4). The mean
comparison indicated that the shoot dry weight
(on average across PGRs) was 49.58 g plant! at
well-watered irrigation and decreased by 18.07%
and 32.89% when mild and severe water-deficit
stress occurred, respectively. Plants treated with
gibberellic acid under well-watered conditions
and non-treatment of PGRs under severe water-
deficit stress produced the maximum shoot dry
weight (59.1 g plant?!) and minimum shoot dry
weight (24.9 g plant 1), respectively (Table 4).

Anthocyanins

Anthocyanin content increased significantly in
response to mild and severe water-deficit stress
by 19.04% and 30.1%, compared to well-watered
conditions, respectively (Table 2). The
anthocyanin content became 0.64 mM cm-! by the
gibberellic acid foliar application and decreased
by 3.1%, 4.6%, and 3.1% in plants treated with no
PGR, auxin, and cytokinin, respectively (Table 2).
Regarding the micronutrient treatment, the
highest anthocyanin content occurred in
response to ZnO + MgO (0.66 mM cm?),
increasing by 4.5%, 6.06%, and 10.6% in plants
treated with ZnO, MgO, and non-application
treatments, respectively (Table 3).

Total alkaloid content

Only the main effects of irrigation regimes and
micronutrient treatments were significant on the
total alkaloid content of plants (Table 1).
Unfavorable conditions (mild and severe water-
deficit stress) increased the total alkaloid content
(Table 2). By decreasing water availability, the
alkaloid contents increased by 31.4% and 44.9%
under mild and severe water-deficit stress,
respectively, = compared to  well-watered
conditions (Table 2). Moreover, the lowest
(1.17%) alkaloid content occurred from the non-
micronutrient treatment and increased in
response to the micronutrient application.
Although no significant differences occurred
between the effects of ZnO and MgO treatments
(Table 3), the highest total alkaloid content
occurred in response to the ZnO (1 mg L-*) + MgO
(0.5 mg L1), with an average of 1.3 mM cm.

Vinblastine

The vinblastine value increased by postponing
the irrigation (Table 4). The vinblastine content
was 0.003275 mg g! DW in well-watered
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conditions (averaged by PGRs), and the
enhancement was obtained in vinblastine content
when mild and severe water-deficit stress was
applied. In all irrigation levels, the application of
gibberellic acid made a significant increase in
vinblastine content (Table 4). Maximum
vinblastine content (0.0091 mg g-* DW) occurred
under severe water-deficit stress and the
application of ZnO + MgO caused an average
vinblastine content (0.0090 mg g DW), followed
by MgO application under the same irrigation
status (Table 6). In the case of vinblastine affected
by irrigation regimes and micronutrient
treatments, the vinblastine content increased in
response to ZnO + MgO in each irrigation level
(Table 6).

Vincristine

The micronutrient treatment significantly
affected the vincristine content in C. roseusleaves
(Table 3). The highest amount of vincristine was
measured in response to 1 mg L' ZnO + 0.5 mg L-
1 MgO, which had increased by 8.43%, 4.81%, and
13.25%, respectively, compared to plants treated
with ZnO (1 mg L1), MgO (0.5 mg L1), and the
non-application. The vincristine content in C
roseus plants was significantly affected by
irrigation regimes X PGR treatment. Plant
exposure to water-deficit stress increased the
vincristine content compared to the well-watered
conditions by 51.21% and 72.05%, respectively
(Table 3). Moreover, it appears that the values of
vincristine increased in response to the PGR
application, so the highest vincristine content in
C. roseus occurred in response to the application
of gibberellic acid under severe water-deficit
conditions (Table 4). In all irrigation levels, there
was no significant difference between auxin and
cytokinin applications.

Agmatine

When averaged across the PGR applications, the
maximum agmatine content (0.53%) occurred in
plants treated with severe water-deficit stress
conditions. Meanwhile, mild water-deficit stress
and well-watered conditions decreased agmatine
content by 43.39% and 73.5% (Table 4). Among
all treatments, the absence of PGR application
under well-watered conditions (0.103%) caused
the lowest agmatine percentage (Table 4). The
application of ZnO + MgO caused an increase in
agmatine percentage in water-deficit conditions
(Table 6). The non-application treatment under
well-watered conditions caused the lowest
agmatine value (0.11%), whereas ZnO + MgO had
the highest agmatine content (0.66%) under
severe water-deficit conditions (Table 6).
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Table 4. Two-way interaction of irrigation regime X hormone foliar application on some studied traits of periwinkle herb ( Catharanthus roseusL.).

L PH SD LB SDW Vinb Vine Agma
Irrigation Plant hormone (cm) (mm) (Plant™) (g plant) (%) (%) (%)

No application 62.2° 8.73% 14.18* 37.2¢ 0.0030! 0.0328 0.103i

Well-watered _ Auxi_n ' 78.6° 5.62f 6.43¢ 45.9¢ 0.0033" 0.0348 0.1221

Gibberellic acid 81.2¢ 6.03¢ 8.37¢ 59.12 0.0036# 0.039¢ 0.201#

Cytokinin 71.34 6.80° 10.18° 56.5° 0.0033" 0.035" 0.157

No application 56.21% 7.18° 10.10° 30.8¢ 0.0053f 0.066" 0.211#

Mild water-deficit Auxin 71.44 4.631 4.71¢ 37.8°f 0.0057¢ 0.069<f 0.250f

stress Gibberellic acid 74.2¢ 4.96" 6.18° 48.3° 0.00644 0.081¢ 0.426¢

Cytokinin 63.6° 5.61f 7.614 46.08¢ 0.0059¢ 0.071¢ 0.332¢

No application 448 6.67¢ 8.54¢ 24.9h 0.0078° 0.115¢ 0.368¢

Severe water- Auxin 55.9¢ 432 4.75¢ 30.9¢ 0.0084° 0.122° 0.412¢

deficit stress Gibberellic acid 58.7° 4.6! 5.38f 39.3¢ 0.0091* 0.141° 0.765*

Cytokinin 51.7° 5.21# 6.35¢ 38.2¢f 0.0086° 0.123° 0.600°

PH: plant height; SD: stem diameter; LB: number of lateral branches; SDW: shoot dry weight; Anto: anthocyanin; Vinb: vinblastine; Vinc: vincristine; Agma: ag
matine. Each parameter with the same letter is not significantly different according to LSD test at the 5% level of probability. Means followed by similar letters in

columns are not significantly different at 5% probability level by the Least Significant Difference test.

Table 5. Two-way interaction of plant hormone X nano particles foliar application on stem diameter, number of lateral branches and agmatine content of periwinkle herb

(Catharanthus roseusL.).

Plant hormone Nano particles SD LB Agma
(mm) (Plant™) (%)
No application 7.124 8.69¢f 0.156i
Control ZnO (1 mg L) 7.69b 11.83b 02161
MgO (0.5 mg L) 7.32¢ 9.87¢d 0.242h
ZnO (1 mg L") + MgO (0.5 mg L") 7.982 13.352 0.2961¢
No application 4.60! 3.25k 0.206!
i ZnO (1 mg L) 4.97% 6.17 0.245h
MgO (0.5 mg L) 471! 4.71 0.2868
ZnO (1 mg L") + MgO (0.5 mg L") 5.151 7.07" 0.308¢f
No application 5.00% 4.88 0.3784
. . ZnO (1 mg L) 5.0 7.358 0.444¢
Gibberellic acid MgO (0.5 mg L) 5.06/% 6.34i 0.468"
ZnO (1 mg L") + MgO (0.5 mg L") 5.51h 8.02f 0.567°
No application 5.51h 5.831 0.280¢
Cytokinin ZnO (1 mg L) 6.01° 9.20d 0.321¢
MgO (0.5 mg L) 5.69¢ 7.070 0.383¢
ZnO (1 mg L) + MgO (0.5 mg L) 6.27¢ 10.10° 0.469

SD: stem diameter; LB: number of lateral branches; Agma: agmatine. Each parameter with the same letter is not significantly different according to the LSD test a
t the 5% probability level.
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Table 6. Two-way interaction of irrigation regime X nano particles foliar application affecting the number of lateral
branches, vinblastine, and agmatine content of periwinkle herbs (Catharanthus roseusL.).

Irrigation regimes Nano particles LB Vinb Agma
(Plant™) (%) (%)

No application 7.19¢ 0.0030k 0.111k

Well-watered ZnO (1 mg L) 10.98° 0.0033J: 0.139J:

MgO (0.5 mg L) 8.96¢ 0.0034) 0.154

ZnO (1 mg L") + MgO (0.5 mg L") 12.032 0.0036! 0.180

No application 5.34¢ 0.0053" 0.231h

Mild water-deficit stress ZnO (1 mg L) 7.99¢ 0.0056# 0.281¢

MgO (0.5 mg L) 6.31° 0.0060f 0.325f

ZnO (1 mg L") + MgO (0.5 mg L") 8.96¢ 0.0063¢ 0.384¢

No app]icati()n 4.46" 0.00784 0.4244

Severe water-deficit stress ZnO (1 mg L) 6.94¢ 0.0082° 0.500¢

MgO (0.5 mg L) 5.72% 0.0088° 0.555%

ZnO (1 mg L) + MgO (0.5 mg L) 7.91¢ 0.0091° 0.667°

LB: number of lateral branches; Vinb: vinblastine; Agma: agmatine. Each parameter with the same letter is not signif
icantly different according to the LSD test at the 5% probability level. Means followed by similar letters in columns a
re not significantly different at 5% probability level by the Least Significant Difference test.

By increasing the stress intensity, agmatine content
increased in all micronutrient levels. PGRs as foliar
applications led to significant changes in agmatine
content when used in combination with all
micronutrient applications (Table 5). Gibberellic
acid caused the highest agmatine percentage, with
an average of 0.45%. However, among the PGRs,
using 1 mg L1 ZnO + 0.5 mg L1 MgO increased the
agmatine content by 38.50%, 24.84%, and 15.52%,
compared to the non-application, ZnO, and MgO,
respectively (Table 6).

Discussion
Catharanthus roseus (L.) is an important medicinal
plant with unique characteristics due to its

medicinal compounds (Farouk et al, 2022).
Environmental stresses, especially nutrient
deficiency and toxicity, significantly affect

physiological and phytochemical properties in
medicinal plants (Hosseini et al, 2023a). In the
present experiment, water-deficit stress caused a
decrease in total chlorophyll content, and using
PGRs such as jasmonic acid caused an increase in
total chlorophyll content compared to its non-
application. It seems that water-deficit stress
affects the photosynthetic properties and causes a
decrease in the performance of the photosynthetic
apparatus, thus disrupting carbon fixation
(Keshavarz Mirzamohammadi etal.,, 2021a). On the
other hand, water-deficit stress causes
disturbances in the absorption of micro and macro
elements, thus suppressing the performance of
other physiological characteristics
(Chandrasekaran, 2022). Disturbance in the
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absorption of nutrients, reduction of carbon
fixation, and other adverse effects result from plant
exposure to water-deficit stress. These effects can
decrease plant growth and reduce shoot dry weight
(Keshavarz Mirzamohammadi etal.,, 2021b). One of
the essential ways to improve growth conditions
for plants in the face of environmental stress is to
use PGRs such as auxin, gibberellic acid, and
cytokinin. Auxin protects plants against abiotic
stresses by interfering with the expression of
various genes (Li et al., 2019; Rah Khosravani et al.,
2017). Gibberellic is an essential compound in
cells, serves as a messenger, and plays a role in
plant cell responses. However, cytokinins are cell
regulators that have functions in different growth
periods, such as seed development, root growth,
fertility, fruit ripening, and plant aging (Khalvandi
et al, 2019). In response to water-deficit stress,
PGRs can activate various genes in the plant, thus
assisting in neutralizing stress (Wang et al., 2021).
Accordingly, the application of PGRs, especially
gibberellic acid, increased the shoot dry weight
under water-deficit stress in the current
experiment. Also, the results of the present
experiment showed that gibberellic acid increased
the total chlorophyll in the periwinkle herb.
Gibberellic acid also increased the plant height in
water-deficit stress and well-watered conditions in
the present experiment. Gibberellic acid has
reportedly improved photosynthesis by increasing
chlorophyll content, thus improving carbon
fixation and shoot dry weight. Gholamreza et al.
(2019) showed that water stress reduced the
growth and yield of dry matter in peppermint
medicinal plants, and the application of PGRs
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reduced the adverse effects of stress, thus being
consistent with the results of our experiment. In
the present experiment, auxin and gibberellic acid
increased the plant height under water-deficit
stress conditions. These PGRs can partially
maintain chlorophyll synthesis and photosynthetic
activity while the plants are under stress, thus
improving food absorption, assisting with cell
division, and increasing total chlorophyll content.
Also, the increase in plant height correlates with
more leaves and stems, thus making the shoot dry
weight heavier (Jahani et al,, 2021).

In stress conditions, the accumulation of
compatible soluble substances plays a role in
maintaining cellular osmotic balance (Hosseini et
al, 2023a). Water-deficit stress caused a
remarkable accumulation of agmatine and total
alkaloids in the leaf tissue. The biosynthesis of
secondary metabolites and compatible solutes
assists plants in improving defense mechanisms
against stress conditions. C. roseus plants showed
another defense system pathway through the
biosynthesis of anthocyanin, vinblastine, and
vincristine. Although water-deficit stress affected
plant growth, it improved the accumulation of
alkaloids that can benefit medicinal industries. The
stimulatory effects of ZnO + MgO on total alkaloids
and vincristine were likely because Zn and Mg
regulated a series of physiological pathways,
including nitrogen and carbon fixation, thus
inducing some PGRs signaling processes and
contributing to secondary biosynthesis promotion.
Moreover, nutrients as nanoparticles are more
available due to the higher reactivity of MnNPs
compared to bulk Mn, thus leading to higher
translocation efficiency in these nutrients
compared to ionic Mn salt.

The anthocyanin content correlated with total
alkaloid, vincristine, and agmatine under mild and
severe water-deficit stress in the PCA (Fig. 2). Our
findings agree with Keshavarz et al. (2018) on mint
plants under water-deficit conditions.

Agmatine content improved in response to
gibberellic acid application in all irrigation levels
(Table 4), which probably contributes to a better
defense mechanism. Keshavarz et al. (2020)
reported that secondary compounds are one of the
defense processes in plants that deal with ROS. In
the current study, agmatine, vinblastine,
vincristine, and total alkaloids increased in content
because of water-deficit stress and further
increased when using PGRs or micronutrient
treatments. Moreover, the PCA showed a positive
correlation among anthocyanins, vincristine, and
agmatine under mild water-deficit conditions. This
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observation can be due to a lower leaf area and a
reduction in the vegetative biomass, which leads to
higher gland density per unit of area. The
enhancement in alkaloids suggested that the
application of PGRs, especially gibberellic acid, led
to profound effects on the physiological processes
of plants. The authors documented that Mg as NPs
can stimulate metabolic processes such as the
biosynthesis of alkaloids (Kiani et al., 2023), which
explained that MgNPs can be a biocompatible boost
for plants to modulate abiotic stress while
continuously supplying Mg2+. Nano particles help
the plant to have better and faster access to
nutrients. For instance, nutrients that appear as
NPs (Ag, Zn, Mn, Fe, and Cu) could also act as
antioxidants to inhibit ROS production and lipid
peroxidation. A reported increase in alkaloid
content significantly improved the plant defense
system (Bisht and Rayamajhi, 2016; Khan et al,,
2019; Alamdari et al., 2020).

In the present experiment, plant height and shoot
dry weight decreased in response to water stress,
but applying gibberellic acid increased the plant
height and shoot dry weight. It seems that the
application of PGRs improved physiological
processes such as photosynthesis, respiration, and
absorption of nutrients in the plant, thus alleviating
the effect of water-deficit stress in Catharanthus
roseus L. plants. Therefore, gibberellic acid
alleviated the intensity of stress. The results on
water-deficit stress and salicylic acid affecting the
proline content are consistent with previous
results by Radi et al. (2019) on Thymus vulgaris.
The total alkaloids increased in response to water-
deficit stress. However, ZnO (1 mg L-1) + MgO (0.5
mg L1) increased the total alkaloid activity, which
means that stress conditions and nutrient
availability increased these compounds. The
increase in total alkaloids in water-deficit stress
conditions was due to the activation of this enzyme
through the excessive production of ROS
(Keshavarz, 2020; Hosseini et al., 2023b). It seems
that micronutrients increased the production of
this enzyme by boosting the expression of genes
related to total alkaloid synthesis (Chavoushi et al.,
2019), which increased the capacity of the
antioxidant system. In the current experiment,
micronutrients increased the agmatine content in
all irrigation regimes. Meanwhile, severe water-
deficit stress caused the highest agmatine content.
Alkaloids can protect proteins and cell structures
against water-deficit stress by triggering the
production of more antioxidant enzymes (Panche
et al,, 2020), so their primary biological role is to
protect organisms against oxidative damage. The
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biochemical function of alkaloid metabolites is to
reduce ROS and convert more free hydrogen
peroxide molecules to water molecules (Mahendra
et al,, 2023). The stimulation of ROS production in
plants is a response to water stress. However, an
excessive increase in ROS and direct interactions
with numerous macromolecules cause oxidative
damage and can decrease plant growth and
performance (Hosseini et al, 2021). ROS are
inevitable products of anaerobic metabolism,
produced in electron transport chain reactions
where mitochondria, chloroplasts, and peroxisome
organelles exist (Moradi-Ghahderijani et al., 2017).
ROS can destroy proteins, biological membranes,
and DNA and finally cause cell death.
Micronutrients reportedly increased antioxidant
power by acting on SOD and H20, thus protecting
plant cells against oxidative stress (Hosseini et al.,
2023a). In Table 7, the main components of C.
roseusL. differ depending on the treatments, stress
severity, geographical location, soil type, climate,
altitude above sea level, and water availability. Even
the season and the sampling time, for example,

before or after flowering, affect the chemical
structure of the prominent components. Another
important influencing factor is the genetic
structure of the plant. Therefore, each genetic or
environmental factor may specifically affect the
biosynthesis of secondary metabolites in each

plant species.

In the present experiment, specific levels of water-
deficit stress increased vinblastine, vincristine, and
agmatine contents in periwinkle. Hosseini et al.
(2023b) reported that secondary metabolite
contents increased by the effect of water-deficit
stress, and the production of MDA in mint plants
(Mentha spp.) can be a suitable indicator for this
increase. The level of alkaloids was an indicator of
harmful free radicals for the cell membrane under
water-deficit conditions, so vinblastine and
vincristine can be benchmarks that determine the
extent of oxidative damage under drought-stress
conditions (Sepehri et al., 2013).

Table 7. Total alkaloid, vinblastine, and vincristine contents reported in other studies.

Item Maximum content Reference
Total Alkaliod content 12 (mg g’' DW) Hassan et al. (2021)
8 (mg g DW) Abdul Jaleel et al. (2007)
7 (mg g'! DW) AL-Hugqail and Ali (2021)
14 (mg g’' DW) Ali et al. (2021)
Vinblastine 300 (ug g' DW) Chang et al. (2014)
130 (ug g'' DW) Sahi et al. (2022)
699 (ug g DW) Thi Bach Vu et al. (2022)
10 (ug g' DW) Ababaf et al. (2021)
513 (ug g DW) Ahmadzadeh et al. (2021)
Vincristine 65 (ug g DW) Sahi et al. (2022)
6 (ug g' DW) Ababaf et al. (2021)
1238 (ug g’ DW) Ahmadzadeh et al. (2021)
Conclusion can ameliorate drought stress and improve the
This experiment showed that vinblastine, quantity and quality of alkaloid contents.
vincristine, agmatine, anthocyanin, and total

alkaloid content in periwinkle (Catharanthus
roseusL.) varied depending on the level of
oxidative stress injury and subsequent tolerance to
water-deficit conditions with hormone priming
and nanoparticle treatments. This study showed
that gibberellic acid (50 ppm) had a maximum
effect on the studied traits. Also, nano Zn particles
(1 mg L'Y) + nano Mg particles (0.5 mg L) had
higher total anthocyanins, alkaloids, and
vincristine contents than the other nanoparticle
concentrations. Thus, the interaction between
gibberellic acid and nanoparticles in periwinkle

688

Author contributions

BS designed and performed the experiment. H-R, T-
M, and FG wrote the manuscript. MO and PK helped
in revising the manuscript and improved the
language. All authors read and approved the final
manuscript and agreed to the published version of
the manuscript.

Conflict of Interest
The authors indicate no conflict of interest in this
work.



Sepehri et al,,

Int. J. Hort. Sci. Technol. 2025 12 (3): 677-692

References

Ababaf M, Omidi H, Bakhshandeh A. 2021. Changes in
antioxidant enzymes activities and alkaloid amount of
Catharanthus roseus in response to plant growth
regulators under drought condition. Industrial Crops and
Products 167, 113505.
https://doi.org/10.1016/j.indcrop.2021.113505

Abdul Jaleel C, Manivannan P, Sankar B, Kishorekumar, A,
Panneerselvam R. 2007. Calcium chloride effects on
salinity-induced oxidative stress, proline metabolism
and indole alkaloid accumulation in Catharanthus
roseus. Comptes Rendus Biologies 330(9), 674-683.
https://doi.org/10.1016/j.crvi.2007.07.002

Ahmadzadeh M, Keshtkar A, Moslemkhany K,
Ahmadzadeh M. 2021. Evaluation of water-deficit stress
and plant growth-promoting rhizobacteria effect on
some of morphological traits and expression level of TDC
and STR at the root of Catharanthus roseus. Journal of
Plant Research (Iranian Journal of Biology) 34(3), 560-
575.DO0I: 20.1001.1.23832592.1400.34.3.18.9.

Ajmal M, Ullah R, Muhammad Z, Khan MN, Kakar HA,
Kaplan A, Okla MK, Saleh IA, Kamal A, Abdullah A, Abdul
Razak S. 2023. Kinetin capped zinc oxide nanoparticles
improve plant growth and ameliorate resistivity to
polyethylene glycol (PEG)-induced drought stress in
Vigna radiata (L.) R. Wilczek (Mung Bean). Molecules
28(13), 5059.
https://doi.org/10.3390/molecules28135059

Alamdari S, Ghamsari MS, Lee C, Han W, Park HH, Tafreshi
M], Afarideh H, Ara MHM. 2020. Preparation and
characterization of zinc oxide nanoparticles using leaf
extract of Sambucus ebulus. Applied Science 10, 3620.

AL-Hugqail AA and Ali EF. 2021. Effect of jasmonic acid on
alkaloids content and salinity tolerance of Catharanthus
roseusbased on morpho-physiological evaluation. South
African  Journal of Botany 141, 440-446.
https://doi.org/10.1016/j.sajb.2021.05.029

Ali EF, El-Shehawi AM, Ibrahim OHM, Abdul-Hafeez EY,
Moussa MM, Hassan FAS. 2021. A vital role of chitosan
nanoparticles in improvisation the drought stress
tolerance in Catharanthus roseus (L.) through
biochemical and gene expression modulation. Plant
Physiology and Biochemistry 161, 166-175.

Bisht G, Rayamajhi S. 2016. ZnO nanoparticles: a
promising anticancer agent. Nanobiomedicine 3, 3-9.

Chandrasekaran M. 2022. Arbuscular mycorrhizal fungi
mediated enhanced biomass, root morphological traits
and nutrient uptake under drought stress: a meta-
analysis. Journal of Fungi 8(7), 660.

Chavoushi M, Najafi F Salimi A, Angaji SA. 2019.
Improvement in drought stress tolerance of safflower
during vegetative growth by exogenous application of
salicylic acid and sodium nitroprusside. Industrial Crops
and Products 134, 168-176.

Farooq M, Irfan M, Aziz T, Ahmad I, Cheema SA. 2013.

689

Seed priming with ascorbic acid improves drought
resistance of wheat. Journal of Agronomy & Crop Science

199, 12-22 https://doi.org/10.1111/j.1439-
037X.2012.00521.x
Farouk S, AL-Huqail AA, El-Gamal SMA. 2022.

Improvement of phytopharmaceutical and alkaloid
production in periwinkle plants by endophyte and
abiotic elicitors. Horticulturae 8(3), 237.
https://doi.org/10.3390/horticulturae8030237

Fazel S, Hamidrez M, Rouhollah G, Verdian-Rizi M. 2008.
Spectrophotometric determination of total alkaloids in
some Iranian medicinal plants. Thai Journal of
Pharmaceutical Sciences 32, 17-20

Hassan FAS, Ali E, Gaber A, Fetouh MI, Mazrou R. 2021.
Chitosan nanoparticles effectively combat salinity stress
by enhancing antioxidant activity and alkaloid
biosynthesis in Catharanthus roseus (L.) G. Don. Plant
Physiology and  Biochemistry 162, 291-300.
https://doi.org/10.1016/j.plaphy.2021.03.004

Hisiger S, Jolicoeur M. 2007. Analysis of Catharanthus
roseus alkaloids by HPLC. Phytochemistry Reviews 6,
207-234.

Hosseini S], Tahmasebi-Sarvestani Z, Mokhtassi-Bidgoli
A, Keshavarz H, Kazemi SH, Khalvandi M, Pirdashti H,
Hashemi-Petroudi SH, Nicola S. 2023a. Functional
quality, antioxidant capacity and essential oil percentage
in different mint species affected by salinity stress.
Chemistry and Biodiversity 20 (4), €202200247.
https://doi.org/10.1002/cbdv.202200247

Hosseini S], Tahmasebi-Sarvestani Z, Mokhtassi-Bidgoli
A, Keshavarz H, Kazemi SH, Khalvandi M, Pirdashti H,
Bovand F, Abassian A. 2023b. Do various levels of salinity
change chlorophyll fluorescence, nutrient uptake, and
physiological characteristics of Mentha ecotypes.
Industrial Crops and Products 203, 117199.
https://doi.org/10.1016/j.indcrop.2023.117199

Kalantar Ahmadi S, Ebadi A, Daneshian A, Jahanbakhsh S,
Siadat SA, Tavakoli H. 2015. Effects of irrigation deficit
and application of some growth regulators on defense
mechanisms of canola. Notulae Botanicae Horti
Agrobotanici Cluj-Napoca 43(1), 1842-4309.

Karami S, Modarres-Sanavy SAM, Ghanehpoor S,
Keshavarz H. 2016. Effect of foliar zinc application on
yield, physiological traits and seed vigor of two soybean
cultivars under water-deficit. Notulae Science Biologiae
8(2), 181-191. https://doi.org/10.15835/nsb.8.2.9793.

Keshavarz H, Hosseini SJ, Sedibe MM, Achilonu MC. 2021.
Arbuscular mycorrhizal fungi used to support Iranian
barley (Hordeum vulgare L.) cultivated on cadmium
contaminated soils. Applied Ecology and Environmental
Research 20(2), 43-53.
http://dx.doi.org/10.15666/aeer/2001_043053

Keshavarz H, Khodabin G. 2019. The role of uniconazole
in improving physiological and biochemical attributes of
bean (Phaseolus vuigaris L.) subjected to drought stress.


https://doi.org/10.1111/j.1439-037X.2012.00521.x
https://doi.org/10.1111/j.1439-037X.2012.00521.x
https://doi.org/10.3390/horticulturae8030237
https://doi.org/10.1016/j.plaphy.2021.03.004
https://doi.org/10.1002/cbdv.202200247
https://doi.org/10.1016/j.indcrop.2023.117199
https://doi.org/10.15835/nsb.8.2.9793
http://dx.doi.org/10.15666/aeer/2001_043053

Sepehri et al,,

Int. J. Hort. Sci. Technol. 2025 12 (3): 677-692

Journal of Crop Science and Biotechnology 22(2), 161-
168. https://doi.org/10.1007/s12892-019-0050-0

Keshavarz H, Modarres-Sanavy SAM, Mahdipour Afra M.
2018. Organic and chemical fertilizer affected yield and
essential oil of two mint species. Journal of Essential Oil-
Bearing Plants 21(6), 1674-1681.
https://doi.org/10.1080/0972060X.2018.1497545

Keshavarz H, Modarres-Sanavy SAM, Sadegh Ghol
Moghadam R. 2016. Impact of foliar application with
salicylic acid on biochemical characters of canola plants
under cold stress condition. Notulae Science Biologiae
8(1), 98-105. https://doi.org/10.15835/nsb.8.1.9766

Keshavarz H. 2020. Study of water-deficit conditions and
beneficial microbes on the oil quality and agronomic
traits of canola (Brassica napus L.). Grasas Y Aceites
71(3), e373. https://doi.org/10.3989/gya.0572191

Keshavarz Mirzamohammadi H, Modarres-Sanavy SAM,
Sefidkon F Mokhtassi-Bidgoli A, Mirjalili MH. 2021a.
Irrigation and fertilizer treatments affecting rosmarinic
acid accumulation, total phenolic content, antioxidant
potential and correlation between them in peppermint
(Mentha piperita L.). Irrigation Science 39, 671-683.
https://doi.org/10.1007 /s00271-021-00729-z

Keshavarz Mirzamohammadi H, Tohidi-Moghadam HR,
Hosseini S]. 2021b. Is there any relationship between
agronomic traits, soil properties and essential oil profile
of peppermint (Mentha piperita L.) treated by fertiliser
treatments and irrigation regimes? Annual Applied
Biology 179(3), 331-344.
https://doi.org/10.1111/aab.12707

Khan NA, Nazar R, Igbal N, Anjum NA. 2012.
Phytohormones and abiotic stress tolerance in plants.
Berlin: Springer-Verlag. 311.

Khan ZUH, Sadiq HM, Shah NS, Khan AU, Muhammad N,
Hassan SU, Tahir K, Safi SZ, Khan FU, Imran M, Ahmad N,
Ullah F Ahmad A, Sayed M, Shafique Khalid M, Qaisrani
SA, Ali M, Zakir, A. 2019. Greener synthesis of zinc oxide
nanoparticles using Trianthema portulacastrum extract
and evaluation of its photocatalytic and biological
applications.  Journal of Photochemistry and
Photobiology B: Biology 192, 147-157.

Kiani BH, Ajmal Q, Akhtar N, Haq I-u, Abdel-Maksoud MA,
Malik A, Aufy M, Ullah N. 2023. Biogenic synthesis of zinc
oxide nanoparticles using Citrullus colocynthis for
potential biomedical applications. Plants 12(2), 362.
https://doi.org/10.3390/plants12020362

Krizek DT, Kramer GF, Upadhyaya A, Mirecki RM. 1993.
UV-B response of cucumber seedling grown under metal
halide and high pressure sodium/deluxe lamps.
Physiologia Plantarum 88, 350-358.

Li N, Han X, Feng D, Yuan D, Huang LJ. 2019. Signaling
crosstalk between salicylic acid and ethylene /jasmonate
in plant defense: do we understand what they are
whispering? International Journal of Molecular Sciences
20(3),671.

690

Lichtenthaler HK. 1987. Chlorophylls and carotenoids:
pigments of photosynthetic biomembranes. Methods in
Enzymology 148, 350- 382.

Lima AS, Schimmel ], Lukas B, Novak ], Barroso ]G,
Figueiredo AC, Pedro LG, Degenhardt ], Trindade H. 2013.
Genomic characterization, molecular cloning and
expression analysis of two terpene synthases from
Thymus caespititius (Lamiaceae). Planta 238 (1), 191-
204. https://doi.org/10.1007 /s00425-013-1884-2.

Mahendra C, Chandra MN, Murali M, Abhilash M, Singh
SB, Satish S, Sudarshana M. 2020. Phyto-fabricated ZnO
nanoparticles from Canthium dicoccum (L.) for
antimicrobial, anti-tuberculosis and antioxidant activity.
Process Biochemistry 89, 220-226.

Millaleo R, Reyes-Diaz M, Alberdi M, Ivanov AG, Krol M,
Huner NP, A. 2013. Excess manganese differentially
inhibits photosystem I versus Il in Arabidopsis thaliana.
Journal of Experimental Botany 64, 343-354.

Moradi-Ghahderijani M, Jafarian S, Keshavarz H. 2017.
Alleviation of water stress effects and improved oil yield
in sunflower by application of soil and foliar
amendments. Rhizosphere 4, 54-61.
http://dx.doi.org/10.1016/j.rhisph.2017.06.002

Movahhedy-Dehnavy M, Modarres-Sanavy  SAM,
Mokhtassi-Bidgoli A. 2009. Foliar application of zinc and
manganese improves seed yield and quality of safflower
(Carthamus tinctorius L.) grown under water-deficit
stress. Industrial Crops and Products 30, 82-92.

Panche AN, Diwan AD, Chandra SR. 2020. Flavonoids: an
overview. Journal of Nutritional Science 5, e47.

Pourjafar L, Zahedi H, Sharghi Y. 2016. Effect of foliar
application of nano iron and manganese chelated on
yield and yield component of canola (Brassica napus L.)
under water-deficit stress at different plant growth
stages. Agricultural Science Digest Research Journal 36,
172-178.

Radi M, Shadikhah S, Sayadi M, Kaveh S, Amiri S, Bagheri
F. 2023. Effect of Thymus vulgaris essential oil-loaded
nanostructured lipid carriers in alginate-based edible
coating on the postharvest quality of tangerine fruit.
Food and Bioprocess Technology 16, 185-198 (2023).
https://doi.org/10.1007/s11947-022-02914-0

Rah Khosravani AT, Mansourifar C, Modarres-Sanavy
SAM, Asilan KS, Keshavarz H. 2017. Effects of sowing date
on physiological characteristics, yield and yield
components for different maize (Zea mays L.) hybrids.
Notulae Science Biologiae 9(1), 143-147.
https://doi.org/10.15835/nsb919913.

Sahi N, Mostajeran A, Ghanadian M. 2022. Changing in
the production of anticancer drugs (vinblastine and
vincristine) in Catharanthus roseus (L.) G. Don by
potassium and ascorbic acid treatments. Plant, Soil &
Environment 68(1), 18-28.
https://doi.org/10.17221/121/2021-PSE

Sepehri B, Doroodian H, Nemati N, Zarghami R. 2013.


https://doi.org/10.1007/s12892-019-0050-0
https://doi.org/10.1080/0972060X.2018.1497545
https://doi.org/10.15835/nsb.8.1.9766
https://doi.org/10.3989/gya.0572191
https://doi.org/10.1007/s00271-021-00729-z
https://doi.org/10.1111/aab.12707
https://doi.org/10.3390/plants12020362
https://doi.org/10.1007/s00425-013-1884-2
http://dx.doi.org/10.1016/j.rhisph.2017.06.002
https://doi.org/10.1007/s11947-022-02914-0
https://doi.org/10.15835/nsb919913
https://doi.org/10.17221/121/2021-PSE

Sepehri et al,,

Int. J. Hort. Sci. Technol. 2025 12 (3): 677-692

Effects of mycorrhiza type and seedbed soil on total
alkaloids, vinblastine and vincristine of periwinkle
(Catharanthus roseus). International Journal of
AgriScience 3(6), 510-519.

Singh S, Shukla A, Semwal BC. 2024. Phytochemical and
Pharmacological Potential of Ferula asafetida “Hing”.
Current Bioactive Compounds 20(3), 51-67(17).
https://doi.org/10.2174/15734072196662306261118
30

Vu PTB, Cao DM, Bui AL, Nguyen NN, Bui LV, Quach PND.
2022. In vitro growth and content of vincristine and
vinblastine of Catharanthus roseus L. hairy roots in
response to precursors and elicitors. Plant Science Today
9(1), 21-8. https://doi.org/10.14719 /pst.1337

Zhang H, Sun X, Hwarari D, Du X, Wang Y, Xu H, LV S, Wang
T, Yang L, Hou D. 2023. Oxidative stress response and
metal transport in roots of Macleaya cordata exposed to
lead and zinc. Plants 12(3), 516.
https://doi.org/10.3390/plants12030516

691


https://doi.org/10.2174/1573407219666230626111830
https://doi.org/10.2174/1573407219666230626111830
https://doi.org/10.14719/pst.1337
https://doi.org/10.3390/plants12030516

