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Abstract

Background
Periwinkle (Catharanthus roseus L.) is a significant source of two valuable anticancer alkaloids, vincristine and
vinblastine. Amino acids serve as precursors for alkaloid biosynthesis, and environmental stresses are known to
induce an increase in the ratio of secondary metabolites in plants. This study was conducted using a completely
randomized design with a factorial arrangement and three replications at the Khuzestan Agricultural Sciences and
Natural Resources University under controlled greenhouse conditions. The experimental factors included foliar
application of the amino acid tryptophan at varying concentrations (control, 50, 100, 150, 200, and 250 ppm) and
drought stress levels (100%, 70%, and 40% of field capacity).

Results
Results from the mean comparisons indicated that increasing the concentration of tryptophan up to 250 mg per liter,
combined with maintaining soil moisture at 40% of field capacity, exerted a positive and significant effect on
biochemical and physiological parameters of both root and aerial organs. These parameters included dry root and
plant weight, root volume, photosynthetic pigments, activities of catalase and peroxidase enzymes, total protein
content, phenolic compounds, flavonoids, total amino acids, and the concentrations of vinblastine and vincristine
alkaloids. Data analysis revealed that all measured traits improved significantly at high concentrations of tryptophan
(above 200 ppm). Conversely, severe drought stress (40% field capacity) resulted in a significant reduction in dry plant
weight, total protein, and photosynthetic pigments. Nonetheless, these conditions also contributed to an increase in
the content of vinblastine and vincristine alkaloids, as well as levels of enzymatic and non-enzymatic antioxidants.

Conclusions
Ultimately, the application of tryptophan at concentrations of 200 and 250 ppm was effective in alleviating the adverse
impacts of drought stress by enhancing dry weight, photosynthetic pigments, and antioxidant enzyme activities in the
periwinkle plant, culminating in increases in vincristine and vinblastine levels by 230% and 488%, respectively, under
severe drought stress (40% field capacity).

Introduction
The plant periwinkle, scientifically designated as (Catharanthus roseus L.), is a member of the family Apocynaceae
and the order Gentianales [1, 2]. Periwinkle is recognized as a medicinal plant species indigenous to Madagascar [3]. It
is cultivated for both medicinal and ornamental purposes in various settings, including parks, gardens, and farms, as
well as for enhancing the aesthetic appeal of scenic locations [4]. This plant typically exhibits a height ranging from 40
to 90 centimeters, with a main root length of 20 to 40 centimeters, and its stems may present a pale red or green
coloration. The leaves are characterized as simple, glossy, ovate, and arranged oppositely on the stem [5]. Among its
notable properties are the reduction of blood pressure, facilitation of wound healing, purification of the blood,
treatment of skin disorders such as eczema, alleviation of urinary tract infections, and mitigation of bronchitis
inflammation. Furthermore, this plant is known to contain 130 distinct types of indole terpene alkaloids (TIAs).
Notably, two dimeric alkaloids, vinblastine and vincristine, possess anti-tumor properties and are employed in the
treatment of various cancers [6, 7].



Page 3/22

Environmental stresses, particularly drought and salinity, exert a considerable influence on the biosynthesis of
bioactive compounds in medicinal plants [8]. Drought stress, recognized as a major abiotic stressor, negatively
impacts plant growth and development through morphological, physiological, and molecular changes [9]. In response
to drought conditions, plants activate complex defense mechanisms that frequently result in increased production of
secondary metabolites, including phenolic compounds, flavonoids, terpenoids, and alkaloids [10]. These metabolites
play critical roles in plant stress responses and possess significant pharmaceutical value[11]. Amino acids have
emerged as significant agents in enhancing plant stress tolerance [12]. Under drought conditions, the exogenous
application of amino acids can compensate for impaired endogenous amino acid metabolism and improve plant
resilience [13, 14]. Among amino acids, L-tryptophan (β-3-indolylalanine) is particularly noteworthy due to its dual role
as both a protein building block and a precursor for auxin biosynthesis [15]. Foliar application of L-tryptophan has
been demonstrated to improve various plant growth parameters, enhance stress tolerance, and potentially influence
the production of secondary metabolites [16].

While numerous studies have investigated the bioactive compounds of C. roseus, there remains a paucity of
information regarding the combined effects of drought stress and tryptophan application on its growth physiology and
alkaloid production. Therefore, this study aimed to evaluate the efficacy of tryptophan foliar application in alleviating
the effects of drought stress while enhancing the production of valuable alkaloids in C. roseus.

Materials and Methods
This experiment was conducted at Khuzestan Agricultural Sciences and Natural Resources University under
Greenhouse conditions were implemented with a temperature of 25 ± 2°C, a relative humidity of 60%, and a light/dark
cycle of 16 hours of light and 8 hours of darkness. F1 seeds of periwinkle (Catharanthus roseus var. Vinca) were
obtained from the Zaeem Agricultural Institute and surface sterilized with 1% sodium hypochlorite (for 1 minute)
before being sown in seed trays. Once the seedlings reached the four-leaf stage, they were transplanted into pots with
dimensions of 20 cm in height and 15 cm in diameter, containing a mixture of light soil, decomposed manure, and
sand. The experiment was conducted as a two-factor factorial within a completely randomized design (CRD),
incorporating three replications. The factors included: (1) Tryptophan foliar application at concentrations of 0, 50, 100,
150, 200, and 250 ppm. (2) Drought stress levels established at 100%, 70%, and 40% of field capacity (Fig. 1).
Tryptophan foliar application was performed twice (at the eight-leaf stage and at the beginning of the flowering stage).
Two days after the first foliar application, drought stress treatments were initiated and continued for one month until
the start of flowering.

Applying drought stress
Soil moisture was measured gravimetrically to ascertain the optimal timing for irrigation. Irrigation requirements were
calculated based on the moisture content and the depth of the root zone. Moisture levels at the field capacity point
(19%) and the permanent wilting point (8%) were quantified using a pressure plate device. Additionally, the soil
moisture prior to irrigation in the non-stressed treatment was determined to be 13.5% by weight. The net irrigation
requirements for the treatments at 100%, 70%, and 40% were found to be 318, 222, and 127 cc, respectively. These
values were derived using the following equation [17].

V=(θfc –θi )×Z×A

V: Volume of irrigation water (L).

θfc.Volumetric soil water content at field capacity (cm³/cm³) : 
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θi : Initial volumetric soil moisture content before irrigation (cm³/cm³).

Z: Root zone depth (cm).

A: Surface area of the pot (cm²).

Measurement of physiological traits of root and plant performance
After completing the experiment and cutting the aerial parts, the roots of each pot were completely and separately
removed from the soil by splitting the pots. After several washes with water, the roots were separated from the soil. To
calculate the root volume, the roots of each pot were placed in a graduated cylinder with a specific amount of water,
and after the water level rose, the root volume was calculated in cubic centimeters. Root volume was determined
using the water displacement method in a graduated cylinder. Dry weights were obtained following oven-drying at
70°C for a duration of 48 hours. The root lengths were measured using a ruler with an accuracy of one millimeter [18].
Root surface area (1), root diameter (2), and root surface density (3) were also calculated using the following formulas
[19].

Equation 1, Root surface area = 2 × (Root length × π × Root radius) 0/5

Equation 2, Root diameter = (4×fresh root weight / (π × root length)) 0/5

Equation 3, root surface density = length of the root × π × Diameter of the root

Chlorophyll a, b, total and carotenoids
Measurement of greenness and photosynthetic pigments was conducted using the Arnon method before the
flowering stage [20]. Chlorophyll and carotenoids were extracted from 1 g of fresh leaf tissue using 80% acetone in
conjunction with liquid nitrogen, followed by centrifugation at 6000 rpm for 10 minutes. The absorbance at
wavelengths of 663 nm, 645 nm, and 470 nm was measured utilizing a SPEKOL model 2000 Analytikjena
spectrometer.The following formulas were used to calculate chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoids in milligrams per gram of fresh sample weight.

Equation 4, Chlorophyll a = (19.3 × A 663–0.86 × A645) V/100W

Equation 5, Chlorophyll b = (19.3 × A645–3.6 × A663) V/100W

Relationship 6, Chlorophyll a + b = Chlorophyll a + Chlorophyll b

Equation 7, Carotenoids = 100 (A470) – 3.27 (mg chl. A) – 104(mg chl. B)

V = Volume of filtered solution (upper solution resulting from centrifugation). A = light absorption at wavelengths of
663, 645 and 470 nm. W = wet weight of the sample in grams

Measurement of total phenol, flavonoid, and free amino acid content in leaves
The total phenol content was measured using the Folin-Ciocalteu colorimetric method, with gallic acid as the
standard. The extract was obtained using 1 gram of dry leaf weight in 96% pure ethanol. To 0.1 milliliters of plant
extract or standard solutions (concentrations of 0-100 mg ml⁻¹ gallic acid in distilled water), 2.8 milliliters of distilled
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water and 0.1 milliliters of diluted Folin-Ciocalteu reagent (1:10 v/v) were added. After 5 minutes, 2 milliliters of 7.5%
sodium carbonate solution were added to the mixture and kept at room temperature for 90 minutes. The absorbance
of the samples was then determined at a wavelength of 760 nanometers. Finally, the total phenol content was
calculated based on the standard curve in milligrams of gallic acid per gram of dry weight [21].

The total flavonoid content was quantified using the aluminum chloride colorimetric method, with quercetin serving as
the standard reference. A volume of 0.5 mL of the extract solution, prepared in a manner identical to that used for the
total phenol assay of leaves, was combined with 150 µL of 95% methanol, 100 µL of 10% aluminum chloride, 100 µL of
1 M potassium acetate, and 280 µL of distilled water. The samples were maintained at room temperature for 30
minutes, after which the absorbance of the resulting mixture was measured at a wavelength of 415 nm. A standard
curve was generated using quercetin, and the results were expressed in milligrams of quercetin per gram of dry leaf.
By substituting the absorbance value of the extract into the linear equation derived from the standard curve, the total
flavonoid content in the leaves was calculated, with the data ultimately expressed as milligrams of quercetin per gram
of leaf [22].

To quantify total free amino acids, 0.2 grams of dried leaf tissue were ground with 5 milliliters of 95% ethanol in a
porcelain mortar. The resulting extract was subsequently transferred to a microtube and subjected to centrifugation at
18,000 rpm for 20 minutes. Following centrifugation, the supernatant was carefully separated using a sampler and
transferred to a separate container. Subsequently, 100 microliters of the extract were aliquoted into a new microtube,
to which 100 microliters of distilled water and 1 milliliter of ninhydrin solution were added. The microtubes were
incubated in a water bath at 95°C for a duration of 4 to 7 minutes, after which 2 milliliters of 5% alcohol were
incorporated into the solution. The solution was then allowed to cool, and the absorbance of the samples was
measured at a wavelength of 570 nanometers. A standard solution was prepared using glycine and acetic acid, and
the total free amino acid content was calculated in milligrams per gram of dry tissue weight [23].

Measurement of catalase enzymes, peroxidase, and total protein

Extract preparation
First, 0.2 grams of the plant sample, 0.02 grams of PVP, and 2 milliliters of 10 mM potassium phosphate buffer with a
pH of 7 were mixed together in a porcelain mortar. The mixture was thoroughly ground using the mortar pestle until
the juice was extracted, resulting in a homogeneous and uniform extract. The homogenized mixture was then
transferred to a microtube and centrifuged at 15,000 rpm for 25 minutes at 4°C. The clear phase was separated and
stored in a freezer at -80°C [24]. All steps were conducted on ice.

The measurement of peroxidase enzyme activity was conducted by adding 10 microliters of enzyme extract to 2
milliliters of a solution (100 mM potassium phosphate buffer with pH = 7, double-distilled water, 70 mM hydrogen
peroxide dissolved in 100 mM potassium phosphate, and 10 mM guaiacol in double-distilled water). The peroxidase
enzyme activity was then monitored for 120 seconds at a wavelength of 470 nm using a spectrophotometer [25]. The
correct trend of the peroxidase enzyme curve at a wavelength of 470 nm follows an upward trajectory. For catalase
enzyme measurement, 2.5 milliliters of sodium phosphate buffer (25 mM concentration, pH = 6.8), 0.5 milliliters of
H2O2 (10 mM concentration), and 100 microliters of enzyme extract were mixed. After homogenizing the solution, the
reading was taken at a wavelength of 240 nm [26]. The decomposition of H2O2 due to catalase enzyme activity was
reflected by a decrease in absorbance at 240 nm, and the value was expressed per microgram of protein in the
enzyme extract.
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To measure the protein content, 5 milliliters of Bradford solution and 290 microliters of extraction buffer were mixed
together, followed by the addition of 10 microliters of the prepared extracts. The resulting solution was thoroughly
mixed using a vortex and then placed for absorbance measurement at a wavelength of 590 nanometers (Bradford,
1976). The protein content was used to assess enzyme activity based on protein concentration. To prepare the
Bradford solution, 0.1 grams of Coomassie Brilliant Blue G-250 was added to 50 milliliters of 96% ethanol and mixed
using a magnetic stirrer. Then, distilled and double-sterilized water was added to bring the volume to 800 milliliters.
Subsequently, 100 milliliters of 85% phosphoric acid was added, and finally, the volume was adjusted to 1000 milliliters
with distilled and double-sterilized water. The resulting solution was filtered using filter paper [27].

Measurement of Vinblastine and Vincristine Alkaloids
Leaf samples were collected from both the 3-day and 7-day treatments to quantify the levels of vinblastine and
vincristine alkaloids. For sample preparation, a methanol:water (80:20) mixture was employed as the extraction
solvent, in accordance with established procedures [28, 29]. The leaf samples were air-dried in the shade.
Subsequently, 1 ml of n-hexane was added to 0.5 g of powdered leaf tissue. After the evaporation of the n-hexane, the
extracting solvent was introduced to the samples in three sequential stages of 24 hours, with the extracts from all
three stages being combined. Following the evaporation of the methanol in the extraction solvent, 10 ml of distilled
water was added to the sample, and the pH was adjusted to 3.5 using hydrochloric acid. The samples underwent three
rounds of washing with chloroform, with the aqueous phase containing the alkaloids collected each time. The pH of
the collected aqueous phase was then elevated to 8.5. Chloroform was added, and the sample was stirred, allowing
for the chloroform phase to be collected three times. Finally, the collected chloroform phase was dried, and the
resulting dried samples were dissolved in methanol for subsequent High-Performance Liquid Chromatography (HPLC)
analysis.

Quantification of Vinblastine and Vincristine Alkaloids by (HPLC)
High-performance liquid chromatography (HPLC) was conducted utilizing a Eurospher II 100-5 C18 column equipped
with a precolumn (250 × 4.6 mm) and a UV detector (model K-2600) integrated with a KNAUER WellChrom model
HPLC system, operating at a wavelength of 254 nm. The mobile phase comprised a mixture of acetonitrile and sodium
dihydrogen phosphate (0.1 M), augmented with 0.5% acetic acid, in a ratio of 21:79 (pH = 3.5), with a flow rate set at 1
mL/min [30]. Subsequently, data analysis was performed using SAS software (version 9.4), which included analysis of
variance and mean comparison conducted via the least significant difference method (Duncan's test).

Statistical analysis
Statistical analysis of the data was performed using SAS software (version 9.4), charting was done using Excel
software, and mean comparison was conducted with Duncan's test at a 5% error probability level.

Results
Based on the results presented in (Table 1) regarding root volume and dry weight, it was determined that the
interaction effect of drought stress and the amino acid tryptophan was significant at a 5% error probability level, while
it was not significant for traits such as length, surface area, diameter, and root surface density. The analysis of
variance results showed that the main effects of drought stress and the amino acid tryptophan were significant at a
1% error probability level for all traits except root diameter.
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Table 1
Results of variance analysis on the effect of drought stress treatment and the amino acid tryptophan on the root

indices of the periwinkle plant.
S.O.V D.F Mean squares

Root
Length

Root
Volume

Dry
Weight

Root Surface
Area

Root
Diameter

Root Surface
Density

Drought 2 172.6** 11.04** 0.23** 83.6** 0.047** 26.37**

Tryptophan 5 69.9** 3.71** 0.028** 168.3** 0.00013ns 67.6**

Drought ×
Tryptophan

10 1.18ns 0.97** 0.0022** 16.9* 0.00006ns 1.99*

Error 36 1.41 0.3 0./00068 7.73 0.00009 0.78

C.V (%) - 4.35 16 4.72 8.22 2.99 3.27

** and * indicate significance at p < 0.01 and p < 0.05, respectively; ns: non-significant

Root Volume and Dry Weight
The results indicate that root volume and dry weight exhibited a positive correlation with increasing concentrations of
the amino acid tryptophan. Specifically, an application of 250 milligrams per liter of tryptophan at a 100% field capacity
(FC) moisture level resulted in the highest recorded root volume of 6.35 cm (Fig. 2a). Concurrently, this concentration
at the same moisture level yielded the maximum root dry weight of 0.801 grams (Fig. 2b). Conversely, a reduction in
tryptophan concentration to below 50 milligrams per liter (control), accompanied by an increase in drought stress at a
40% field capacity level, led to a decline in both root volume and dry weight. Notably, the lowest recorded root volume
was 2.333 cm (Fig. 2a), and the minimum root dry weight averaged 0.39 grams (Fig. 2b).

Root Surface Area and Root Surface Density
The findings from mean comparisons indicated that increased drought stress resulted in a reduction of both root
surface area and root surface density in the Provanesh plant. Conversely, under conditions of no stress, elevated
concentrations of the amino acid tryptophan led to enhancements in root surface area and root surface density.
Specifically, the application of 250 mg per liter of tryptophan at 100% field capacity moisture level (control) yielded the
highest measurements for root surface area and root surface density, recorded at 47.9 cm² and 5.33 g/cm³,
respectively. These values represent increases of 63% for root surface area and 30% for root surface density
compared to the control. It was also noted that when tryptophan concentrations were below 50 mg per liter (control)
and combined with increasing drought stress at 40% field capacity, both root surface area and root surface density
experienced a decline. The lowest recorded averages were 28.2 cm² for root surface area and 1.23 g/cm³ for root
surface density, which corresponded to approximately a 4% decrease in root surface area and about a 1% decrease in
root surface density compared to the control (Fig. 2c and d).

Root Length and Diameter
The results of the comparisons indicated that an increase in drought stress levels resulted in a corresponding increase
in the root length of the Parvansh plant. The maximum root length recorded was 28.30 cm at 40% of field capacity,
while the minimum root length was 24.1 cm at 100% of field capacity (control) (Fig. 2e). Similarly, the largest root
length was observed at a concentration of 250 mg/L of the amino acid tryptophan (14.32 cm), whereas the minimum
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root length was noted at 0 mg/L (12.24 cm) (Fig. 2f). Additionally, the minimum root diameter measured was 0.27 cm
at 40% of field capacity, and the maximum root diameter was 0.37 cm at 100% of field capacity (control) (Fig. 2g).

Table 2
Results of the analysis of variance on the effects of drought stress treatment and the amino acid tryptophan on

the physiological and morphological indices of the periwinkle plant.
S.O.V D.F Mean squares

Phenol Flavonoids Total Amino Acids Fresh Weight Dry Weight  

Drought 2 261.3** 3.61** 56.1** 4909** 374**  

Tryptophan 5 46.6** 3.85** 20.4** 1044** 59.4**  

Drought × Tryptophan 10 7.88* 0.26* 3.1** 45.8* 9.74**  

Error 36 3.61 0.114 0.542 13.6 1.96  

C.V (%) - 9.32 14.4 4.72 2.87 13.1  

** and * indicate significance at p < 0.01 and p < 0.05, respectively; ns: non-significant

Based on the results presented in (Table 2) regarding phenol, flavonoids, and the fresh and dry weight of the plants, it
was determined that the interaction effect of drought stress with the amino acid tryptophan was significant at the 5%
error level, and the total amino acid and dry weight were significant at the 1% level, while the traits of length and
number of pods were not significant. The results of the variance analysis indicated that the simple effect of drought
stress and the amino acid tryptophan was significant for all traits except for root diameter at the 1% error level.

Evaluation of total phenol, flavonoid, and free amino acid content in
leaves
The results of the analysis of variance table indicated that the effects of drought stress and foliar application of
tryptophan amino acid on the concentration of phenol and flavonoid were significant at the five percent probability
level (Table 2). Drought stress and foliar application of tryptophan increased the phenol and flavonoid content in the
plant. The mean comparison results showed that the highest amount of phenol (17.30 mg of gallic acid per gram of
dry leaf weight) and flavonoid (3.77 mg of quercetin per gram of dry leaf weight) were obtained from a concentration
of 250 mg per liter under severe drought stress (40 percent of field capacity), which represented increases of 15.7 and
14.6 percent compared to the control for phenol and flavonoid, respectively. Additionally, the lowest amount of phenol
(15.57 mg of gallic acid per gram of dry leaf weight) and flavonoid (1.008 mg of quercetin per gram of dry leaf weight)
were obtained from a concentration of zero and without drought stress (100 percent of field capacity) (Fig. 3a and b).
Furthermore, drought stress combined with foliar application of tryptophan increased the total amino acid content in
the plant. The highest total amino acid content (28.91 mg per gram of dry leaf) was found in the foliar application of
tryptophan at a concentration of 250 mg per liter under 40 percent drought stress, while the lowest amount (14.57 mg
per gram of dry leaf) was recorded at a concentration of zero without drought stress (100 percent of field capacity)
(Fig. 3c).

fresh and dry weight of the plant
Based on the results of the analysis of variance, the simple effects of drought stress and tryptophan on all
morphological traits (fresh and dry weight of the plant) in the plant were significant at the one percent level (Table 2).
The mean comparison results indicated that the highest fresh and dry weight of the plant were 74.03 and 20.33 grams,
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respectively, from a concentration of 250 mg per liter under non-drought stress (100 percent of field capacity), while
the lowest were 14.81 and 3.37 grams, respectively, from a concentration of zero tryptophan under severe drought
stress (40 percent) (Fig. 3d and e).

Evaluation of Chlorophyll a, b, total and carotenoids
The results of the analysis of variance indicated that the interaction between drought stress and the amino acid
tryptophan was significant for all traits. Specifically, it was significant at the 5% probability level for chlorophyll a, total
chlorophyll, carotenoids, and total protein, while it was significant at the 1% probability level for chlorophyll b,
peroxidase enzyme, and catalase (Table 3). The comparison of treatment means showed that the highest levels of
chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids were obtained with averages of 1.83, 1.88, 3.71, and 0.93
mg per gram, respectively, from a concentration of 250 mg per liter of tryptophan without drought stress (100% field
capacity). The concentration of these metabolites decreased under drought stress, with the lowest concentrations for
chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids being 1, 0.86, 1.87, and 0.1 mg per gram, respectively,
from a concentration of zero under severe drought stress (40% field capacity) (Fig. 4d, e, f and g).

Evaluation of Total Protein, Peroxidase Enzyme Activity, and
Catalase Activity
The trend of changes in antioxidant enzyme activity showed that the foliar application of the amino acid tryptophan on
the Periwinkle plant increased the activity of catalase and peroxidase enzymes, as well as the leaf protein content. The
highest protein content was 32.36 mg per gram from the treatment of 250 mg per liter of tryptophan without drought
stress (100% field capacity), while the lowest protein content was 16.33 mg per gram from the zero concentration of
tryptophan under severe drought stress (40% field capacity) (Fig. 4a). It was also observed that with the increase in
tryptophan concentration, the activity of peroxidase and catalase enzymes showed an increasing trend; however, there
was no significant difference in peroxidase enzyme activity among the tryptophan levels under severe drought stress.
At high levels of tryptophan (200 and 250 mg per liter) under severe drought stress (40% field capacity), the highest
peroxidase enzyme activity reached 0.15 standard units per milligram of protein. The lowest activity of this enzyme
was obtained from the zero concentration without drought stress, measuring 0.02 standard units per milligram of
protein (Fig. 4b). The application of tryptophan at high concentrations also improved catalase enzyme activity. At a
concentration of 250 mg per liter of tryptophan under severe drought stress (40% field capacity), the catalase activity
was 0.17 standard units per milligram of protein, which compared to the zero concentration without drought stress,
increased the enzyme activity by 9.29 times (Fig. 4c).
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Table 3
Results of the analysis of variance on the effects of drought stress treatment and the amino acid tryptophan on the

physiological and morphological indices of the Periwinkle plant.
S.O.V D.F Mean squares  

Chlorophyll
a

Chlorophyll
b

Total
Chlorophyll

Carotenoids Total
Protein

Peroxidase Catalase

Drought 2 1.56** 1.41** 6.07** 2.16** 276** 0.05** 0.037**

Tryptophan 5 0.1** 0.2** 0.58** 0.03** 74.2** 0.003** 0.004**

Drought ×
Tryptophan

10 0.016* 0.008** 0.033* 0.003* 16.6* 0.0012** 0.0009**

Error 36 0.006 0.001 0.011 0.001 55.01 0.0001 0.0001

C.V (%) - 5.2 2.8 3.58 6.75 9.28 14.2 15.4

** and * indicate significance at p < 0.01 and p < 0.05, respectively; ns: non-significant

Evaluation of Vinblastine and Vincristine Alkaloid Content
Analysis of variance results indicated that the effects of drought stress and the foliar application of the amino acid
tryptophan on the concentrations of vincristine and vinblastine in the periwinkle plant were significant (Table 4). Both
drought stress and the foliar application of tryptophan resulted in an increase in the content of vincristine and
vinblastine in the periwinkle plant. Mean comparison analyses revealed that the highest concentrations of vincristine
and vinblastine, measured at 0.87 mg and 0.69 mg per gram of dry leaf weight, respectively, were achieved at a
concentration of 250 mg per liter under severe drought stress (40% field capacity). These amounts represent
increases of 230% for vincristine and 488% for vinblastine when compared to the control treatment. Furthermore, the
lowest concentrations of vincristine and vinblastine, measured at 0.3 mg and 0.29 mg per gram of dry leaf weight,
respectively, were obtained from the control treatment, which featured zero tryptophan concentration and no drought
stress (100% field capacity) (Fig. 5a and b).

Table 4
Analysis of variance results for the effect of drought stress treatment and tryptophan

amino acid at different times based on the physiological indices of the periwinkle
plant.

S.O.V D.F Mean squares

Vincristine Vinblastine

Drought 1 0.05** 0.2**

Tryptophan 1 0.58** 0.05**

Drought × Tryptophan 1 0.003** 0.016**

Error 8 0.00024 0.0003

C.V (%) - 4.18 5.5

** and * indicate significance at p < 0.01 and p < 0.05, respectively; ns: non-significant

Discussion
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The results of the above experiment showed that drought stress increased the root length of the Persian plant. In
response to the negative effects of drought stress, plants enhance their root systems. The increase in root length in
plants growing under drought stress conditions is considered a desirable trait due to better absorption of moisture and
nutrients from the soil, which is significantly important for the survival of plants [31]. The application of spermidine
and putrescine improves root length by affecting the root apical meristem due to their role in controlling root cell
division and the formation of primary and lateral roots [31, 32]. Under drought stress conditions, water and nutrient
absorption increases in plants through the enhancement of root volume, surface area, and diameter [33]. With the
increase in root length and area, it is natural for the root volume to also increase [34]. In fact, the increase in root
volume is considered a desirable trait in assessing drought resistance, and genotypes with higher root volume have a
greater ability to absorb water and nutrients, leading to increased production of aerial organs [35, 36]. The increase in
root density can largely be attributed to the transfer of photosynthetically produced materials towards the roots for
greater water absorption under drought stress conditions [37]. In this experiment, the application of tryptophan amino
acid at high concentrations significantly increased all studied traits of the plant, except for root diameter. Drought
stress significantly affects the growth and metabolism of plants, particularly on amino acid concentrations and protein
synthesis. Studies have shown that drought generally increases the levels of free amino acids in plants, with a 5.9-fold
increase observed in Brassica napus [38]. Tryptophan, a crucial amino acid, has been demonstrated to mitigate the
effects of drought stress when applied externally to Zea mays [39]. A metabolomic analysis of various wheat cultivars
revealed that drought-sensitive varieties exhibited increased levels of amino acids, including tryptophan [40]. In
Brassica oleracea, the application of amino acid mixtures has been shown to alleviate the impacts of drought stress
on plant growth and nutritional quality [41]. Drought stress substantially affects plant growth and performance,
whereby the external application of amino acids, particularly tryptophan, can help ameliorate these adverse effects.
Research indicates that foliar application of L-tryptophan enhances drought tolerance in corn and wheat through
improvements in relative water content, leaf membrane stability, and chlorophyll concentration [39, 42]. Furthermore,
tryptophan is integral to auxin biosynthesis, stimulates photosynthetic activity, and contributes to the yield and quality
of agricultural crops [43]. Additionally, drought stress has been found to elicit varying responses in phenolic
compounds within Brassica napus, resulting in an increase in total phenol content under heightened drought
conditions, while flavonoid content was elevated at lower drought levels [44]. Phenolic compounds and flavonoids are
essential non-enzymatic antioxidants that play a pivotal role in mitigating the effects of abiotic stresses, particularly
drought stress in plants. These compounds are synthesized via the phenylpropanoid pathway, which becomes
activated under stress conditions, leading to an upsurge in phenolic production that aids in neutralizing reactive
oxygen species (ROS) and preventing lipid peroxidation [45]. The findings from the research conducted on the
medicinal plant Parvaneh under drought stress conditions (40%, 80%, and 100% field capacity) indicate that
chlorophyll content was significantly influenced by the primary effects of drought stress. Specifically, drought stress at
40% field capacity resulted in a 40% reduction in total chlorophyll compared to the control treatment at 100% field
capacity. Furthermore, additional experiments assessed the activities of antioxidant enzymes in response to the
drought stress treatments. Notably, at 100% field capacity, the lowest enzyme activity was recorded in comparison to
the other treatments. In most instances, an increase in drought stress was associated with an enhancement in
enzyme activity and the antioxidant capacity of the plant, thereby improving the plant's ability to neutralize free
radicals. This observation is consistent with the results of the present study [46–48]. Conversely, foliar spraying
consistently enhanced enzyme activity and the plant's antioxidant capacity, thereby improving its ability to neutralize
free radicals, in accordance with the findings of this investigation. Peroxidases play a crucial role in detoxifying
hydrogen peroxide during the dehydration of various substrates. Specifically, the peroxidase enzyme facilitates the
decomposition of hydrogen peroxide through the oxidation of hydrogen-donating substrates such as phenolic
compounds, syringaldazine, guaiacol, and ascorbate [49]. Additionally, superoxide hydrogen is neutralized to water and
oxygen by the action of the peroxidase enzyme or is transformed into the more reactive hydroxyl radical [50]. The
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metabolism of antioxidants constitutes a fundamental defensive strategy that plants have developed to mitigate the
damage inflicted by reactive oxygen species (ROS). The neutralization of ROS depends on a detoxification mechanism
facilitated by an integrated system of reduced non-enzymatic molecules alongside enzymatic antioxidants, including
catalase (CAT), peroxidase (POX), and superoxide dismutase (SOD) [51]. Additionally, water deficiency intensifies the
production of reactive oxygen species, such as H2O2 and O2, which can lead to chloroplast degradation, lipid
peroxidation, and diminished chlorophyll content [52, 53]. Drought stress in medicinal plants results in elevated
concentrations of ROS and malondialdehyde (MDA), which may have toxic effects [54]. Furthermore, the augmented
activation of the chlorophyll-degrading enzyme chlorophyllase induces instability in protein complexes and
subsequent degradation of chlorophyll, culminating in a reduction of chlorophyll levels [55]. Various studies have
documented a decline in the concentrations of chlorophyll a and b, as well as a decrease in the chlorophyll a to b ratio
in thyme leaves experiencing drought stress [56–58]. Elevated levels of drought stress correspond with a reduction in
the content of chlorophyll a, chlorophyll b, and carotenoids compared to control conditions [59]. Similarly,
photosynthetic pigments, including chlorophyll a and b, total chlorophyll, and carotenoids in Melissa officinalis,
alongside chlorophyll a and b, carotenoids, and total pigments in Mentha arvensis L. and Mentha pulegium L.,
exhibited reductions under water deficit conditions [55]. The carotenoid content in Thymus daenensis and the
chlorophyll to carotenoid ratio in Thymus kotschyanus were also diminished under drought stress conditions [57, 60,
61].

The application of drought stress and the amino acid tryptophan significantly enhanced the production of vincristine
and vinblastine in the Periwinkle plant (Catharanthus roseus). Under conditions of severe drought stress (40% field
capacity) and with a tryptophan concentration of 250 mg per liter, the levels of vincristine and vinblastine in the dried
leaves increased by 230% and 488%, respectively, compared to the control treatment. This finding suggests that
environmental stressors, particularly drought, can stimulate the production of secondary metabolites in medicinal
plants. This research aligns with several other studies indicating that drought stress and plant growth regulators can
influence the production of valuable alkaloids, such as vincristine and vinblastine. Specifically, it has been reported
that drought stress can elevate the total alkaloid content by up to 187%, with vincristine and vinblastine levels
increasing by 175% and 171%, respectively, in comparison to control plants [62]. Additionally, tryptophan serves as a
precursor in alkaloid biosynthesis and may enhance their production under stress conditions [63]. Foliar application of
indole-3-acetic acid (IAA) at a concentration of 150–200 ppm has been shown to significantly increase the levels of
vincristine [64]. Drought stress induces structural and anatomical alterations in plants and contributes to the
accumulation of secondary metabolites such as alkaloids, including vincristine and vinblastine [65]. Research
indicates that moderate drought stress can enhance both the quality and quantity of secondary metabolites by
specifically elevating alkaloid concentrations [65]. Drought stress administered at 75 percent of field capacity, in
conjunction with foliar application of proline (300 mg per liter), resulted in increased production of vinblastine and
vincristine in both leaves and roots [66]. Conversely, in vitro drought stress induced by polyethylene glycol (PEG) did
not significantly affect the production of vinblastine and vincristine in callus cultures; however, it may influence
terpenoid production and the differentiation of latex-producing cells [67]. Moreover, it appears that the combination of
tryptophan and drought stress synergistically enhances alkaloid levels, as evidenced by the significant increases
observed in various studies[63, 68].

Conclusions
Based on the findings of the present study, the application of tryptophan as a foliar treatment on Catharanthus roseus
plants not only mitigates the adverse effects of drought stress but also exerts a beneficial influence on root tissue
development, plant dry weight, enzymatic and non-enzymatic antioxidant levels, photosynthetic pigments, and the
biosynthesis of valuable alkaloids. This treatment demonstrates the potential to enhance both agricultural yield and
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the concentrations of the alkaloids vincristine and vinblastine. Consequently, the foliar application of tryptophan is
recommended as a viable strategy to augment the commercial production of alkaloids in Catharanthus roseus and as
an effective method to address agricultural challenges associated with drought stress.
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Figure 1

Seedlings of C. roseus. A: Control seedlings100%, B:Seedlings under drought stress of 70% and C: Seedlings under
drought stress of 40%.
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Figure 2

Comparison of the response to drought stress treatment with varying concentrations of the amino acid tryptophan, as
measured by root volume (a), root dry weight (b), root area (c), root area density (d), root length (e,f), and root diameter
(g). Columns sharing the same letters indicate no statistically significant difference at the 5% error probability level, as
determined by Duncan's test.
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Figure 3

compares the response of drought stress treatment with different concentrations of the amino acid tryptophan in
terms of phenol traits (a), flavonoids (b), total amino acids (c), fresh weight (d), and dry weight (e). Columns with
similar letters are not statistically significantly different at the 5% error probability level according to Duncan's test.
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Figure 4

Comparison of the mean response of drought stress treatment with the concentration of the amino acid tryptophan
regarding total protein (a), peroxidase enzyme (b), catalase (c), chlorophyll a (d), chlorophyll b (e), total chlorophyll (f),
and carotenoid (g). Columns with similar letters are not statistically significantly different at the 5% probability level
according to Duncan's test.
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Figure 5

Comparison of the average responses to drought stress treatment with varying concentrations of tryptophan amino
acid in relation to vincristine (a) and vinblastine (b) traits. Columns sharing identical letters indicate that there is no
statistically significant difference at the 5% error probability level, as determined by Duncan's test.


