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ABSTRACT 
This study examines growth-stage-dependent variations in secondary metabolites and antioxidant capacity in Capsicum 

annum. Analytical techniques including spectrophotometry were employed to quantify phenolics, tannins, flavonoids, 
anthocyanins, alkaloids, and DPPH radical scavenging activity. Results revealed significant metabolic shifts (p < 0.05) across 
vegetative (V) and flowering (F) stages, driven by tissue-specific demands and developmental priorities. A marked increase in 
phenolic content was observed in roots (1.32 to 3.24 mg/100g), stems, and leaves during flowering, correlating with oxidative 
stress mitigation. Fruits exhibited minimal phenolics (0.31 mg/100g), reflecting resource allocation to seed maturation. Tannins 
dominated vegetative roots (4354.16 mg/100g) and stems (3670.83 mg/100g), declining during flowering (roots: 2726.39 
mg/100g) as defense investments shifted toward reproduction. Flavonoids increased in flowering roots (237.62 mg/100g) but 
remained elevated in vegetative leaves (333.16 mg/100g), supporting UV protection. Anthocyanins peaked in vegetative roots 
(11.40 mg/100g) and flowering flowers (11.40 mg/100g), serving dual roles in stress resistance and pollinator attraction. 
Alkaloids were highest in vegetative stems (842.67 mg/100g) and leaves (2373.33 mg/100g), with fruiting-stage fruits 
accumulating maximum levels (2536.00 mg/100g) for seed defense. Antioxidant activity (IC₅₀) varied by tissue: stems improved 
during flowering (IC₅₀: 2.75 to 1.95 mg), while roots declined (6.87 to 9.02 mg). Fruits displayed potent crude extract activity 
(IC₅₀: 0.97 mg), linked to phenolic accumulation. These findings demonstrate C. annum’s adaptive metabolic strategies—
vegetative tissues prioritize structural defense, while flowering stages emphasize stress tolerance and reproductive resource 
allocation. Tissue-specific trends (e.g., root defense hubs, fruit UV protection) underscore ecological and physiological trade-
offs. Statistically validated results (LSD thresholds exceeded) inform targeted harvesting (e.g., alkaloid-rich fruits) and 
bioprospecting for nutraceuticals. This work enhances understanding of plant metabolic plasticity, offering strategies to optimize 
crop resilience and bioactive compound utilization. 
Keywords: Growth-stage adaptation; Capsicum annum; metabolic plasticity; bioactive compounds; oxidative stress. 

1. Introduction 
The annual pepper plant (Capsicum annum L.) is a globally 

important economic and agricultural species with remarkable 
metabolic flexibility throughout its growth cycle. It possesses a key 
adaptation strategy to meet growth requirements and environmental 
challenges due to its ability to dynamically regulate the biosynthesis of 
secondary metabolites [1, 2]. Metabolic distribution is significantly 
affected between growth stages, especially during the plant's transition 
to the reproductive stage and fruit ripening, due to the plant's need to 
transfer resources between primary growth processes and the 
production of specialized metabolites [2,3]. This physiological 
reprogramming directly influences the accumulation pattern and the 
quantitative and qualitative presence of biologically active compounds, 
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such as phenolic compounds, alkaloids, and carotenoids, which collectively determine the plant's oxidative 
and anti-disease potential, and consequently, its therapeutic potential [3, 4]. Recent research has focused on 
studying growth signals and their associated specialized metabolism in the pepper plant as a complex 
interaction. By observing systematic changes in phenylpropanoid and alkaloid pathways during fruit 
progression through maturation stages [3, 5]. Metabolic adaptations are not merely passive outcomes of growth, 
but rather active survival strategies under changing environmental conditions [6,7]. For example, the antioxidant 
flexibility observed across different growth stages and the enhanced ability to scavenge free radicals during 
specific growth periods indicate a time-based optimization of defense mechanisms [5,8]. A dynamic 
characteristic of metabolism, considered an environmental adaptation of the plant, lies in its dual function of 
both defense and reproduction. Secondary metabolites undertake chemical defense against environmental 
factors such as ultraviolet radiation and opportunistic pathogens, while simultaneously contributing to fruit 
coloration to attract vector organisms and promote seed dispersal [6,9]. The production of biologically active 
compounds occurs at temporary peaks corresponding to critical developmental transitions, representing a 
complex balance between growth and defense [1,2]. Beyond the importance of plant metabolic transformations, 
understanding the specific metabolic profile of each growth stage is crucial for determining and optimizing 
harvest timing to achieve maximum nutritional value [4,10]. Although the secondary metabolites of Capsicum 
have been extensively studied, specialized metabolic dynamics remain poorly understood, as evidenced by the 
antioxidant activity of capsaicinoids and other phenolic compounds, which vary markedly across growth stages 
[3,8]. The lack of a well-defined regulatory mechanisms governing these fluctuations represents a significant 
research gap, especially given the growing pharmacological interest in plant-derived antioxidants for managing 
diseases associated with oxidative stress [11,12]. This study investigates the metabolic dynamics of secondary 
metabolites and their relationship to oxidative capacity through the quantitative characterization of the 
metabolic time course from vegetative growth to fruit senescence. This provides valuable insights into the 
plant's evolving survival strategies and promotes the use of its bioactive compounds in therapeutic applications. 

2. Material and methods 
     Chili pepper plant (vegetative and flowering parts) were collected from Najaf province/Iraq, and were 

dried in an oven (50 °C). Chemical reagents were provided by Sigma Aldrich as Folin-Ciocalteu reagent (St. 
Louis, MO, USA), DPPH (2,2-Diphenylpicrylhydrazyl), gallic acid, catechin reagent and sodium nitrite (≥ 
99.0% purity), sodium carbonate was obtained from Fluka Biochemika (Switzerland), absolute methanol and 
concentrated hydrochloric acid (37%) was purchased from Panereac Quimica S.A. (Barcelona, Spain). 
Absolute ethanol (≥99.8% purity) was procured from Scharlab S.L. (European Union). 

2.1. Preparation of plant samples 
Plant samples were collected from two distinct growth phases: the vegetative stage and the reproductive 

stages (flowering and fruiting). During the vegetative phase, leaves, stems, and roots were harvested. In the 
flowering and fruiting phase, samples from the same plant organs (leaves, stems, and roots) were collected, 
with the addition of floral and fruit tissues for analysis. The above parts were washed well with distilled water 
and then dried in an electric oven at 50°C until completely dry. Then they were ground well in a suitable 
grinder until a fine homogeneous powder was obtained. 

2.2. Extract preparation  
The ultrasonic-assisted extraction method was conducted using a Unisonics apparatus (Australia). Briefly, 

0.5 g of homogenized plant material was homogenized with 50 mL ethyl acetate in a 100 mL beaker. The 
mixture was subjected to ultrasonic treatment in a temperature-controlled water bath (50°C) for 24 minutes. 
Following extraction, the samples were centrifuged at 14,000 rpm to separate phases, and the supernatant was 
collected. The extraction process was repeated three times, with the final volume adjusted to 50 mL. The 
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combined extracts were lyophilized to complete dryness, reconstituted in absolute methanol, and stored at -
4°C for subsequent phytochemical analyses, including quantification of phenolics, flavonoids, tannins, 
anthocyanins, alkaloids, and antioxidant compounds [13]. 

2.3. Total phenolic content assay  
The total phenolic content was quantified using the Folin-Ciocalteau method. A methanolic extract (10 

mg/mL) was combined with Folin-Ciocalteau reagent, distilled water, and sodium carbonate (15%). After 2 
hours of dark incubation, absorbance was measured spectrophotometrically at 765 nm. A gallic acid standard 
curve (100, 200, 300, 400, 500, 600, 700, and 800 mg/l) was generated to calculate phenolic levels as gallic 
acid equivalents (mg GAE/100 g) using triplicate measurements [14] Figure 1. 

 

Figure 1. Calibration curve of Gallic acid (100–800 mg/l) for total phenolic quantification. Linear fit: y = 0.0028x+0.0786; R² = 0.9958. 

2.4. Total flavonoids content assay 
Total flavonoids were quantified using aluminum chloride colorimetric method. Briefly, 1 mL of extract 

(10 mg/mL) or quercetin standard (20–500 mg/L) was mixed with 4 mL deionized water in a 10 mL flask. 
Sequential additions of 0.3 mL NaNO₂ (5%), 0.3 mL AlCl₃ (10%), and 2 mL NaOH (1 M) were made at 0, 5, 
and 6 minutes, respectively. Adjust the final volume to 10 mL by dd H2O, and absorbance was measured via 
UV-Vis spectroscopy. Flavonoid content was expressed as mg quercetin equivalents (QE)/100 g dry weight, 
based on triplicate analyses. Figure 2. TFC (Mg Quercetin/100gram dry mass) = concentration mg/l x 10 

 

Figure 2. Calibration curve of quercetin (20–200 mg/L) for total flavonoid quantification. Linear fit: y = 0.0049x+0.0451; R² = 0.9862. 
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2.5. Total anthocyanin content assay 
Total anthocyanins were quantified using a modified spectrophotometric method [15]. Absorbance was 

measured at 530 nm and 657 nm to correct for chlorophyll interference (A = A530 − 0.25 A657). Anthocyanin 
content (mg cyanidin-3-glucoside equivalents/100 g dry weight) was calculated using the formula: 

Total Anthocyanins = (A × 449.2 × Dilution Factor) / (29,600 × Sample Weight) 

where 449.2 = molecular weight and 29,600 = molar extinction coefficient [16]. Triplicate measurements were 
performed. 

2.6. Total tannin content assay    
Tannin content was analyzed using a modified Folin-Dennis method. Extracts (10 mg/mL) were mixed 

with Folin-Dennis reagent and saturated Na₂CO₃, diluted to 50 mL, and incubated in darkness for 90 minutes. 
Absorbance was measured at 760 nm, with corrections using a reagent blank. A tannic acid standard curve 
(varying concentrations) enabled quantification, expressed as mg tannic acid equivalents per 100 g dry weight 
(triplicate measurements) Figure 3. 

 

Figure 3. Calibration curve of tannic acid (0–700 mg/L) for total tannin content. Linear fit: y =    0.0024x; R² = 0.9951. 

2.7. Total alkaloid content assay 
The total alkaloid content was determined spectrophotometrically using the Bromocresol Green (BCG) 

method [17]. A standard curve was prepared using atropine (procured from Sigma Chemical Company, USA) 
over a concentration range of 4-13 μg/mL. The plant extracts were reacted with BCG in a phosphate buffer 
(pH 4.7), and the resulting yellow complex was extracted with chloroform. Its absorbance was measured at 
470 nm. 

2.8. Evaluation of antioxidant activity  
 The antioxidant activity was assessed via DPPH assay. Methanolic extract concentrations (0.01, 0.02, 

0.04, 0.08, and 0.1 mg/ml), were mixed with DPPH solution (0.5 mg/mL), incubated in darkness for 30 minutes, 
and absorbance measured at 515 nm. Radical scavenging (%) was calculated as: 

Inhibition% (mg/ml) = (Control − Sample)/Control × 100 

(mg extract required to scavenge 50% of 0.1 mg DPPH) was derived from a linear standard curve 
(concentration vs. % inhibition). 

y = 0.0024x
R² = 0.9951

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 100 200 300 400 500 600 700

Ab
so

rb
an

ce
 a

t 7
60

nm

Concentrations  of Tannic Acid (mg/l)

Tannin



5 

This study relied on the antioxidant capacity was expressed as the sample mass (0.1 mg) required to 
scavenge 50% of the DPPH radical, calculated using the formula below, rather than utilizing concentration-
based metrics. 

IC50% (mg) = 3.8 ml × IC50% (mg/ml) 

3. The results and discussion 
3.1. Secondary metabolite distribution across growth stages  

The study of medicinal plants is gaining increasing importance in the field of research into bioactive 
compounds [18-20]. Secondary metabolite content and antioxidant activity in Chili Peppers (Capsicum annuum 
L.). Plants produce numerous secondary metabolites, including phenols, flavonoids, tannins, anthocyanins, 
and alkaloids. These metabolites are used by the plant in several crucial roles, such as defense, stress tolerance, 
and reproduction. These compounds are distributed and accumulated in specialized tissues with growth-related 
organization, reflecting the plant's adaptation and ability to balance growth, defense, and reproduction. Chili 
pepper species are characterized by specific secondary metabolite dynamics that vary considerably across 
vegetative and reproductive stages, as noted in [21, 22]. These variations directly influence antioxidant capacity. 
Furthermore, the genus Capsicum is distinguished by its rich phytochemical composition, including 
capsaicinoids, carotenoids, flavonoids, and various phenolic compounds [23, 24]. These bioactive components 
contribute to the well-documented antioxidant properties of pepper fruits, with free radical scavenging activity 
closely correlated with total phenolic and flavonoid content [25, 26].  

The current study investigated the quantitative estimation of secondary metabolites in pepper tissue (C. 
annuum) across the vegetative and flowering stages (Table 1). The percentage changes in secondary 
metabolites (phenolics, flavonoids, tannins, and alkaloids) across plant tissues (roots, stems, and leaves) during 
floral transition (Figure 1).   

3.1.1. Phenolic compound 

The phenolic content increased significantly towards the flowering stage in all studied tissues (roots, stems, 
and leaves), with increases ranging from 145% in roots (from 1.32 ± 0.008 to 3.24 ± 0.13 mg/100g) to a higher 
increase of 339% in stems (from 0.92 ± 0.08 to 4.04 ± 0.07 mg/100g). The highest absolute concentration of 
phenolics was observed in the leaves at flowering (4.58 ± 0.03 mg/100g), representing a 203% increase. In 
contrast, the fruits exhibited a very low phenolic content (approximately 0.31 ± 0.001 mg/100g), Table 1, 
Figure 1. These results are consistent with the findings of studies [27, 28], which indicated that phenol 
biosynthesis increases in quantity during flowering and reproductive growth. The significant increase in 
concentrations during flowering is also consistent with the findings of study [29], which attributed this increase 
to meeting metabolic needs and the need for antioxidant protection in photosynthetic tissues. 

3.1.2. Tannin compounds 

In contrast to phenols, tannin concentrations decreased steadily and significantly in all tissues during the 
flowering stage. The leaves of the vegetative stage contained the highest tannin levels (4602.08 ± 56 mg/100 
g), with a decrease of 13% during flowering. For the remaining parts, stems showed the highest percentage 
decrease (42%, from 3670.83 ± 37 to 2143.05 ± 17 mg/100 g) and roots (37%, from 4354.16 ± 17 to 2726.39 
± 74 mg/100 g). Flowers exhibited relatively low tannin content (2679.14 ± 35 mg/100 g), while fruits 
maintained moderate levels (2966.66 ± 321 mg/100 g), Table 1, Figure 1. This pattern reflects resource 
redistribution strategies, where defensive compound investment decreases as resources are redirected towards 
reproduction [30, 31]. The lower tannin levels in flowers are important for pollinator attraction and chemical 
defense [32]. 
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3.1.3. Flavonoids 

The current results show a 27% increase in flavonoids in the roots during the flowering period (from 
182.40 ± 2.2 to 232.4 ± 2.2 mg/100 g), in contrast to the stems and leaves, where they decreased by 15% and 
30%, respectively. The leaves exhibited the highest concentration during the vegetative stage (331.3 ± 3.1 
mg/100 g), while the fruit had an average concentration (255.8 ± 2.2 mg/100 g), and the flowers had a flavonoid 
concentration of 218.5 ± 4.8 mg/100 g, Table 1, Figure 1. The high flavonoid level in the leaves is consistent 
with the findings of Fang et al. (2012), who demonstrated that leaves accumulate the largest quantities in the 
aerial parts [35]. Furthermore, Dai et al. (2023) and Li et al. have also indicated similar findings. (2024) The 
concentration of flavonoids varies according to the functional differentiation of tissues in different plant 
species [33,34].        

3.1.4. Anthocyanin 

Anthocyanins are regarded significant photoprotective chemicals because they protect photosynthetic 
tissues in leaves from high radiation damage and have antioxidant properties [36, 37]. The current study found 
that anthocyanin levels in leaves increased by 318% (0.91 ± 0.01 mg/100 g) compared to vegetative leaves 
(3.81 ± 0.30 mg/100 g). Flowers had the highest concentration and significant difference (11.40 ± 0.48 mg/100 
g) compared to other parts. Unlike the leaves, the roots decreased significantly during flowering compared to 
the vegetative stage (from 11.40 ± 0.48 to 2.80 ± 0.43 mg/100 g), Table 1, Figure 1. 

3.1.5. Alkaloids 

Alkaloids are crucial substances for protecting chili pepper seeds. Concentrated in the placental tissue 
enclosing the seeds, capsaicin is a distinctive alkaloid of chili peppers [35, 36]. According to the current findings, 
the concentration of alkaloids in leaves during the vegetative stage is 2373.33 ± 19 mg/100 g, which is much 
greater than that of other non-reproductive portions like stems and roots. At flowering, however, their levels 
declined by 44% to 1317.33 ± 20 mg/100 g. In a similar vein, the roots declined by 41% (from 386.42 ± 15 to 
229.33 ± 9 mg/100 g), while the stems had the greatest reduction at 53% (from 842.67 ± 17 to 394.67 ± 11 
mg/100 g), Table 1, Figure 1. Research conducted by Barchenger et al. (2016) and Wahyuni et al. (2011) 
indicates that mature chili pepper fruits collect a greater concentration of capsaicinoids compared to other parts 
[40, 41]. 

Table 1. phenolic compounds and alkaloids content mg/100g during vegetative (V.) and flowering stage (F.) 

 Secondary compound assay mg/100g powder 

C. annum Phenol Tannin Flavonoid Anthocyanin Alkaloids 

Roots 
V 1.32±0.008 4354.16±17 182.40±2.2 11.40±0.48 386.42±15 

F 3.24±0.13 2726.39±74 232.4±2.2 2.80±0.43 229.33±9 

Stems 
V 0.92±0.08 3670.83±37 202.9±2.3 0.40±0.08 842.67±17 

F 4.04±0.07 2143.05±17 173.1±3.0 0.29±0.02 394.67±11 

Leaf 
V 1.51±0.09 4602.08±56 331.3±3.1 0.91±0.01 2373.33±19 

F 4.58±0.03 4013.89±43 232.4±2.2 3.81±0.30 1317.33±20 

Flowers 1.18±0.02 2679.14±35 218.5±4.8 3.40±0.48 1682.67±16 

Fruits 0.31±0.001 2966.66±321 255.8±2.2 2.80±0.08 2536.00±13 

Average 2.13 3394.52 233.43 4.22 1220.30 

L.S.D. P≥0.05 1.54 62.12 8.27 1.34 21.87 
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Figure 4. The percentage change in secondary metabolites (phenolics, flavonoids, tannins, and alkaloids) across plant tissues (roots, 
stems, and leaves) during floral transition    

3.2. Antioxidant activity: tissues and growth stages 
The antioxidant capacity of C. annuum tissues was assessed using the DPPH assay and expressed as IC₅₀ 

values (lower values indicate higher activity). Table 2 demonstrates significant differences in antioxidant 
capacity by tissue type and growth stage (p < 0.05, LSD-a = 0.449, LSD-ab = 0.635). 

3.2.1. Overall antioxidant activity 

The results of the current study showed that crude ethyl acetate extract (EA-Crude), containing most of 
the secondary metabolites, exhibited significantly stronger overall antioxidant capacity (mean IC₅₀ = 0.44 mg) 
compared to ethyl acetate alkaloids (EA-Alk, mean IC₅₀ = 3.68 mg). The superiority of EA-Crude over EA-
Alk in this study may be attributed to the primary contribution of phenols and flavonoids to free radical 
scavenging capacity. These compounds possess structural properties that enable efficient electron or hydrogen 
atom donation [25, 42]. However, variations in efficacy based solely on plant parts showed that the vegetative 
leaves exhibited significantly higher antioxidant activity (IC₅₀ = 0.46 mg/ml) compared to all other tissues and 
stages. This increased activity is consistent with the high concentrations of phenols (1.51 mg/100 g) and 
flavonoids (331.3 mg/100 g) measured in the vegetative leaves (Table 1).  

The current results are consistent with previous studies indicating that extracts from chili pepper leaves 
typically exhibit strong DPPH-scavenging activity, with IC₅₀ values ranging from 0.40 to 1.4 mg/ml, varying 
according to the cultivar and extraction solvent [25, 43]. The high antioxidant capacity of young leaves plays a 
role in protecting the photosynthetic machinery during rapid growth and high metabolic activity [29, 44]. The 
strong negative correlation between total phenolic content and DPPH IC₅₀ values reported in other studies on 
chili peppers (r = −0.87) [25] is consistent with the current findings, where tissues with higher phenolic content 
(vegetative leaves) exhibited the strongest antioxidant activity. However, the relationship between secondary 
metabolite concentration and antioxidant function is complex, as structural diversity among phenolic 
compounds affects their free radical scavenging efficiency [45]. Flavonoids with multiple hydroxyl groups and 
specific conjugation patterns exhibit particularly strong antioxidant activity [46]. 

While EA-Crude for flowers showed moderate antioxidant activity (IC₅₀ = 0.55 mg) (Table 2), which 
corresponds to average levels of phenolic and flavonoids (Table 1). It is worth noting Frey et al. (1997) stated 
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that biologically active compounds possess two functions in floral tissues: antioxidant protection and 
contributing to visual and chemical signaling to attract insects for pollination [47]. 

3.2.2. Developmental changes of Antioxidant Activity 

 It was observed that EA-Alk activity in leaves and roots decreased during the transition to flowering, 
with IC₅₀ values increasing in roots from 6.87 to 9.02 mg and in leaves from 0.80 to 1.50 mg (Table 2) with 
decline percentage  of efficacy (-31, -88%) respectively, Figure 2. This parallels the decrease in alkaloids 
during the flowering stage, indicating a degree of dependence of these tissues on alkaloids.    This confirms 
what Wahyuni et al. (2011) suggested regarding a metabolic redistribution of alkaloids towards fruit 
development, most likely [41]. This redistribution of alkaloids from vegetative tissues to fruits represents a 
significant shift in resource allocation strategies, prioritizing seed protection over vegetative defense during 
the reproductive stages [38, 48]. Conversely, when the concentration of alkaloids in the stems increased during 
the flowering stage, the antioxidant capacity of its extract (EA-Alk) increased significantly (IC₅₀ concentration 
decreased from 2.75 to 1.95 mg). This aligns with Tang et al. (2021) finding that the enhanced stress-induced 
alkaloid synthesis in stems is essential to support the increased transport requirements during fruit development 
and maintain its structural integrity [49]. 

Table 2. antioxidant capacity (mg) to scavenge 50% of 0.1mg DPPH during vegetative (V.) and flowering stage (F.) 

Parts G stage 
Antioxidant assay (DppH) 

Average b 
EA-Alk EA-Crude 

Roots V. 6.87 0.24 3.55 

 F. 9.02 0.23 4.62 

Stems V. 2.75 0.58 1.66 

 F. 1.95 0.56 1.25 

Leaf V. 0.80 0.13 0.46 

 F. 1.50 0.31 0.90 

Flowers  2.55 0.55 1.55 

Fruits  3.97 0.97 2.47 

Average a  3.68 0.44  

L.S.D. 0.05  a=0.449    b=0.224     ab=0.635 
 

 

Figure 5. The percentage change in antioxidant efficacy  (EA-Crude and EA-Alk) across plant tissues (roots, stems, and leaves) during 
floral transition    
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4. Conclusion  
The study reveals clear changes in the secondary metabolite content of chili peppers during their various 

growth stages. Phenolic compounds and anthocyanins increased significantly in the roots, stems, and leaves 
during the flowering stage, while conversely, tannin and alkaloid levels decreased in the vegetative tissues and 
increased in the fruit. The leaves exhibited the highest flavonoid levels, confirming their primary role as a 
reservoir of antioxidant activity. These findings underscore the functional dynamics of secondary metabolism 
in chili peppers and reinforce their value as a source of natural antioxidants with potential nutritional and 
therapeutic applications. 
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