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Abstract 
The genus Piper includes several medicinally significant species that are extensively utilized in traditional healthcare 
practices due to their diverse secondary metabolites and associated biological activities. In the present study, a 
comparative qualitative and quantitative phytochemical evaluation of Piper betle and Piper longum was carried out to 
assess solvent- and organ-specific variations in phytoconstituent distribution. Leaves, stems, and roots of both species 
were subjected to Soxhlet extraction using solvents of different polarities, including hexane, ethyl acetate, chloroform, 
methanol, and water. Extraction efficiency varied markedly with solvent polarity and plant part, with aqueous extracts 
yielding the highest extractive values, whereas methanolic extracts exhibited greater phytochemical diversity. 
Preliminary qualitative screening revealed the presence of major classes of secondary metabolites such as 
carbohydrates, terpenoids, steroids, flavonoids, tannins, and saponins, predominantly in methanolic and aqueous 
fractions compared to non-polar solvent extracts. Based on the qualitative profile, methanolic extracts were selected 
for quantitative estimation of carbohydrates, steroids, and terpenoids using established colorimetric methods, 
employing glucose, cholesterol, and linalool as reference standards. Quantitative results demonstrated significant 
interspecific and organ-dependent variations, with stem and root extracts of Piper longum showing comparatively 
higher levels of the quantified phytochemicals than Piper betle. Thus, the findings emphasize the phytochemical 
potential of both Piper species and highlight the influence of extraction solvent and plant organ on metabolite 
composition. This comparative study provides baseline data that may facilitate future bioactivity-guided investigations 
and detailed compound-level characterization for therapeutic and nutraceutical applications. 
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Introduction 
The genus Piper (family Piperaceae) represents 

one of the largest genera of flowering plants, 

comprising over a thousand species that are 

primarily distributed in tropical and subtropical 

regions. Species belonging to this genus have 

received sustained scientific and ethno botanical 

attention due to their extensive use as medicinal 

agents, spices, and economically valuable crops 

(1). Several Piper species form important 

components of traditional healthcare practices, 

including Ayurveda, Siddha, Unani, Chinese 

medicine, and indigenous folk practices, where 

they are employed for managing a wide range of 

ailments (2, 3). Piper Betle L. is an evergreen 

perennial climber cultivated extensively for its 

leaves. The leaves are traditionally consumed in 

combination with areca nut and slaked lime, and 

are also utilized in ethno medicine for treating 

microbial infections, inflammatory conditions, 

wounds, and digestive disturbances. Earlier 

phytochemical investigations indicate that P. betle 

leaves possess diverse bioactive constituents, 

particularly volatile oils and phenolic compounds 

such as chavicol, chavibetol, eugenol, 

hydroxychavicol, and piper betol, which are 

associated with reported anti-inflammatory, 

antidiabetic, antioxidant, anticancer, and 

antimicrobial activities. In addition to phenolic 

constituents, secondary metabolites including 

flavonoids, tannins, terpenoids, steroids, and 

alkaloids have also been documented, although 

their abundance varies with plant organ, extraction 

solvent, and geographical origin (4, 5). Piper 

longum L. is a medicinally significant species 

within the genus, traditionally valued for its fruits 

and roots, with occasional use of the stems. This 

aromatic perennial climber is widely used in 

traditional formulations for managing respiratory 

ailments, gastrointestinal disorders, metabolic 

diseases, and     neurological      conditions.    The  
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pharmacological activities of P. longum have been 

largely attributed to bioactive constituents such as 

piperine, piperlongumine, volatile oils, lignans, 

terpenoids, steroids, and other secondary 

metabolites. Previous studies have demonstrated 

that different parts of P. longum vary considerably 

in their phytochemical composition, emphasizing 

its therapeutic potential, including antidiabetic, 

antiasthmatic, antitumor, and neuroprotective 

activities (6, 7). Although individual phytochemical 

and pharmacological studies on P. betle and P. 

longum are available, systematic comparative 

investigations focusing on multiple plant parts 

using standardized qualitative and quantitative 

approaches remain limited. Moreover, many 

existing reports emphasize compound-specific or 

chromatographic profiling of selected extracts, 

while comprehensive preliminary phytochemical 

evaluations across different solvents and plant 

parts are comparatively scarce. Understanding the 

qualitative and quantitative differences in their 

phytochemical profiles is crucial not only for 

validating their traditional uses but also for 

guiding the development of standardized herbal 

formulations and identifying potential leads for 

pharmaceutical applications (8). 

In this context, the present investigation was 

undertaken to conduct a comparative qualitative 

and quantitative phytochemical profiling of leaves, 

stems, and roots of Piper betle and Piper longum. 

Soxhlet extraction was performed using solvents of 

different polarities to assess solvent-dependent 

variations in phytochemical extraction. The study 

emphasizes preliminary phytochemical screening 

and quantitative estimation of selected major 

classes of secondary metabolites to generate 

baseline comparative data. The outcomes are 

intended to elucidate organ- and solvent-specific 

phytochemical distribution patterns and to 

provide a scientific foundation for future 

bioactivity-guided studies and compound-level 

characterization of Piper species. 
 

Materials and Methods 
Collection and Authentication of Plant 

Materials 
Healthy and disease-free leaves, stems, and roots of 

Piper betle and Piper longum were collected from 

Mulagumoodu (8°16′3.00″ N, 77°17′28.20″ E), 

located in Kanyakumari District, Tamil Nadu, India. 

The collected plant materials were subjected to 

taxonomic verification and authenticated by Dr. R. 

Subitha Shajini, Department of Botany, Women’s 

Christian College, Nagercoil, Tamil Nadu, India. 

Voucher authentication was carried out prior to 

further experimental processing. 

Processing of Plant Materials 
After collection, the plant materials were cleaned 

thoroughly to remove adhering soil particles and 

extraneous matter by washing under running tap 

water, followed by rinsing with distilled water. The 

cleaned samples were shade-dried at room 

temperature under well-ventilated conditions until 

desiccated completely. The dried plant parts were 

then mechanically ground into fine powder using 

an electric grinder and stored in airtight containers 

under dry conditions until extraction (9). 

Solvent Extraction Procedure 
Powdered samples (approximately 20 g each) of 

leaves (A1), stems (A2), and roots (A3) of Piper 

betle, and leaves (C1), stems (C2), and roots (C3) of 

Piper longum were subjected to Soxhlet extraction. 

Sequential extraction was performed using 

solvents of increasing polarity, namely hexane, 

chloroform, ethyl acetate, methanol, and distilled 

water. For each extraction, 200 mL of solvent was 

used, and the extraction temperature was 

maintained near the respective boiling points of 

the solvents (hexane and chloroform at 60 °C, ethyl 

acetate and methanol at 70 °C, and water at 100 

°C). The extraction process was continued for a 

maximum duration of 24 h or until the siphoning 

solvent appeared colourless. The resulting extracts 

were concentrated under reduced pressure using 

a rotary evaporator at temperatures ranging 

between 40 and 60 °C and subsequently allowed to 

cool to room temperature. The dried extracts were 

weighed, and extractive yield was calculated using 

the following formula [1]: 
 

Percentage Yield (%) = (Weight of dried extract (g) / 

Weight of plant material (g)) × 100                        [1] 
 

Each extract was assigned a specific code: hexane 

extracts (A1HX, A2HX, A3HX, C1HX, C2HX, C3HX), 

chloroform extracts (A1CH, A2CH, A3CH, C1CH, 

C2CH, C3CH), ethyl acetate extracts (A1EA, A2EA, 

A3EA, C1EA, C2EA, C3EA), methanol extracts 

(A1MH, A2MH, A3MH, C1MH, C2MH, C3MH), and 

aqueous extracts (A1AQ, A2AQ, A3AQ, C1AQ, C2AQ, 

C3AQ). All extracts were stored in airtight 

containers at 4 °C until further analysis (10). A 

schematic representation of the extraction and 

analysis workflow is provided in Figure 1. 
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Figure 1: Schematic Representation of Plant Material Processing, Soxhlet Extraction and Phytochemical 

Analysis of Piper betle and Piper longum 
 

Qualitative Phytochemical Analysis 
Preliminary phytochemical screening of the 

various solvent extracts was carried out to assess 

the presence of major classes of primary and 

secondary metabolites using standard qualitative 

assays. 

Carbohydrates (Benedict’s test): An aliquot of 2 

mL of each extract was treated with 2 mL of 

Benedict’s reagent and heated in a boiling water 

bath for approximately 2 min. The development of 

a brick-red precipitate was considered indicative of 

reducing carbohydrates (11). 

Proteins (Biuret Test): To 3 mL of the extract, a 

few drops of 4% sodium hydroxide followed by 1% 

copper sulfate solution were added. Formation of a 

violet or pink coloration confirmed the presence of 

proteins (12). 

Glycosides (Keller-Kiliani Test): Two millilitres 

of extract were mixed with glacial acetic acid 

containing one drop of 5% ferric chloride, followed 

by careful addition of concentrated sulfuric acid 

along the test tube wall. The appearance of a 

reddish-brown ring at the interface with a bluish-

green upper layer indicated the presence of cardiac 

glycosides (13). 

Steroids (Salkowski Test): The extract (2 mL) 

was mixed with chloroform and concentrated 

sulfuric acid. A red coloration in the chloroform 

layer accompanied by greenish-yellow 

fluorescence    in   the    acid    layer    signified    the  

 

presence of steroids (13). 

Alkaloids (Mayer’s Test): One millilitre of extract 

was acidified with dilute hydrochloric acid and 

gently heated, followed by the addition of Mayer’s 

reagent. Formation of a yellow precipitate 

indicated the presence of alkaloids (12). 

Flavonoids (Aluminium Chloride test): The 

extract was treated sequentially with concentrated 

hydrochloric acid and magnesium turnings, 

followed by the addition of sodium hydroxide 

solution. The development of a pink coloration 

confirmed the presence of flavonoids (14). 

Tannins (Lead Acetate Test): A few drops of lead 

acetate solution were added to 1 mL of extract. 

Formation of a white precipitate was taken as a 

positive indication of tannins (15). 

Saponins (Foam Test): The extract was vigorously 

shaken with distilled water. Persistent froth 

formation was considered evidence of saponins 

(12). 

Phenols (Ferric Chloride Test): Diluted extract 

was treated with neutral ferric chloride solution. 

Development of a dark green coloration indicated 

the presence of phenolic compounds (15). 

Terpenoids (Modified Salkowski Test): The 

extract was mixed with chloroform, followed by 

careful addition of concentrated sulfuric acid along 

the sides of the test tube. The appearance of a 

reddish-brown interface layer confirmed the 

presence of terpenoids (14). 
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Quantitative Phytochemical Analysis 
Estimation of Carbohydrates: Total carbohydrate 

content was quantified using the Anthrone method 

with glucose as the reference standard (16). 

Extracts were homogenized in 80% ethanol and 

centrifuged at 4000 rpm for 10 min. An aliquot (0.5 

mL) of the supernatant was reacted with Anthrone 

reagent and heated in a boiling water bath for 15 

min. After cooling in the dark, absorbance was 

measured at 650 nm. A glucose calibration curve 

(20–200 μg/mL) was prepared (y = 0.0053x + 

0.0008; R² = 0.998), and results were expressed as 

mg glucose equivalents per gram of dried extract 

(mg GE/g). 

Estimation of Steroids: Steroid content was 

determined using the Zak method, employing 

cholesterol as the standard (17). The extract (0.5 

mL) was reacted with ferric chloride reagent and 

concentrated sulfuric acid, followed by incubation 

at room temperature for 30 min. Absorbance was 

recorded at 540 nm. The cholesterol standard 

curve (20–200 μg/mL) yielded the regression 

equation y = 0.0033x − 0.0214 (R² = 0.9988). 

Results were expressed as mg cholesterol 

equivalents per gram of dried extract (mg CE/g). 

Estimation of Terpenoids: Total terpenoid 

content was estimated using a modified 

colorimetric method (18). The extract was mixed 

with chloroform and allowed to stand, followed by 

the addition of concentrated sulfuric acid. The 

reaction mixture was incubated in the dark at room 

temperature until a reddish-brown precipitate 

formed. The precipitate was dissolved in methanol, 

and absorbance was measured at 538 nm. 

Quantification was performed using a linalool 

standard curve (20–200 μg/mL) with the 

regression equation y = 0.0051x − 0.0305 (R² = 

0.9978). Results were expressed as mg linalool 

equivalents per gram of dried extract (mg LE/g). 
 

Results 
Yield of Soxhlet Extracted Samples 
Soxhlet extraction of different parts of Piper betle 

(A1-A3) and Piper longum (C1-C3) using solvents 

of varying polarity resulted in differential 

extraction yields (Table 1). 

Among the solvents tested, aqueous extracts 

produced the highest yields in most plant parts. 

The highest yield was recorded in the aqueous leaf 

extract of P. longum (C1AQ, 32.6%), followed by 

the aqueous leaf extract of P. betle (A1AQ, 32.3%) 

and the aqueous stem extract of P. longum (C2AQ, 

30.2%). 

 

Table 1: Yield of Soxhlet-Extracted Samples 
Sample Code Dried Weight of Plant Material (g) Dried Weight of Plant Extract (g) % of Yield (%) 

A1HX 10 0.45 4.5 

A1MH 10 1.86 18.6 

A1EA 10 0.92 9.2 

A1CH 10 0.78 7.8 

A1AQ 10 3.23 32.3 

A2HX 10 0.22 2.2 

A2MH 5 0.75 15 

A2EA 5 0.14 2.8 

A2CH 6.6 0.25 3.7 

A2AQ 6 1.41 23.5 

A3HX 5 0.08 1.6 

A3MH 4 0.41 10.25 

A3EA 2.4 0.08 3.33 

A3CH 2.4 0.09 3.75 

A3AQ 2.3 0.48 22.85 

C1HX 10 0.5 5.0 

C1MH 6 0.87 14.5 

C1EA 3 0.181 6.03 

C1CH 3 0.23 7.7 

C1AQ 3 0.98 32.6 

C2HX 10 0.07 0.7 

C2MH 10 0.42 4.2 

C2EA 10 0.15 1.5 

C2CH 10 0.13 1.3 

C2AQ 10 3.02 30.2 

C3HX 3.03 0.07 2.31 

C3MH 3.0 0.33 11 

C3EA 3.03 0.12 3.96 

C3CH 3.64 0.15 4.12 

C3AQ 3.77 0.41 10.87 
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Methanolic extracts yielded moderate amounts, 

with notable yields observed in the leaf extract of 

P. betle (A1MH, 18.6%) and the stem extract 

(A2MH, 15%). Ethyl acetate and chloroform 

extracts showed relatively lower yields, ranging 

from 1.3% to 9.2%, while hexane extracts 

consistently produced the lowest yields. The 

minimum yield was observed in the hexane stem 

extract of P. longum (C2HX, 0.7%). 

Qualitative Phytochemical Screening 
Qualitative phytochemical evaluation of the solvent 

extracts obtained from the leaves, stems, and roots 

of Piper betle and Piper longum demonstrated the 

presence of a wide range of bioactive secondary 

metabolites. The screening results indicated the 

occurrence of carbohydrates, glycosides, 

flavonoids, tannins, alkaloids, saponins, steroids, 

phenolic compounds, and terpenoids across 

different solvent extracts. The distribution of these 

phytoconstituents varied depending on the plant 

part and the polarity of the extraction solvent. The 

detailed qualitative profiles of P. betle and P. longum 

extracts are presented as shown in Table 2 and 

Table 3.  
 

Table 2: Qualitative Phytochemical Screening of Piper betle Extracts 

Extract 
Phytochemical tests for 

CHO PRO GLY STR AKL FLV TNN SPN PHE TER 

A1MH + - - + - - + - - + 

A2MH + - - - - + - - - + 

A3MH + - - - - - + - - + 

A1HX - - - - - - - - - + 

A2HX - - - - - - - + - - 

A3HX - - - + - - - - - + 

A1EA - - + + - - - - - - 

A2EA - - + + - - - - - + 

A3EA - - - + - - - - - + 

A1CH - - - - + - - - - - 

A2CH - - - - + - + - - - 

A3CH - - - + - - - - - + 

A1AQ + - - - - - + + - + 

A2AQ + - - - + + - + - - 

A3AQ + - - - - - + - - - 

NB: CHO- Carbohydrates; PRO- Proteins; GLY- Glycosides; STR- Steroids; AKL- Alkaloids; FLV- Flavonoids; TNN- Tannins; SPN- 

Saponins; PHE- Phenols; TER- Terpenoids; (+)- Present; (-)- Absent 
 

Table 3: Qualitative Phytochemical Screening of Piper longum Extracts 

Extract 
Phytochemical tests for 

CHO PRO GLY STR AKL FLV TNN SPN PHE TER 

C1MH + - - - - - - - - + 

C2MH + - - + - - + - - + 

C3MH + - - - - - + - - + 

C1HX - - + - - - - - - + 

C2HX - - - + - - - - - + 

C3HX - - - + - - - - - + 

C1EA - - - - - - - - - - 

C2EA - - - + - - - - - + 

C3EA - - + + - - - - - + 

C1CH - - + + - - - - - + 

C2CH - - - + - - - + - + 

C3CH - - + + - + - - - + 

C1AQ + - - - - + + + - - 

C2AQ + - - - - - + - - - 

C3AQ + - + - - - - + - - 

NB: CHO- Carbohydrates; PRO- Proteins; GLY- Glycosides; STR- Steroids; AKL- Alkaloids; FLV- Flavonoids; TNN- Tannins; SPN- 

Saponins; PHE- Phenols; TER- Terpenoids; (+)- Present; (-)- Absent 
 

In Piper betle, methanolic extracts (A1MH–A3MH) 

consistently exhibited the presence of 

carbohydrates and terpenoids in all examined 

plant parts. Tannins were detected in the leaf and 

root extracts, whereas flavonoids were confined to 

the stem extract. Steroids were observed only in 

the leaf extract. Aqueous extracts contained 

carbohydrates along with tannins, saponins, and 

terpenoids, although their occurrence varied 

among the different plant parts. In contrast, 

hexane, ethyl acetate, and chloroform extracts of P. 

betle showed a comparatively restricted 

phytochemical profile, with terpenoids being the 

most commonly detected constituents. Notably, 

saponins were identified exclusively in the 

aqueous stem extract. 
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In Piper longum, methanolic extracts (C1MH–

C3MH) consistently demonstrated the presence of 

carbohydrates and terpenoids across leaves, 

stems, and roots, while tannins were 

predominantly detected in the stem and root 

extracts. Aqueous extracts exhibited carbohydra-

tes along with flavonoids, tannins, saponins, and 

glycosides depending on the plant part. 

Terpenoids were detected across multiple solvent 

extracts. 

Quantitative Phytochemical Screening 
In view of the qualitative phytochemical findings, 

methanolic extracts of leaves, stems, and roots 

from both Piper species were selected for 

quantitative determination of carbohydrates, 

steroids, and terpenoids employing established 

colorimetric methods, as shown in Tables 4-6. 

Carbohydrate Content 

Carbohydrate content varied among plant parts of 

both species. The highest carbohydrate concentra-

tion was observed in the stem extract of P. longum 

(C2MH, 195.59 mg/g). Leaf extracts of P. betle 

(A1MH, 169.89 mg/g) and P. longum (C1MH, 

169.33 mg/g) showed comparable values. Lower 

concentrations were observed in root extracts, 

with the lowest value recorded in the stem extract 

of P. betle (A2MH, 149.42 mg/g) shown in Table 4. 
 

Table 4: Quantification of Carbohydrates 
Plant Extract Absorbance at 650 nm Carbohydrate content (mg/g) 

A1MH 0.908 169.89 

A2MH 0.796 149.42 

A3MH 0.871 163.13 

C1MH 0.905 169.33 

C2MH 1.049 195.59 

C3MH 0.609 115.34 
 

Table 5: Quantification of Steroids 
Plant Extract Absorbance at 538 nm Steroid content (mg/g) 

A1MH 0.135 48.21 

A2MH 0.169 58.26 

A3MH 0.199 67.30 

C1MH 0.187 63.73 

C2MH 0.237 78.31 

C3MH 0.163 56.37 

 

Steroid Content 

Steroid concentration varied among the 

methanolic extracts. The stem extract of P. longum 

(C2MH) exhibited the highest steroid content 

(78.31 mg/g). In P. betle, the highest steroid 

content was observed in the root extract (A3MH, 

67.30 mg/g), followed by the stem and leaf extracts 

shown in Table 5.  

Terpenoid content 

Terpenoid estimation revealed that the root extract 

of P. longum (C3MH) contained the highest 

terpenoid concentration (33.21 mg/g). In P. betle, 

the stem extract (A2MH) showed the highest 

terpenoid content (21.50 mg/g) while the leaf and 

root extracts exhibited comparable levels shown in 

Table 6. 
 

Table 6: Quantification of Terpenoids 
Plant Extract Absorbance at 538 nm Terpenoid content (mg/g) 

A1MH 0.055 18.50 

A2MH 0.073 21.50 

A3MH 0.044 17.65 

C1MH 0.072 21.33 

C2MH 0.057 18.74 

C3MH 0.135 33.21 
 

Discussion 
The extraction yield of Piper betle and Piper longum 

varied markedly with solvent polarity and plant 

part, underlining the influence of extraction 

conditions on phytochemical recovery. The 

consistently higher yields obtained with aqueous 

and methanolic solvents indicate a predominance 

of polar and moderately polar constituents in both 

species. Polar solvents such as water are known to 

preferentially solubilize highly polar constituents, 

including carbohydrates, glycosides, tannins, and 

saponins. In contrast, methanol, because of its 
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moderate polarity, enables the extraction of a 

wider spectrum of secondary metabolites, notably 

terpenoids and steroids (19, 20). This solvent-

dependent extraction behavior is consistent with 

the findings of the present investigation, wherein 

aqueous extracts produced the highest yields, 

followed by methanolic extracts. 

In contrast, the relatively low yields observed in 

hexane, ethyl acetate, and chloroform extracts 

suggest a lower abundance of non-polar 

phytoconstituents, particularly in stem and root 

tissues. The generally higher extractive yields 

obtained from leaves compared to stems and roots 

may reflect their physiological role as primary 

sites of photosynthesis and secondary metabolite 

biosynthesis, a trend commonly reported for 

medicinal plants (21-23). 

Qualitative phytochemical screening further 

demonstrated that methanolic and aqueous 

extracts possess a richer and more diverse 

phytochemical composition than non-polar 

solvent extracts. The detection of carbohydrates, 

flavonoids, tannins, saponins, steroids, and 

terpenoids predominantly in polar extracts aligns 

with previous reports on P. betle, where polar 

solvents were shown to extract a wide range of 

bioactive constituents from leaves and stems (24, 

25). The selective detection of terpenoids in 

hexane and ethyl acetate extracts supports 

solvent-specific solubility and highlights the 

chemical diversity of these metabolites (26). 

In P. longum, the widespread detection of 

terpenoids across multiple solvents and plant 

parts suggests their extensive distribution within 

the species. The absence of alkaloids in methanolic 

extracts, despite earlier reports indicating their 

presence, may be attributed to geographical origin, 

seasonal variation, plant age, or chemotypic 

differences, factors known to influence 

phytochemical composition in medicinal plants. 

Such variability emphasizes the importance of 

region-specific phytochemical evaluation (27-29). 

Quantitative analysis confirmed that 

carbohydrates, steroids, and terpenoids are 

abundantly present in the methanolic extracts of 

both P. betle and P. longum. Notably, P. longum 

exhibited higher carbohydrate and steroid 

contents, particularly in stem and root extracts, 

indicating interspecific and organ-specific 

differences in metabolite accumulation (30, 31). 

The elevated terpenoid content observed in root 

extracts may be associated with their roles in 

defense, storage, and interaction with the 

rhizosphere (32). 

The predominance of bioactive secondary 

metabolites in methanolic and aqueous extracts 

thus supports the ethno medicinal relevance of 

Piper species and reinforces their phytochemical 

potential for therapeutic and nutraceutical 

applications. The comparative qualitative and 

quantitative data generated in this study provide 

baseline phytochemical information and serve as a 

foundation for future bioactivity-guided studies 

and compound-level characterization of P. betle 

and P. longum. 
 

Conclusion 
This study offers a detailed comparison of the 

phytochemical profiles of Piper betle and Piper 

longum, emphasizing extractive yields and the 

quantitative assessment of major bioactive 

compounds, including terpenoids, steroids, and 

carbohydrates. Among the solvents used, methanol 

consistently demonstrated superior extraction 

efficiency across all plant parts, with aqueous 

extracts also showing high yields in specific cases. 

Quantitative phytochemical analysis revealed that 

Piper longum methanolic extracts generally 

contained higher levels of steroids, terpenoids, and 

carbohydrates compared to Piper betle, 

particularly in stem and root tissues. The high 

content of these phytochemicals, known for their 

therapeutic relevance, supports the 

ethnomedicinal use of these species and highlights 

their potential in pharmacological and 

nutraceutical applications. These findings lay a 

strong foundation for future research, including 

bioactivity-guided fractionation and molecular 

characterization of active constituents. Further 

investigations focusing on antioxidant, 

antimicrobial, and cytotoxic activities are 

warranted to substantiate the therapeutic 

relevance of the identified phytochemicals and to 

facilitate the development of scientifically 

validated plant-based formulations. 
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