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Abstract: The andaliman (Zanthoxylum acanthopodium), also known locally as 
toba-toba, is a species endemic to North Sumatra, Indonesia, possessing a 
significant diversity of phytochemical compounds. This study aims to conduct 
a systematic review of the phytochemical content of andaliman and evaluate its 
potential for developing contextual biology education, specifically the topic of 
chemotaxonomy at the secondary education level. The research employed a 
systematic literature review protocol based on a search of national and 
international journals published between 2015 and early 2025. The results 
indicate significant phytochemical variation in andaliman (especially essential 
oils, alkaloids, flavonoids, saponins, and terpenoids) in highland populations, 
supporting the concept of chemotaxonomy. Although chemotaxonomy is 
globally established, its integration into science education in Indonesia, 
particularly in teaching plant classification using local phytochemical data, 
remains limited. This gap highlights the potential for developing biology 
teaching materials that integrate taxonomic concepts with local wisdom, which 
can substantially enhance scientific literacy and foster an appreciation for 
Indonesia's biodiversity. 
 
Keywords: Alkaloids; Andaliman; Biology learning; Chemotaxonomy; 

Phytochemistry; Zanthoxylum acanthopodium 

  

Introduction 
 

Indonesia is known for its extraordinary 
biodiversity, boasting over 40,000 plant species, 
including endemic flora with unique phytochemical 
characteristics (Nurlaeni et al., 2024). One prominent 
endemic plant is the andaliman or toba-toba 
(Zanthoxylum acanthopodium), a member of the Rutaceae 
family, which thrives in the highlands of North Sumatra, 
particularly around Lake Toba (Ompusunggu & Irawati, 
2021). 

Andaliman (Zanthoxylum acanthopodium) is a vital 
species endemic to North Sumatra and has long been 
used by the Batak people as a traditional cooking spice 
and herbal medicine (Lumbanbatu, 2025). This spice is 

commonly used in the Toba Samosir and North 
Tapanuli regions at an altitude of approximately 1,500 
meters above sea level (Harahap, 2019). In addition to its 
traditional culinary value, andaliman also holds high 
potential for bioactive compounds (Hutapea et al., 2024). 

In plant taxonomy, the secondary metabolites 
produced by this plant are crucial as chemotaxonomic 
characters, a classification based on chemical compound 
profiles (Amin & Park, 2025). Modern phytochemical 
research has revealed a diverse range of secondary 
metabolites in andaliman, including alkaloids, 
flavonoids, saponins, terpenoids, and essential oils 
(Lewerissa et al., 2025). However, this rich potential has 
not been widely adopted in secondary biology 
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education, which generally focuses solely on 
morphological approaches. 

Chemotaxonomy is an approach to classifying 
organisms based on their chemical composition, 
particularly the secondary metabolites they produce 
(Suryani & Ramona, 2020). The essence of this approach 
is to classify plants based on specific types of secondary 
metabolites and their biosynthetic pathways (Mali et al., 
2023). Chemotaxonomy has proven effective in solving 
complex taxonomic problems and providing additional 
insights into plant classification systems (Olabamiji, 
2025). 

Although extensive research on andaliman 
phytochemicals has been conducted, the use of these 
findings in educational contexts remains limited 
(Rosmiati et al., 2025). Chemotaxonomy, a branch of 
taxonomy that utilizes chemical characteristics, has great 
potential for integration into biology instruction in 
secondary schools (Khan et al., 2023). However, its 
implementation in the Indonesian education curriculum 
is rare. This research aims to bridge this gap by linking 
local phytochemical data with educational innovations. 

The novelty of this research lies in the systematic 
integration of rich phytochemical data from an endemic 
Indonesian plant (Zanthoxylum acanthopodium) with the 
underutilized concept of chemotaxonomy, particularly 
to propose a contextual learning module for Indonesian 
secondary education. This research is important 
because: it provides a logical framework for integrating 
local wisdom (ethnobotany/utilization of andaliman) 
with scientific concepts (chemotaxonomy), making 
learning more meaningful; it addresses the gap in 
Indonesian science education related to the lack of 
chemical-based classification methods; and it offers 
concrete steps towards improving scientific literacy by 
connecting biology and chemistry through relevant local 
examples. 

This study aims to analyze the diversity of 
phytochemical content of andaliman based on scientific 
literature, evaluate the development of chemotaxonomy 
concepts in plant systematics, and identify opportunities 
for integrating andaliman phytochemical findings into 
contextual biology learning. 
 

Method 
 

This study employed a Systematic Literature 
Review protocol. This procedure involved a 
comprehensive search of national and international 
journal databases, such as Google Scholar, Garuda, 
ResearchGate, ScienceDirect, and PubMed. The search 
focused on literature published between 2015 and early 
2025, using key keywords such as "andaliman," 

"Zanthoxylum acanthopodium," "phytochemistry," 
"chemotaxonomy," and "biological learning." 

The literature inclusion criteria were: research 
articles or reviews from scientific journals; focused on 
phytochemistry, taxonomy, ethnobotany, or biology 
education; in Indonesian or English; and fully accessible 
(full text). Data analysis was conducted using thematic 
analysis, categorizing the findings into four main topics: 
morphological diversity and distribution of andaliman; 
secondary metabolite content; development of the 
chemotaxonomy concept; and potential integration in 
biology learning. 
 

Result and Discussion 
 
Morphological, Botanical, and Distribution Diversity of 
Andaliman 

Andaliman (Zanthoxylum acanthopodium), also 
known as toba-toba or Batak pepper, is a shrub or small 
tree that can reach 3–8 meters in height (Adrian et al., 
2023). This plant is characterized by its strongly thorny 
stems and compound leaves arranged in a pinnate 
pattern. Andaliman fruit is small, round, with a 
diameter of 3–5 mm, and changes color from red to dark 
red when ripe (Syahputra et al., 2023). Its natural 
distribution is strictly limited to the highlands of North 
Sumatra, particularly around the Lake Toba region, at an 
altitude of 1,200–1,500 m above sea level (Lumbanbatu, 
2025). The botanical characteristics and conservation 
status of andaliman are summarized in Table 1. 
 
Table 1. Morphological characteristics and distribution 
of andaliman 
Parameters Description 

Scientific Name Zanthoxylum acanthopodium 

Family Rutaceae 

Local Name Andaliman; Toba-toba; Merica Batak 

Habitus Shrubs to small trees (3–8 m) 

Distribution North Sumatra Highlands 

Altitude 1,200–1,500 m above sea level 

Used Parts Fruit (round, 3–5 mm diameter, dark 
red); Seeds (shiny black, 2–3 mm 

diameter); Leaves (compound, 7–15 
leaflets); Bark (thorny, 10–20 cm 

diameter) 
Conservation Status  Vulnerable 

 
Andaliman morphological diversity shows 

significant variation between populations, particularly 
in fruit size, leaf shape, and aroma intensity (Kintamani 
et al., 2023). This variation is not only phenotypic but is 
also suspected to be closely related to differences in 
microclimate conditions and growing altitude, which 
directly affect the rate of biosynthesis and accumulation 
of secondary metabolites (Asbur & Khairunnisyah, 
2018). 
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Research by Saragih & Raihandhany (2023) 
specifically documented variations in morphological 
characteristics of andaliman in five districts surrounding 
Lake Toba. These variations include differences in leaf 
shape, the presence and shape of thorns, and the size and 
color of the fruit (Ramadhani et al., 2022). Local 
communities even classify these varieties as “bitter 
andaliman” and “sweet andaliman,” which are 
empirically associated with strong differences in aroma 
and taste—an indication of a strong correlation between 
external morphology and internal chemical 
composition. This phenomenon of morphological 
variation triggered by environmental factors provides 
an ideal entry point for introducing the concepts of 
phenotypic plasticity and chemotaxonomy in biology 
learning. 

Globally, the genus Zanthoxylum has over 200 
identified species, with approximately 5–7 species 
recorded in Indonesia (Nurlaeni et al., 2024). The most 
prominent species endemic to North Sumatra is 

Zanthoxylum acanthopodium, with a distribution 
restricted to the highlands around Lake Toba 
(Lumbanbatu, 2025). This endemic status and variability 
make andaliman an important study object not only for 
conservation but also for deeper exploration of 
taxonomic characters beyond traditional morphological 
characteristics. 
 
Phytochemical Content of Andaliman 

Andaliman fruit is a storehouse of secondary 
metabolites that play an important role in biological 
activity (Maulidza et al., 2025). A literature review 
shows that the main phytochemical components of 
andaliman include alkaloids, flavonoids, saponins, 
terpenoids, and essential oils (Hutapea et al., 2024). This 
analysis confirms that andaliman is a source of bioactive 
compounds, providing a strong basis for 
chemotaxonomic applications. The diversity of 
secondary metabolite content in various parts of the 
andaliman plant is presented in Table 2. 

 
Table 2. Content of andaliman secondary metabolites in various parts of the plant 
Plant Parts Alkaloids Flavonoids Saponins Terpenoids Tannins Essential Oils 

Fruit +++ ++ + +++ + +++ 

Leaves ++ +++ ++ ++ ++ ++ 

Stem Bark ++ + +++ + +++ + 

Roots + ++ ++ ++ ++ + 

Description: +++ = very high, ++ = high, + = low 

 
Alkaloids 

Alkaloids are nitrogen-containing organic 
compounds known to possess various pharmacological 
activities. Harahap (2019) identified several specific 
alkaloid compounds in andaliman fruit, including 
berberine, palmatine, and magnoflorine. The total 
alkaloid content in andaliman fruit ranges from 0.80–
1.50% of dry weight. This significant variation in 
concentration is based on geographic location and 
ecological conditions, reinforcing the role of alkaloids as 
chemotaxonomic markers. Berberine, in particular, is a 
distinctive compound frequently used in chemical 
classification. 
 
Flavonoids 

Flavonoids are polyphenolic compounds with high 
antioxidant activity. Lewerissa et al. (2025) reported that 
Andaliman fruit contains various types of flavonoids, 
including quercetin, kaempferol, and rutin. The total 
flavonoid content reached 15.00–25.00 mg QE/g extract. 
Interestingly, the highest concentrations were found in 
samples from the Samosir highlands, suggesting the 
presence of biochemical protective mechanisms in more 
stressful environments (e.g., higher UV light intensity). 
Because flavonoid profiles are often stable and easily 

detected, these compounds make excellent markers for 
chemotaxonomic studies. 
Saponins 

Saponins are triterpenoid or steroid glycosides that 
play a role in antimicrobial and anti-inflammatory 
activities. Nurlaeni et al. (2024) showed that the saponin 
content in andaliman fruit ranges from 2.50–4.20% of dry 
weight, with a chemical structure dominated by 
triterpenoid saponins. This complex and specific 
chemical structure of saponins provides a strong basis 
for differentiating between species within the same 
genus (Fordos et al., 2025). 
 
Terpenoids 

Terpenoids are a group of compounds formed from 
isoprene units. GC-MS analysis by Syahputra et al. 
(2023) successfully identified more than 20 terpenoid 
compounds in andaliman fruit, including limonene, α-
pinene, and β-caryophyllene. Terpenoids, particularly 
the volatile ones, contribute to the distinctive aroma of 
andaliman and are crucial for the classification of 
Zanthoxylum, which is often based on the essential oil 
profile. 
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Essential Oil 
Essential oil is the main component that creates the 

distinctive aroma and tingling sensation of andaliman. 
Asbur & Khairunnisyah (2018) found that the essential 
oil content in andaliman fruit ranges from 3.00–8.00% of 
the dry weight. The main component is hydroxy-α-
sanshool (up to 40–60%), the compound directly 
responsible for the anesthetic or tingling sensation on 
the tongue. The presence and high concentration of 
hydroxy-α-sanshool is a nearly definitive 
chemotaxonomic characteristic of Zanthoxylum 
acanthopodium. 
 
Table 3. Main phytochemical content of andaliman fruit 
Compound 
groups 

Content (% 
dry weight) 

Main 
compounds 

Biological 
activities 

Alkaloids 0.80–1.50 Berberine; 
Palmatine 

Antimicrobial; 
Anti-

inflammatory 
Flavonoids 1.50–2.50 Quercetin; 

Kaempferol 
Antioxidant; 

Neuroprotectiv
e 

Saponins 2.50–4.20 Saponins; 
Triterpenoids 

Antimicrobial; 
Anti-

inflammatory 
Terpenoids 1.00–2.00 Limonene; α-

Pinene 
Antiseptic; 
Analgesic 

Essential 
oils 

3.00–8.00 Hydroxy-α-
sanshool 

Analgesic; 
Antimicrobial 

 
Ethnopharmacology and Phytochemical Variation of 
Andaliman 
The Contextual Strength of Ethnopharmacology 

In addition to the scientifically proven benefits of its 
chemical compounds, andaliman has significant 
ethnopharmacological value in Batak culture. 
Traditionally, the Batak people use andaliman fruit as a 
remedy for digestive disorders, a pain reliever, and as a 
natural antiseptic. This traditional use is scientifically 
confirmed by the presence of compounds such as 
berberine and quercetin, which have anti-inflammatory 
and antioxidant activity (Ginting & Simanjuntak, 2023). 

Linking phytochemical data with local knowledge 
(ethnopharmacology) has tremendous pedagogical 
potential. In biology learning, it allows students to view 
science not as an isolated discipline, but as a tool for 
validating and understanding local wisdom. This 
approach makes learning more contextual and culturally 
meaningful, which is key to enhancing students' 
scientific literacy and relevance to their environment. 
 
Phytochemical Variation as an Ecological Marker 

Significant variation in phytochemical content 
between andaliman populations in various locations 
around Lake Toba (Nurzannah et al., 2024) provides 
important evidence of biochemical adaptation. This 

variation is influenced by environmental factors such as 
altitude, rainfall, and soil composition. 

Data collected by Asbur & Khairunnisyah (2018) 
explicitly show that essential oil content tends to 
increase with increasing altitude. The increased 
production of secondary metabolites (such as essential 
oils) at high altitudes can be interpreted as an adaptive 
response of plants to harsher environmental stresses, 
such as higher UV radiation or fluctuating temperatures. 
This phenomenon provides a concrete example of how 
biochemistry supports evolution and adaptation, which 
is essential material in the high school biology 
curriculum (Grade XI, Metabolism). This variation is not 
only ecologically interesting but also provides an 
empirical basis for intraspecific chemotaxonomic 
classification. 
 
Development of the Chemotaxonomy Concept 
History and Evolution of the Concept 

Chemotaxonomy, as a branch of taxonomy that 
applies chemical characters, has become an integral tool 
in modern plant systematics (Suryani & Ramona, 2020). 
This concept began to develop rapidly in the 1960s, 
driven by Erdtman's pioneering research in 1952, which 
highlighted the importance of pollen chemistry as a 
reliable taxonomic marker (Suryani & Ramona, 2020). 

The development of chemical analysis technologies, 
including High-Performance Liquid Chromatography 
(HPLC), Gas Chromatography-Mass Spectrometry (GC-
MS), and Liquid Chromatography-Mass Spectrometry 
(LC-MS), has driven rapid progress. Siboro et al. (2022) 
highlighted that these techniques enable the 
identification of specific chemical profiles of a species or 
genus. These profiles often correlate strongly with 
evolutionary relationships, helping to resolve 
classification problems that cannot be solved solely by 
morphology. Modern approaches even integrate 
secondary metabolite data with molecular data 
(metabolomics and DNA barcoding) to produce more 
precise classifications (Chen et al., 2021). This integration 
results in a more accurate and detailed mapping of 
evolutionary relationships. 
 
Applications in the Genus Zanthoxylum 

The genus Zanthoxylum is an ideal subject for 
chemotaxonomic research due to its diverse compounds. 
Hutapea et al. (2024) demonstrated that specific alkaloid 
profiles are effective in distinguishing species within this 
genus. Similarly, Nurzannah et al. (2024) used essential 
oil composition as a key chemotaxonomic character to 
clarify phylogenetic relationships. 

Specifically, for Zanthoxylum acanthopodium, the 
most prominent chemotaxonomic characters—which 
distinguish it from other Zanthoxylum species—are the 
high content of hydroxy-α-sanshool, the dominance of 
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berberine in the alkaloid profile, the distinctive 
composition of flavonoids (such as quercetin), and the 
specific terpenoid pattern (Siboro et al., 2022). Analysis 
of these distinctive compounds can help students 
understand that classification is not only visual but also 
involves unique chemical fingerprints. 
 

 
 

Figure 1. Distribution pattern of andaliman essential oil 
content 

 
Table 4. Comparison of morphological taxonomy and 
chemotaxonomy in plant classification 

Aspects 
Morphological 

Taxonomy 
Chemotaxonomy 

Key parameters Physical/morphologi
cal characteristics 

Secondary metabolite 
compounds 

Classification 
accuracy 

Limited to similar 
species 

More accurate and 
specific 

Tool 
requirements 

Microscope/magnif
ying glass 

Reagents, solvents, 
chromatography 

equipment 
Practical 
relevance 

High for basic 
observation 

High for experiments 
and PBL 

 
Integrating Chemotaxonomy in Biology Learning 
Implementation Gaps and Learning Challenges 

Although the concept of chemotaxonomy has 
developed rapidly globally, its application in biology 
education in Indonesia remains very limited. Taxonomy 
learning in secondary schools tends to be stagnant, 
focusing solely on morphological and anatomical 
characteristics (Afnan, 2024) (Grade 10, Biodiversity). 

A survey conducted by Harahap et al. (2024) of 50 
high school biology teachers in North Sumatra revealed 
alarming data: 85.00% of respondents were unfamiliar 
with the concept of chemotaxonomy, and 92.00% had 
never integrated phytochemical data into plant 
classification lessons. These data highlight a critical gap 
between the richness of local scientific data (andaliman) 
and its implementation in the curriculum. The inability 
to integrate local phytochemical data eliminates 
opportunities to enrich learning, make it relevant, and 

connect science to local biodiversity (Chibuye & Singh, 
2024). 

The potential of andaliman is highly relevant for 
integration at various school levels, providing a coherent 
curriculum pathway. According to Hariati & Purwarno 
(2025), andaliman material can be included in: Junior 
High School Grade VIII: Chapter on Structure and 
Function of Plants (structure of leaves, fruit, and stems 
of Andaliman); Senior High School Grade X: Chapter on 
Biodiversity and Classification of Living Things 
(comparison of morphological taxonomy vs. 
chemotaxonomy); and Senior High School Grade XI: 
Chapter on Metabolism and Chemical Compounds in 
Living Things (biosynthesis and function of secondary 
metabolites of andaliman). 
 
Integration Strategy and Pedagogical Potential 

Andaliman-based chemotaxonomy integration 
offers significant pedagogical advantages (Harahap et 
al., 2025): Contextual and Relevant: The use of endemic 
local plants such as andaliman makes learning more 
meaningful and authentic for students, turning the 
abstract into the concrete; Interdisciplinary: This concept 
inherently connects biology with chemistry, thereby 
enhancing students' holistic understanding of science 
and meeting the demands of the STEM/STEAM 
approach; and Based on Local Wisdom: By utilizing 
traditional Batak knowledge (ethnopharmacology), 
learning instills an appreciation for local wisdom while 
encouraging biodiversity conservation (Lumbanbatu, 
2025). 

The phytochemical profile of andaliman (Table 3) 
provides an excellent case study. Students can be taught 
that morphologically similar species (such as the "bitter" 
and "sweet" varieties of andaliman, or other species in 
the genus Zanthoxylum) can differ chemically, thus 
justifying the need for a chemotaxonomic approach. By 
comparing the two taxonomic approaches (Table 4), 
students' fundamental understanding of plant 
classification is strengthened. 

To address the implementation challenges 
mentioned by Harahap et al. (2024), this integration 
must be translated into simple yet robust lab activities. 
For example, teachers can use a simple Thin Layer 
Chromatography (TLC) method using andaliman fruit 
extracts from two different locations to visualize the 
differences in their "chemical fingerprints (Frederick et 
al., 2021)." This lab not only teaches classification but 
also basic chemical separation techniques. 

Overall, these findings demonstrate that significant 
phytochemical variation in andaliman in highland 
populations provides a strong scientific basis for 
teaching chemotaxonomy concepts. The limited 
integration of these concepts in Indonesia presents an 
opportunity. Therefore, developing biology teaching 

7.60%

6.50%

4.80%

3.20%

0.00% 2.00% 4.00% 6.00% 8.00%
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materials that integrate taxonomic concepts with local 
wisdom has great potential to substantially improve 
scientific literacy and foster a deeper appreciation for 
Indonesia's rich biodiversity. This implementation 
requires curriculum support, adequate teacher training, 
and collaboration between phytochemistry academics 
and education practitioners. 
 

Conclusion 
 

This study concludes that andaliman (Zanthoxylum 
acanthopodium) possesses a significant wealth of 
secondary metabolites, making it an ideal model for 
chemotaxonomy. The diversity of these compounds—
including alkaloids, flavonoids, and essential 
components of essential oils (e.g., hydroxy-α-
sanshool)—demonstrates strong potential for chemical-
based classification analysis, a finding consistent with 
the abstract summary. The relevance of andaliman in 
biology learning at the junior and senior high school 
levels is very high, especially for topics such as plant 
structure, classification, and chemical compounds, as it 
provides an ideal example for contextual learning that 
directly connects science and local culture. The 
integration of Andaliman phytochemical data into 
chemotaxonomy concepts is a strategic step in 
strengthening 21st-century competencies through 
applied and culture-based science. This aligns with the 
global view that strong scientific literacy must be built 
through the integration of scientific knowledge and real-
life contexts (HARIS) (OECD, 2019; Kereluik et al., 2019). 
With this approach, students not only learn to 
understand classification but also develop critical 
thinking skills, problem-solving skills, and an 
appreciation for local biodiversity. To realize this 
potential, practical action is needed in the form of 
developing specific and structured teaching materials 
based on andaliman chemotaxonomy. This action opens 
up opportunities for cross-sector collaboration between 
schools, research institutions, and local communities in 
designing biodiversity-based teaching modules. 
Recommendations for further research include the 
development of interactive teaching media and the 
implementation of learning trials using andaliman 
modules in various schools, as well as holding teacher 
training workshops to support the integration of this 
learning innovation in the classroom. The combination 
of phytochemistry, chemotaxonomy, and local wisdom 
is a strategic bridge in shaping a generation that thinks 
critically and is rooted in the nation's cultural values. 
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