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Abstract

Cinnamomum cullilawan Blume from Maluku is a potential source of essential oil for pharmaceutical, cosmetic, food, and natural-
product-based industries. This study evaluated the effects of plant age and elevation on the yield and chemical composition of C.
cullilawan essential oil. Bark samples were collected from four different locations (n = 4), representing plant ages of 8, 10, 15, and 20
years and different elevation gradients. Essential oils were extracted by steam distillation and analyzed using gas chromatography—
mass spectrometry (GC-MS). Statistical analyses included linear regression, Analysis of Variance (ANOVA), partial t-test, and Principal
Component Analysis (PCA). The essential oil yield ranged from 0.84% to 1.83%, with the highest yield obtained from 20-year-old
plants (1.83%). ANOVA showed that plant age and elevation had a significant simultaneous effect on essential oil yield (p = 0.04),
with significant partial effects of plant age (p = 0.026) and elevation (p = 0.034). GC—MS analysis revealed that eugenol and
linalool were the dominant compounds. The highest eugenol content was found in 8-year-old plants (92.35%), whereas samples
from higher elevation showed the highest linalool content (24.45%) and the lowest safrole content (0.76%). Statistical analysis
indicated that eugenol (p = 0.03), safrole (p = 0.0388), linalool (p = 0.047), and terpineol (p = 0.038) were significantly influenced
by plant age and elevation, while other minor compounds showed no significant effect (p > 0.05). PCA showed that the first two
principal components accounted for 83.14% of the total variation. These findings indicate that ontogenetic and ecological factors
influence essential oil yield and chemical composition and may contribute to shifts in the relative dominance of phenylpropanoid
and terpenoid compounds, providing a scientific basis for optimizing cultivation and standardizing C. cullilawan essential oil quality.
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1. INTRODUCTION

Indonesia, as a tropical country, possesses abundant natural
resources, including essential oils (EOs), which are widely uti-
lized in the pharmaceutical, cosmetic, food, and healthcare
industries due to their biological properties and antimicrobial
activities. Essential oil-producing plants such as clove, ylang-
ylang, and patchouli are known to contain bioactive compounds
with important applications across various industrial sectors
(Guzman and Lucia, 2021). In addition, EOs have been widely
reported as alternative antimicrobial agents due to their broad-
spectrum activity and relatively environmentally friendly prop-
erties (Lima et al., 2019; Chukwuma et al., 2023; Saleh et al.,
2023).

Species within the genus Cinnamomum are known to contain
diverse bioactive compounds with broad biological activities,

including antimicrobial, antioxidant, anti-inflammatory, an-
tidiabetic, anticancer, and neuroprotective effects, supporting
their potential as sources of herbal and pharmaceutical raw
materials (Sharifi-Rad et al., 2021). Essential oils from several
Cinnamomum species, such as camphor oil and Cinnamomum
cassia, have also been reported to have broad applications in
both traditional and modern medicine, as well as significant an-
tioxidant and antibacterial activities for the food and healthcare
industries (Lee et al., 2022; Liang et al., 2022). Furthermore,
Cinnamomum cassia essential oil in nanoemulsion formulations
has demonstrated promising antioxidant, antibacterial, and
anticancer activities (Alam et al., 2023), while Cinnamomum-
derived compounds have been reported to inhibit bacterial and
fungal infections associated with biofilm formation (Didehdar
etal.,, 2022).

Cinnamon leaf oil is also known to exhibit antioxidant,
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antidiabetic, anticholinesterase, and antiglaucoma activities, in-
dicating that its secondary metabolite composition plays an
important role in determining its biological properties (Mutlu
etal., 2023). The effectiveness of essential oils in various indus-
trial applications is strongly influenced by their chemical com-
position, as major active compounds such as linalool, eugenol,
and eucalyptol are known to contribute to biological activities,
including antibacterial effects (Hurria et al., 2026; Putri et al.,
2025). Nevertheless, most studies on the genus Cinnamomum
have primarily focused on major commercial species, whereas
endemic or underexplored species remain relatively understud-
ied, leaving their chemical and biological potential insufficiently
understood.

One potential essential oil-producing plant from eastern
Indonesia is C. cullilawan, a forest species whose bark yields
an essential oil of significant economic value. Unlike several
other Cinnamomum species, which are generally dominated by
cinnamaldehyde or camphor, C. cullilawan has been reported to
possess a distinctive chemical profile characterized by the dom-
inance of phenylpropanoid compounds and certain monoter-
penes, potentially resulting in distinct bioactivity characteristics.
However, essential oil quality, both in terms of yield and chem-
ical composition, is influenced by various physiological and
ecological factors.

Plant age is one of the major physiological factors that plays
an important role in the biosynthesis of secondary metabolites,
thereby causing variations in essential oil yield and chemical
composition (Xia et al., 2022; Farias et al., 2023; Eiasu and
Araya, 2022). In woody species, including the genus Cinnamo-
mum, essential oil yield and composition are also influenced by
tree age and the plant parts used (Rostiana et al., 2020). This is
supported by studies on Cinnamomum camphora, which showed
that different plant tissues exhibit different antimicrobial ac-
tivities, indicating variations in the distribution of secondary
metabolites among plant parts (Poudel et al., 2021).

In addition to physiological factors, environmental factors
such as climate, soil conditions, harvesting time, extraction
methods, and geographical location also contribute to varia-
tions in EO composition (Ngo et al., 2020; Angane et al., 2022;
Ill-Hack et al., 2022). Geographical location, particularly al-
titude, has been shown to affect the chemical composition of
essential oils by altering microclimatic conditions that influence
plant metabolism (Demirbolat et al., 2024). The influence of
environmental factors on essential oil yield and chemical pro-
files has also been reported in Cinnamomum camphora, where
geographical variation exhibited clear compositional gradients
in major compounds (Zhang et al., 2023). Moreover, variations
in secondary metabolism among different varieties of Cinnamo-
mum longepaniculatum have been associated with differences
in light exposure, indicating that environmental factors play
an important role in shaping plant metabolite profiles (Zhao
et al., 2022). These findings suggest that the interaction be-
tween physiological and ecological factors plays a crucial role
in determining essential oil quality and potential chemotype
variation.

© 2026 The Authors.
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Studies on the variation in essential oil composition within
the genus Cinnamomum are still generally limited to the effects of
single factors, such as plant age or growing location, in specific
species, for example, Cinnamomum burmannii and Cinnamomum
camphora. Several studies have reported that environmental
variation in these species can alter the dominance of major
compounds such as cinnamaldehyde, eugenol, and linalool, re-
flecting metabolic responses to ecological conditions. Previous
studies have shown that plant age and environmental condi-
tions can significantly affect essential oil yield and chemical
composition; however, studies integrating these two factors si-
multaneously remain very limited. Particularly in C. cullilawan,
available studies are still limited to general chemical character-
ization and have not examined how the interaction between
plant age and environmental factors shapes chemotype varia-
tion and essential oil quality. In addition, data on C. cullilawan
growing in Maluku, its natural habitat, remain very limited.

Therefore, this study aimed to investigate the effects of
plant age and altitude on the yield and chemical composition
of essential oils from C. cullilawan in Maluku, Indonesia. Specif-
ically, this study aimed to (1) determine the variation in EO
yield at different plant ages, (2) analyze the chemical compo-
sition of EOs using GC-MS, and (8) evaluate the effects of
plant age and altitude on EO quality. This study offers novelty
through a comprehensive analysis of the simultaneous effects
of plant age and altitude on the essential oil composition of
C. cullilawan, which has not been systematically reported to
date. Furthermore, this study identifies patterns of chemi-
cal composition variation indicating a relative shift between
phenylpropanoid and terpenoid compounds, reflecting pos-
sible changes in secondary metabolite biosynthetic pathways
in response to interactions among physiological and environ-
mental factors, thereby providing a new scientific basis for the
cultivation, development, and quality standardization of the
essential oil of this species.

2. EXPERIMENTAL SECTION

2.1 Sample Preparation

Bark samples of C. cullilawan were collected from four locations
in West Seram Regency, Indonesia: Tounussa, Makububuy,
Tanopol, and Tansi. The collection was conducted with per-
mission from the relevant authorities (Figures 1 and 2). At each
location, samples were collected from a single representative
mature tree, yielding 4 biological samples per site.

Each sampling location was represented by one individual
tree. Trees were selected based on the availability of naturally
growing C. cullilawan populations in the targeted age classes
and elevation ranges. Therefore, the sampling design should
be considered exploratory. The observed variation may reflect
both environmental conditions and individual tree characteris-
tics.

This study employed an observational and exploratory sam-
pling approach in which plant age and growing altitude were
observed under naturally occurring field conditions rather than
experimentally manipulated as factorial treatments. Therefore,
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Figure 1. Sampling Locations Mapped Using ArcGIS 10.8 (Esri) with Data {rom Indonesia’s Geospatial Information Agency

(BIG)

the study design aimed to identify ecological and ontogenetic
associations with essential oil yield and composition rather
than establish causal effects. Approximately +7 kg of fresh bark
was collected from each tree. The geographical coordinates
and altitude of each location were recorded using a Global
Positioning System (GPS). Plant age was determined from
landowner-provided information, verified using stem morpho-
logical characteristics and plant growth estimates, and subse-
quently classified into age categories. The plant material was
identified and authenticated by Efraim Samson at the Botany
Laboratory, Faculty of Science and Technology, Pattimura
University, and deposited under voucher specimen number
73. The collected bark samples were sun-dried for approxi-
mately +5 days until a constant weight was achieved. The dried
samples from each tree were then cut into small pieces and
homogenized before distillation.

Each homogenized sample was distilled in three technical
replicates. This approach improved the accuracy and repro-
ducibility of essential oil yield measurements. The obtained
essential oils were analyzed using GC-MS.

2.2 Environmental Characteristics of the Sampling Sites
The environmental characteristics of the sampling sites were
described using secondary climatological data from regional
meteorological sources and relevant literature for the West
Seram Regency, Maluku. In general, the study area has a trop-
ical climate, with average temperatures of 25-30°C, relative
humidity of 70-90%, and annual rainfall exceeding 2000 mm.
Lowland sites are generally characterized by higher tempera-
tures and relatively stable humidity, whereas higher-altitude
sites exhibit lower temperatures and greater microclimatic vari-
ation. The soils in the study area are predominantly tropical
forest soils with moderate to high organic matter content. This
environmental information was used as supporting data for the
ecological interpretation of variations in essential oil yield and
chemical composition among sampling sites.

© 2026 The Authors.

2.3 Essential Oil Isolation

A total of 2.5 kg of dried sample was weighed and prepared
for steam distillation. The samples, cut into approximately 1
X 1 cm pieces, were placed on a sieve inside the distillation
vessel at the Department of Industry and Trade of Maluku.
The steam distillation procedure was adapted from previous
studies on Cinnamomum culilawan, which reported successful
isolation of essential oil using conventional steam distillation
for 6 h (Sohilait and Kainama, 2016). Steam distillation was
carried out for approximately 6 h.

Each sample was distilled in three technical replicates to
obtain more accurate essential oil yield values. The distillate
obtained was separated into oil and water phases. The oil
fraction was subsequently dried with excess anhydrous sodium
sulfate (NagSQOy4) to remove residual moisture after distillation,
following the procedure described by Sohilait and Kainama
(2016), then filtered to obtain a water-free essential oil. The
drying process was continued until the oil appeared clear, with
no visible water phase separation observed prior to further
analysis.

The selected distillation duration was also consistent with
previous reports on the extraction of C. culilawan bark essential
oil, which employed steam distillation for 6 h (Sohilait and
Kainama, 2016) and water distillation for 5 h (Kapelle et al.,
2016), ensuring adequate recovery of volatile constituents. The
oil yield was calculated on a dry weight basis. The color char-
acteristics of the oil were observed visually and compared with
standard color references.

2.4 Analysis of Essential Oil Chemical Composition

The chemical composition of essential oils was analyzed us-
ing a Shimadzu Corporation GC-MS instrument (QP2010)
equipped with an Rtx-5MS capillary column (60 m x 0.25
mm i.d.) and helium as the carrier gas. The operating con-
ditions were as follows: initial column temperature of 50°C,
inlet pressure of 100 kPa, column flow rate of 0.85 mL/min,
split ratio of 20:1, injector temperature of 280°C, MS interface
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Figure 2. Plant Samples of C. cullilawan were Collected from 1.4 (Tansi Village) (a) and L3 (Tanopol Village) (b)

temperature of 280°C, ion source temperature of 200°C, and
pyrolysis temperature of 400°C. The selected split ratio was
suitable for the analysis of essential oils and allowed eflicient
separation of volatile constituents while minimizing column
overloading.

Compound identification was performed tentatively by first
comparing the obtained mass spectra with the Wiley Registry
of Mass Spectral Data database. This approach followed previ-
ous analyses of C. culilawan essential oils reported by Sohilait
and Kainama (2016). Only compounds with a similarity index
(SI, a numerical measure of how closely the observed spec-
trum matches a reference spectrum) value of >95% were ac-
cepted. Next, retention time (RT, the time a compound takes
to travel through the chromatography column) was used to
help verify peak consistency in repeated analyses and to com-
pare chromatographic profiles with relevant literature reports.
The identified compounds were further evaluated against pre-
viously reported constituents of C. culilawan bark essential oil
(Sohilait and Kainama, 2016; Kapelle et al., 2016). However,
retention index (RI) data, a standardized value used to identify
compounds based on their elution order, were not available in
this study; thus, compound identification should be considered
tentative. Finally, the relative composition of each compound
was calculated using peak-area normalization (the process of
determining the proportion of each compound based on the
area under its peak in the chromatogram).

2.5 Data Analysis

Essential oil yield data were presented as mean = standard
deviation from three technical replicates. Statistical analyses
were conducted to evaluate the associations between plant age
and growing altitude under natural field conditions, and be-
tween variations in essential oil yield and the major and minor
chemical compositions of C. cullilawan essential oil. Due to the
limited number of biological observations, statistical analyses

© 2026 The Authors.
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were intended to identify preliminary patterns and associations.
The relationships between the independent variables (plant age
and growing altitude) and the dependent variables (essential
oil yield and chemical compound concentrations) were ana-
lyzed using linear regression to identify patterns of association.
Regression results were reported as regression coeflicients (3),
coefficients of determination (R?), and significance values (p-
value). Associations between plant age and growing altitude,
and between essential oil yield and the content of major com-
pounds (eugenol, safrole, linalool, and terpineol), were explored
using analysis of variance (ANOVA) at a significance level of
5% (@ = 0.05). Because plant age and altitude were observed
under naturally occurring conditions rather than experimen-
tally assigned treatments, ANOVA results were interpreted as
exploratory and descriptive rather than causal. Partial ¢-tests
were performed to explore the statistical associations between
individual variables and observed variations in essential oil
characteristics.

Principal Component Analysis (PCA) was conducted to
evaluate multivariate patterns among ontogenetic factors (plant
age), ecological factors (growing altitude), essential oil yield,
and major chemical components. All data were standardized
using z-scores before analysis to eliminate differences in vari-
able scales. PCA results were interpreted using eigenvalues,
cumulative explained variance, score plots, and loading plots.
Minor compounds detected only at specific locations (euca-
lyptol, cymene, cavibetol, a-copaene, a-cadinol, /-limonene,
and trans-caryophyllene) were also analyzed using ANOVA to
assess their distributions in relation to plant age and growing
altitude. Given the observational design, limited sample size
(n = 4), and absence of controlled factorial treatments, statis-
tical analyses were interpreted as exploratory and hypothesis-
generating. The aim was to identify preliminary biological
and ecological patterns rather than draw definitive statistical
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inferences. All analyses were conducted at the 95% confidence
level.

3. RESULTS AND DISCUSSION

3.1 Essential Oil Yield and General Characteristics

The isolation of essential oil (EO) from C. cullilawan using
the steam distillation method yielded 0.84% to 1.83% across
the four sampling locations (Table 1), accompanied by visually
observable differences in oil color. This variation in yield is
associated with differences in the chemical composition of the
essential oils, particularly the balance between terpene-derived
and phenylpropanoid compounds (Sadono et al., 2019). The
distillation process facilitates rapid diffusion of volatile com-
pounds through disrupted cell walls, enabling the efficient re-
lease of essential oils.

Figure 3 shows the relationship between plant age, plan-
tation altitude, and essential oil yield. The observed pattern
indicates an increasing yield with plant age, with 20-year-old
plants (L4) producing the highest yield (1.83%) and 8-year-old
plants (L3) producing the lowest (0.84%). This pattern suggests
that plant physiological maturity may enhance the capacity for
essential oil accumulation.

The ANOVA test showed that plant age and altitude to-
gether affected essential oil yield (p = 0.04). This means that
yield changes may result from both factors working together.
Separate t-tests also showed that altitude (p = 0.034) and
plant age (p = 0.026) each affected yield. The smaller p-value
for plant age suggests that plant age is more closely linked to
changes in oil yield than altitude.

Statistical analysis showed that as plants age, their essen-
tial oil yield rises. The link between oil yield and altitude was
less consistent across locations. Principal Component Analysis
(PCA) confirmed this, indicating that older plants and certain
terpenoid compounds, such as terpineol, cymene, [-limonene,
and trans-caryophyllene, are associated with higher oil yield.
The distinct position of sample L4 in the PCA results indicates
that older plants produce more oil and a broader range of these
compounds. This supports the idea that older plants have a
more stable and efficient system for making secondary metabo-
lites (Li et al., 2020). Besides age, factors such as altitude can
also impact oil yield by altering temperature, humidity, and
stress, thereby indirectly affecting oil production.

3.2 Variation of Major Chemical Compounds
The GC-MS chromatogram (Figure 4) revealed distinct peaks
for the major constituents of the essential oil, and their com-
position and relative abundance are summarized in Table 2.
Specifically, the essential oil of C. cullilawan consisted mainly
of eugenol and linalool. However, their proportions varied
considerably across locations, a variation likely linked to ge-
ographical and environmental factors that affect biosynthesis
and chemical profiles (Demirbolat et al., 2024).
Furthermore, samples collected from lowland areas exhib-
ited higher eugenol content, particularly at L.1 (82.374%) and
L3 (92.351%) (Table 2). In contrast, the sample obtained from

© 2026 The Authors.
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the higher-elevation site (L.2; 444 m above sea level) showed
the highest linalool content (24.446%) and the lowest safrole
content (0.76%) (Table 2). Together, these results indicate a
shift in the dominance of major compounds, likely influenced
by environmental gradients, and suggest changes in the orien-
tation of secondary metabolism between the phenylpropanoid
and terpenoid pathways.

Statistical analysis showed that eugenol content was associ-
ated with the combination of plant age and altitude (ANOVA,
p = 0.08). Partial z-test results indicated that both altitude
(p = 0.05) and plant age (p = 0.046) were associated with
differences in eugenol accumulation. These findings suggest
that eugenol dominance in lowland locations may be associated
with habitat conditions and plant developmental stages.

Linalool content showed significant associations with both
altitude and plant age (ANOVA, p = 0.047; altitude, p = 0.030;
plant age, p = 0.049). These results suggest a link between
linalool biosynthesis and ecological variation, particularly el-
evation. Principal Component Analysis (PCA) revealed that
the second principal component (PC2) was strongly associ-
ated with altitude, linalool, and a-copaene. The L2 position,
which had the highest score on PC2, supports that higher el-
evation correlates with linalool biosynthesis. In contrast, L1
and L3 clustered in the PCA region associated with eugenol,
indicating that lowland environments favor dominance of the
phenylpropanoid pathway.

These differences were likely influenced by environmental
gradients, temperature, light intensity, rainfall, and soil nutrient
availability. Higher elevations generally have lower tempera-
tures, which may alter plant metabolic activity and essential
oil biosynthetic pathways (Sadono et al., 2019). In addition,
water limitation and variation in soil nutrients also affect sec-
ondary metabolite production (Virga et al., 2020; Chrysargyris
et al., 2016). Climate variability also plays an important role in
modifying plant secondary metabolite profiles (Dobhal et al.,
2024).

To place these findings within the context of the genus
Cinnamomum, comparisons were made with several other pre-
viously reported species. Table 3 shows that most Cinnamo-
mum species exhibit distinct chemical profiles that depend on
plant organ, geographical factors, and genetic factors. For
example, Cinnamomum zeylanicum bark is dominated by (E)-
cinnamaldehyde in the range of 46-78% (Abd D. Amran et al.,
2028; Mutlu et al., 2023; Zivkovic et al., 2025), while the
leaves are also dominated by (E)-cinnamaldehyde (78%) to-
gether with benzyl benzoate and cinnamyl acetate (Mutlu et al.,
2023). In Cinnamomum malabatrum, linalool (38%) is the major
component with caryophyllene content of 12%, accompanied
by minor amounts of eugenol and cinnamaldehyde (Kuttithodi
et al.,, 2023; Surendran et al., 2025). Meanwhile, Cinnamo-
mum camphora shows more diverse chemotypes dominated by
1,8-cineole, linalool, camphor, nerolidol, and selina-6-en-4-ol
(Bottoni et al., 2021; Zhao et al., 2022; Zhang et al., 2023;
Min et al., 2025).

When specifically compared based on eugenol content (Ta-
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Table 1. General Characteristics of the Sampling Locations and Essential Oil (EO) Isolation Yields

Code  Location Position Elevation Plant  Average Air Annual Soil pH Yield EO color
(masl) age  Temperature Humidity Rainfall (%)
(years) (°C) (%) (mm/year)

L1 T?Sﬁ;:i 9°59'41.4”S 74 10 27.0-28.5  78-83  2000-2500 6.0-6.8 1.64+0.11  Yellow

Lg  Makububuy goseio 6 444 15 245-260  82-86  2500-3000 5.5-6.2 1.13+013 Crownish-
Village yellow

Lg  Tanopol gop058 00 167 8 96.5-27.8  79-84  9900-2600 5.8-65 0.84=0.1g Dlackish
Village red

L4 Tansi —gono4g87s 398 90 25.0-265  81-85  2400-2800 5.5-6.3 1.83+008  Lolow
Village clear

Note. Elevation data were calculated from geographic coordinates for each village. Environmental parameters were derived from regional profiles using
available datasets. Temperature ranges were calculated via Braak’s adiabatic lapse rate formula based on each village’s elevation. Humidity and annual
rainfall were gathered from local meteorological station records (BMKG, 2023), reflecting Seram Island’s tropical wet climate (Af/Am). Soil pH ranges
were identified from documented distributions of Red-Yellow Podzolic and Cambisol soils in Maluku.
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Figure 3. Bar Chart Showing the Relationship Between Plant Age, Plantation Height, and Essential Oil Yield of C. Cullilawan

Across Sampling Locations

ble 4), C. cullilawan showed a relatively high eugenol range
(70-92.85%), placing it in the upper range compared with sev-
eral other species. Cinnamomum verum has been reported to
contain approximately 52-90% eugenol in leaves (Weeratunge
etal., 2024; Prathibhani et al., 2021, 2024; Xavier et al., 2022),
even reaching 93.6% in some locations in Brazil (Xavier et al.,
2022). Cinnamomum tamala showed a very broad range (85.1-
94.3%) (Rana et al., 2009), whereas Cinnamomum zeylanicum
in India showed eugenol content of 60-89.87%, influenced by
seasonal variation (Joshi, 2019). In contrast, Cinnamomum mala-
batrum contained only 8.75% eugenol, with linalool as the dom-
inant compound (Kuttithodi et al., 2023). These comparisons
indicate that C. cullilawan from Maluku has a distinctive chem-
ical characteristic, with a tendency toward a phenylpropanoid-
dominant chemotype, particularly in younger plants growing in

© 2026 The Authors.

lowland areas, distinguishing it from several other Cinnamomum
species that are more monoterpenoid- and sesquiterpenoid-
dominated.

3.3 Association of Plant Age with Eugenol and Minor Com-
pounds
Plant age clearly influenced eugenol accumulation in C. cullilawa
n essential oil. Younger plants (8=10 years) had higher eugenol
concentrations. Eight-year-old plants (LL3) showed the highest
relative abundance at 92.351%, while plants aged 15-20 years
showed lower levels, ranging from 70-74%. This suggests that
early growth is more favorable for eugenol, a major defensive
metabolite produced via the phenylpropanoid pathway.
Figure 3 shows the relation between plant age, altitude,
and the distribution of eugenol and other major compounds.
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Figure 4. Representative GC-MS Chromatograms of Cinnamomum cullilawan Bark Essential Oil from Four Locations: 1.1

(Tounusa), 1.2 (Makububuy), L.3 (Tanopol), and L4 (Tansi)

Table 2. Major Essential Oil (EO) Components Identified in C.

cullilawan

Compound Name Rt (minute)  SI

Concentration (%)

Tounusa Makububuy Tanopol Tansi

Village Village Village Village
cymene 5.578 95 1.20 +0.22 0.67 £ 0.20 - -
[-limonene 5.683 95 - - - 3.53 £0.21
Eucalyptol 5.781 97 0.89+0.17 - - -
Terpineol 8.565 96 1.79+0.11 1.11 £0.36 0.41+£0.29 6.77 £0.31
Safrole 10.128 95  2.09+0.26 0.76 £ 0.27 1.15+0.11  2.61+£0.21
Linalool 7.167 98 10.19+0.26 24.44 +0.227 38.61+0.15 3.21+0.21
Eugenol 10.944 97 82.37+0.22 70.10+0.22 92.835+0.09 74.74 £0.20
Cavibetol 12.618 95 1.44 +0.18 0.80 £ 0.12 0.95 +0.12 -
a-copaene 11.142 96 - 1.34 £ 0.11 - -
a-cadinol 13.869 97 - - 0.82 £0.11 -

trans-caryophyllene 11.679 95 -

- - 1.68 + 0.12

Younger plants accumulate more eugenol, while older plants
show more safrole and terpineol. This change suggests that
secondary metabolism shifts as plants develop.

Statistical analysis showed measurable variation in compo-
sition among samples. Safrole variation was linked to both
plant age and altitude (ANOVA, p = 0.038), with partial links
to altitude (p = 0.026) and age (p = 0.027). Increased safrole
in older plants may reflect changes in secondary metabolites as
plants mature. Terpineol showed similar associations with both
variables (ANOVA, p = 0.038) and partial associations with al-
titude (p = 0.049) and age (p = 0.025). Mature plants diversify

© 2026 The Authors.

secondary metabolites, including more terpenoid compounds.

This pattern indicates an ontogenetic metabolic shift, namel
y a change in the biosynthetic priority of secondary metabolites
during plant physiological development. Principal Component
Analysis (PCA) further supported this pattern, where eugenol
showed a strong loading on the negative side of PC1 and clus-
tered samples L1 and L3, while sample 1.4 was positioned on
the positive side of PC1 together with safrole and terpineol.
This separation indicates a shift in secondary metabolic orien-
tation from phenylpropanoid dominance in the juvenile phase
toward more complex metabolite diversification in the mature
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Table 3. Comparison of the Major Essential Oil Compounds Among Selected Species of the Genus Cinnamomum

Species & Plant Part Dominant Compounds

References

Cinnamomum zeylanicum (bark)

Cinnamomum zeylanicum (leaf)
zoate, cinnamyl acetate
Cinnamomum malabatrum (leaf)

Cinnamomum camphora (leaf,

various chemotypes) selina-6-en-4-ol

(E)-cinnamaldehyde (~46-78%)
(E)-cinnamaldehyde (73%), benzyl ben-
Linalool (88%), caryophyllene (12%), ben-

zyl benzoate, eugenol, cinnamaldehyde
1,8-cineole, linalool, camphor, nerolidol,

Abd D. Amran et al. (2023); Mutlu
et al. (2028); Zivkovic et al. (2025)
Mutlu et al. (2023)

Kuttithodi et al. (2028); Surendran
et al. (2025)

Bottoni et al. (2021); Zhao et al.
(2022); Zhang et al. (2023); Min et al.
(2025)

Table 4. Comparison of Eugenol Content Ranges Among Selected Species of the Genus Cinnamomum

Species & Plant Part  Eugenol Brief Description References
Content
(%) (Range)
Cinnamomum verum 52-907% Major chemotype Weeratunge et al. (2024);
(leaf) (eugenol-dominant Prathibhani et al. (2021,
chemotype) 2024); Xavier et al
(2022)
Cinnamomum verum 60-93.6%  Variation among geo- Xavier et al. (2022)
(Ieaf, Brazil) graphical locations
Cinnamomum zeylan- 60-89.8% Seasonal variation affects  Joshi (2019)
tcum (leaf, India) eugenol content
Cinnamomum malaba- 8.75% Linalool as the dominant Kuttithodi et al. (2023)

trum (leaf)

compound

phase.

The high concentration of eugenol in younger plants is
likely associated with active defense mechanisms during the
early growth stage. Eugenol is known to possess antimicrobial
and anti-herbivory activities that protect plants against biotic
pressures, such as pathogen infection and herbivore attack (Al-
Khayri et al., 2023; Divekar et al., 2022). The production
of eugenol at this stage is presumed to be part of a metabolic
resource-allocation strategy for defense, before the plant redi-
rects part of its biosynthetic capacity toward diversifying other
secondary metabolites during the maturation phase (Elshafie
et al., 2023; Selwal et al., 2023).

3.4 Minor Compounds and Statistical Significance
In addition to eugenol and linalool, several minor compounds
also showed location-specific distribution patterns, including
safrole, terpineol, eucalyptol, cymene, cavibetol, @-copaene, a-
cadinol, [-limonene, and trans-caryophyllene. Safrole, linalool,
and terpineol exhibited clearer variations associated with plant
age and altitude, whereas the other minor compounds showed
more location-specific distributions.

This distribution was clear: eucalyptol was detected only
in L1, a@-copaene in L2, @-cadinol in L3, and /-limonene

© 2026 The Authors.

and trans-caryophyllene in L4, illustrating a strong link be-
tween specific secondary metabolites and certain habitat con-
ditions. Furthermore, statistical analysis showed that several
minor compounds, such as eucalyptol, were not significantly
affected by plant age or altitude (ANOVA, p = 0.677); similar
results appeared for cymene, cavibetol, @-copaene, a-cadinol,
[-limonene, and trans-caryophyllene (p > 0.05). Thus, the
distribution of these compounds is likely tied to microhabitat
factors or local genetic variation rather than age or elevation.

Nevertheless, Principal Component Analysis (PCA) showed
that minor compounds still contributed to sample differentia-
tion, where a-copaene contributed to the separation of L2 on
PC2, while /-limonene and trans-caryophyllene contributed
to the separation of .4 on PC1. This indicates that although
their concentrations were relatively low, minor compounds still
play a role in shaping the specific chemical characteristics of
cach location.

The presence of safrole warrants special attention due to its
toxicological implications and regulatory concerns. Safrole is a
phenylpropanoid compound belonging to the alkenylbenzene
group that possesses antimicrobial, insecticidal, and cytotoxic
activities, but it is also known to be hepatotoxic, genotoxic, and
potentially carcinogenic. Safrole has been classified as possi-
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bly carcinogenic to humans (Group 2B) by the International
Agency for Research on Cancer and has been shown to be a
genotoxic carcinogen in animal studies (Kemprai et al., 2019;
Eisenreich et al., 2021; Gotz et al., 2022).

Biochemically, safrole metabolism can generate reactive
intermediates such as 1’-hydroxysafrole, which can bind to
DNA and cellular proteins, thereby potentially triggering mu-
tations, liver damage, and tumor formation upon long-term
exposure. In plants, safrole accumulation is presumed to func-
tion as a chemical defense mechanism against herbivores and
pathogens. In this study, the lower safrole content in high-
altitude plants indicates the potential to produce essential oils
with safer chemical profiles for industrial applications, particu-
larly in the pharmaceutical, cosmetic, and flavoring sectors. In
contrast, the increased safrole content in older plants suggests
that plant age is an important factor in raw material selection,
not only for optimizing essential oil quality but also for ensuring
product safety and compliance with international regulations.

3.5 Ecological Interpretation

The variation in essential oil yield and composition observed
in C. cullilawan suggests an adaptive response. This response
is due to differences in environmental conditions and plant
developmental stages. The results indicated that plant age and
altitude were associated with changes in the chemical profile of
the essential oil. This reflects how ontogenetic factors interact
with the ecological conditions of the growing habitat.

Principal Component Analysis (PCA) results further clar-
ified this ecological pattern. The samples showed clear sepa-
ration in multivariate space. The first two components (PC1
and PC2) explained 83.14% of the total variation. This in-
dicates that most chemical variation is associated with plant
age and altitude. PC1 was mainly linked to the ontogenetic
gradient. It showed increased oil yield and accumulation of
terpenoids, including terpineol, cymene, [-limonene, and trans-
caryophyllene. PC2 was more related to the ecological gra-
dient. It was characterized by elevated levels of linalool and
a-copaene.

The PCA score plot showed a consistent ecological pattern
in sample distribution. Sample L4 (20 years old) occupied a
distinct position, being associated with higher oil yield and a
more complex chemical profile, indicating that physiological
maturity may lead to greater diversity of secondary metabolites.
Sample L2 (at 444 m above sea level) was linked to linalool
and a-copaene, suggesting a relationship between elevation
and changes in secondary metabolic pathways. In contrast,
samples L.1 and L3 clustered in a region dominated by eugenol,
reflecting the characteristics of younger plants found in lowland
habitats.

These differences are likely related to microclimatic con-
ditions among locations. Lowland areas, which generally have
higher temperatures and relatively stable humidity, appear to
favor phenylpropanoid pathway activity, as reflected by the
high eugenol content in L1 and L3. In contrast, cooler high-
land conditions with greater variation in light intensity and hu-
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midity may influence the regulation of secondary metabolism
and enhance the biosynthesis of terpenoid compounds such as
linalool, as observed in L2.

Beyond temperature and elevation, rainfall, water availabil-
ity, and soil characteristics can influence essential oil production
by altering plant physiology and nutrient availability. Seasonal
changes, such as shifts between rainy and dry periods, affect
proportions of major volatile compounds in aromatic plants,
as observed in Eugenia patrisii (da Cruz et al., 2022). Water
deficit or drought stress can increase essential oil content and
alter its composition, as seen in Cymbopogon flexuosus and Sa-
tureja hortensis (Mahmoud et al., 2023; Rasouli et al., 2023).
Combined effects of salinity and water availability shape essen-
tial oil yield and profile in Mentha spicata and Origanum spp.
by altering physiological traits, including chlorophyll content,
proline levels, and antioxidant activity (Stefanakis et al., 2024).

Soil conditions with low nutrient availability may also trig-
ger increased secondary metabolite synthesis as an adaptive
response to environmental stress, leading to higher levels of
phytotoxic monoterpenes as an ecological competitive mech-
anism. Physiologically, changes in environmental conditions
can affect photosynthetic activity, hormonal balance, proline
accumulation, and plant antioxidant systems, which ultimately
correlate with changes in essential oil biosynthesis. In some
cases, moderate environmental stress conditions may even en-
hance secondary metabolite accumulation as part of an adaptive
defense mechanism (Mwithiga et al., 2024; Kintamani et al.,
2023).

Overall, these results show that C. cullilawan’s chemical
plasticity is shaped by interactions between plant development
and habitat ecology. Together, these factors control essential
oil yield and compound distribution, which in turn affect oil
quality and industrial potential. However, due to a lack of bio-
logical replication at each elevation, our ecological findings and
interpretations of local variation are tentative. These ecological
patterns should be viewed as preliminary until larger, more
replicated sampling across elevation gradients is completed.

3.6 Biosynthetic Mechanisms and Regulation of Secondary
Metabolites

The variation in the chemical composition of essential oils
in C. cullilawan suggests that differences in major compounds
may be associated not only with environmental factors and
plant age, but also with the regulation of secondary metabo-
lite biosynthetic pathways. Specifically, eugenol and safrole,
both in the phenylpropanoid group, are synthesized via the
phenylpropanoid pathway, which uses phenylalanine as the
main precursor. In contrast, linalool is a monoterpene formed
via the terpenoid pathway, particularly through the methylery-
thritol phosphate (MEP) pathway. Thus, the phenylpropanoid
pathway is instrumental in the formation of aromatic C6-C3
compounds such as eugenol and safrole, which function eco-
logically in plant defense and environmental interactions (Lv
et al., 2024; Ninkuu et al., 2025).

The dominance of one of these compound groups indicates
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a shift in carbon allocation within plant secondary metabolism
in response to ontogenetic and ecological factors. The high
eugenol content in younger plants (8—10 years), particularly
in samples L8 (92.8351%) and L1 (82.374%), indicates that
the phenylpropanoid pathway is more dominant during the
early growth phase. At this stage, plants tend to allocate their
metabolic resources toward the synthesis of defensive com-
pounds in response to biotic pressures such as herbivory and
pathogen infection. Eugenol is known to possess antimicrobial
and anti-herbivory activities; therefore, its accumulation dur-
ing early growth can be regarded as part of the plant’s chemical
defense strategy (Al-Khayri et al., 2023; Divekar et al., 2022).
The activity of key enzymes such as Phenylalanine ammonia-
lyase (PAL) and eugenol synthase is presumed to be higher at
this stage, thereby supporting elevated eugenol accumulation
(Ninkuu et al., 2025).

In contrast, the high linalool content in sample L2 (24.446%
) indicates increased activity of the terpenoid pathway, which
may result from specific environmental conditions at higher
elevations. For example, lower temperatures, reduced light
intensity, and changes in humidity can influence the expres-
sion of genes that regulate monoterpene biosynthesis. Specifi-
cally, these factors may affect the activity of linalool synthase,
which catalyzes the conversion of geranyl diphosphate (GPP)
into linalool. Ecological conditions such as temperature varia-
tions and environmental stress are documented to modulate
terpenoid biosynthetic pathways and alter plant essential oil
profiles (Dobhal et al., 2024; Demirbolat et al., 2024). Thus,
ecological variation could plausibly drive shifts in the balance
of secondary metabolism from the phenylpropanoid pathway
toward the terpenoid pathway.

The Principal Component Analysis (PCA) results further
support this interpretation by showing clear separation between
eugenol-rich and linalool-rich samples. Samples L.1 and L3
clustered in the region associated with eugenol, whereas 1.2
clustered in the region associated with linalool and a-copaene.
This pattern indicates metabolic differentiation reflecting dif-
ferences in biosynthetic pathway regulation in response to the
combined effects of plant age and habitat conditions.

In addition, the increased safrole content in older plants,
particularly in L4, indicates further transformation within the
phenylpropanoid pathway. Safrole is a phenylpropanoid deriva-
tive formed through structural modification of phenolic com-
pounds via methylation processes. The increase in safrole, to-
gether with elevated terpineol, cymene, [-limonene, and trans-
caryophyllene, indicates that plant physiological maturity is
associated with more complex secondary metabolite diversi-
fication. Similar patterns have been reported across various
aromatic plant species, in which increasing plant age correlates
with the diversification of essential oil components, driven by
changes in metabolic regulation during plant development (Li
et al., 2020; Farias et al., 2023).

Opverall, the variation in the chemical composition of C.
cullilawan essential oil reflects a dynamic interaction between
phenylpropanoid and terpenoid biosynthetic pathways, influ-
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enced by ontogenetic and ecological factors. During the juve-
nile phase, the phenylpropanoid pathway is more dominant
to support defense functions, whereas in older stages or un-
der specific environmental conditions, metabolic diversification
occurs toward increased production of terpenoids and other
phenylpropanoid derivatives. These findings demonstrate the
high metabolic plasticity of C. cullilawan and provide a scientific
basis for optimizing cultivation and standardizing essential oil
quality for industrial applications.

4. CONCLUSION

This study demonstrated that plant age and growing altitude
were associated with variations in the yield and chemical com-
position of C. cullilawan essential oil in Maluku. Variations
in eugenol, linalool, safrole, and terpineol contents suggest
metabolic plasticity and indicate a phenylpropanoid-dominant
chemotype. These findings provide insight into the regulation
of secondary metabolites in tropical essential oil-producing
species and offer a scientific basis for optimizing cultivation
practices, site selection, and harvest age for industrial applica-
tions. Further studies using larger sample sizes and molecular
approaches are needed to clarify the biosynthetic mechanisms
underlying chemotype variation.
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