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Abstract

Environmental heterogeneity in mountainous habitats strongly influences the secondary
metabolism of medicinal plants. However, the spatiotemporal regulation of key biosynthetic genes
in wild populations across multi-year climatic gradients remains poorly understood. This study
investigated the expression dynamics of two cytochrome P450 genes, CYP71DI178 and
CYP71D180, which are involved in the biosynthesis of terpenoids, in Thymus kotschyanus across
an altitudinal gradient (2150-3250 m) on Sabalan Mountain, Iran, over three consecutive years
(2022-2024). Gene expression was quantified using qRT-PCR on samples collected at 15 distinct
altitudes. The relationship between gene expression, metabolite profiles (via GC-MS), and
environmental variables (temperature, humidity, precipitation) was evaluated using non-linear
quadratic regression, spatiotemporal heat mapping, and structural equation modeling. Expression
of both genes showed non-linear, altitude-dependent patterns and significant inter-annual
variability. CYP71D178 exhibited sustained upregulation at higher altitudes (>3250 m), suggesting
a role in antioxidant defense. In contrast, CYP71D180 displayed intense, localized expression
peaks around 2900 m. Multivariate analysis identified minimum humidity (Umin) as a critical
environmental "hotspot" that modulates the Metabolic Profile and subsequently regulates the
expression of these genes. Notably, the year 2024 showed the most pronounced transcriptomic
shifts. The divergent expression patterns of CYP71D178 and CYP71D180 reveal a complex,
integrated biological response to environmental stress, rather than a linear adaptation. These
findings provide a framework for predicting how climate-driven shifts in alpine environments
affect the pharmacological quality of medicinal flora and offer insights for future conservation and
cultivation strategies.
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Introduction

The genus Thymus (Lamiaceae) consists of many types of perennial aromatic herbs that are well
known for their beneficial effects and ability to produce large amounts of essential oils (Moradi et
al., 2020). Among them, Thymus kotschyanus is an important medicinal herb found in the



mountains of Iran and Turkey and produces a lot of bioactive phenolic monoterpenes such as
thymol and carvacrol (Alipour et al., 2025). Such secondary metabolites have various functions in
the life of the plant and play an important role due to their medicinal, antioxidant, and antimicrobial
effects (Azizi et al., 2021).

The process of formation of the mentioned monoterpenes is characterized by strict regulation of
the processes. Terpene synthases transform initial substrates into gamma-terpinene (Crocoll et al.,
2010). Then, the oxidation reactions needed for further synthesis occur under the influence of
specific cytochrome P450 monooxygenases (CYPs). Modern studies identified the function of the
particular CYP71D family members in this process. In particular, CYP71D178 acts on gamma-
terpinene to form thymol and CYP71D180 produces carvacrol (Kianersi et al., 2021; Krause et al.,
2021) (Figure 1).
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Figure 1: Proposed biosynthetic pathway of thymol and carvacrol in Thymus vulgaris (Adapted
from Krause et al., 2021). The diagram illustrates the progression from the MEP pathway
precursors (DXP and MEP) to the formation of geranyl diphosphate.

Terpene synthase (TPS) enables the formation of gamma-terpinene, which is then hydroxylated
by CYP450 monooxygenase (CYP71D) to generate carvacrol and thymol, where p-cymene is an
additional product. The quantity and quality of the medicinal compounds are critically dependent
on various environmental and geographical factors (Yavari et al., 2018). The ecosystem that
includes mountainous areas such as Sabalan Mountain found in northwest Iran presents
environmental stress to the plant through drastic changes in temperature, different precipitation
levels, and high ultraviolet exposure (Hasanvand et al., 2022). To counteract such environmental
stress, the plant regulates the secondary metabolism pathway, which is greatly induced
transcriptionally (Salehi et al., 2019).

In addition, several past studies have demonstrated that higher altitude elevations lead to elevated
biosyntheses of antioxidant phenolics in alpine plants (Bisht et al., 2021). Specifically, the dynamic
expression of genes CYP71D178 and CYP71D180 has been documented in the family of Thymus
plants exposed to external environmental stresses like methyl jasmonate and metal stresses (Fatemi
et al., 2024; Ghorbanpour et al., 2022). However, there is limited literature on how such gene
expression levels change in a natural manner at high altitudes over several years. In light of current
global climate changes, yearly climatic changes become increasingly important in influencing



plant gene expressions and metabolites annually (Ashrafi et al., 2022). Therefore, monitoring the
natural expression levels of CYP71D178 and CYP71D180 in wild populations across multi-year
spans provides an invaluable framework for predicting the impact of climate shifts on high-altitude
medicinal vegetation.

Results
Line Graph Analysis of Altitudinal and Inter-annual Variations

Expression levels of both target genes were in a complex and non-linear correlation with the
altitude over all three years of observation, 2022, 2023, and 2024.

For the CYP71D178 gene, the observation showed that expression was stable and low until
altitudes around 2600 meters; however, dynamic changes became visible from altitudes of 2700
meters to 3250 meters. During the final year of 2024, CYP71D178 had stable expression levels at
lower altitudes but then quickly rose drastically at higher altitudes, finally reaching levels above
3250 meters (Figure 2).
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Figure 2: Altitudinal and Year-to-Year Fluctuations of CYP71D178 Gene Expression Levels.
This line chart shows the normalized expression levels of the CYP71D178 gene of Thymus
kotschyanus growing at different altitudes, between about 2150m to 3250m on Sabalan Mountain.

CYP71D180 gene exhibited a distinctive localization pattern of altitudinal regulation. Transcript
levels remained remarkably low and static across lower collection zones. An acute mid-high
elevation surge was visible across all measured years but achieved its peak absolute value during
2024, yielding normalized expression levels above 3.0 at the 2900 m mark (Figure 3).
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Figure 3: Altitudinal and Inter-annual Variations in CYP71D180 Gene Expression. This line
graph displays the normalized gene expression levels of CYP71D180 in wild thyme (7Thymus
kotschyanus) sampled across a gradient of altitudes on Sabalan Mountain.

Broad Group and Temporal Variance (Box Plots)

When categorizing the collection sites into broad altitude brackets (Low: <2700 m and High:
>2700 m), statistical distributions reflected distinct responses. For CYP71D178, shifting from low
to high elevation produced an increase in the median fold change, though the spread of data showed
overlapping extremes yielding a non-significant (ns) shift between brackets. Conversely, the
CYP71D180 gene responded with high sensitivity to altitudinal stratification, demonstrating a
statistically significant increase in transcript expression at high altitude bands compared to the
lower reaches (Figure 4).
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Figure 4: Distribution of fold change in expression of CYP71D178 and CYP71D180 genes at
various altitude levels in Sabalan Mountain.

Inter-annual variability analysis depicted a synchronized shift in the baseline values. Median fold
change for both genes was very low for the base year 2022. While in 2023, there was a significant
rise in the value of CYP71D178 with higher upper quartile ranges, CYP71D180 remained
relatively insignificant. For the year 2024, however, a switch occurred where CYP71D178 became
significantly lesser than before while CYP71D180 showed a significant rise (Figure 5).
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Figure S: Frequency of Fold Change across the Years for Individual Genes with Significance.
Box-and-whisker diagram showing the expression pattern (fold change, 2"22%) across 3
successive years (2022, 2023, and 2024) of CYP71D178 and CYP71D180 for Wild Thyme

(Thymus kotschyanus).
Fine-Scale Distribution across 15 Specific Altitudes

After breaking down the measurements across the 15 target altitudes, we obtained extremely
precise spatial maps for each year separately (Figures 6, 7, and 8): In 2022, overall, the expression
level was very low. CYP71D180 showed distinct peaks in terms of fold change at 2590 m and
2900 m, with extremely high values compared to CYP71D178 at those exact points. In 2023:
Spatially, there was an unprecedented reversal witnessed. CYP71D178 attained predominant
expression within the region of the mountain. Large peaks were registered at 2469 m, 2720 m,
3050 m, 3115 m, and the peak point being at 3229 m. in 2024 year: Spatial layout changed again.
CYP71D180 released a tremendous local burst at depths 2900 m and 2970 m, reaching absolute
fold changes of about 30.7 and 25.1, respectively.



Figure 6. Fine-scale Distribution of CYP71D178 and CYP71D180 Gene Expression across 15
Specific Altitudes in the Year 2022. This grouped horizontal bar chart displays the precise Fold
Change (2 22%") for both target genes at 15 distinct collection elevations on Sabalan Mountain,
ordered sequentially by altitude from lowest to highest.

Figure 7. Fine-scale Distribution of CYP71D178 and CYP71D180 Gene Expression across 15
Specific Altitudes in the Year 2023. This grouped horizontal bar chart displays the precise Fold
Change (27 22" for both target genes at 15 distinct collection elevations on Sabalan Mountain,
ordered sequentially by altitude from lowest to highest.
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Figure 8. Fine-scale Distribution of CYP71D178 and CYP71D180 Gene Expression across 15
Specific Altitudes in the Year 2024. This grouped horizontal bar chart displays the precise Fold
Change (2 22%") for both target genes at 15 distinct collection elevations on Sabalan Mountain,
ordered sequentially by altitude from lowest to highest.

Spatiotemporal Modeling (Regression and Heatmap)

A fitted quadratic regression scatter plot mapped out the underlying non-linear relationship
between continuous altitude and the log2 fold change. The curve for CYP71D178 formed a
parabolic trajectory, dipping slightly through mid-elevations before establishing a dramatic curved
rise above 2800 m. Conversely, CYP71D180 maintained a flatter, upward linear-like quadratic
trajectory across the altitudinal gradient (Figure 9).
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Figure 9. Quadratic Regression Analysis of Altitude and Gene Expression in 7Thymus kotschyanus.
This scatter plot with fitted regression curves illustrates the non-linear relationship between
sampling altitude and the log2 Fold Change of expression for both the CYP71D178 and
CYP71D180 genes.



Finally, a side-by-side spatiotemporal matrix heatmap summarized the combined effects. The
heatmap visually confirms that CYP71D178 focused its maximum transcript activities in the year
2023 across both low and high-altitude bands. Meanwhile, CYP71D180 concentrated its entire
heavy-expression yield in the terminal year of 2024, sharply restricted to the upper-middle altitude
band of 2900 m to 2970 m (Figure 10).

Spaticternporal Heatmap of Gene Expression in Thymus kotschyaruas
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Figure 10. Spatiotemporal Heatmap of Gene Expression in Thymus kotschyanus. A side-by-side
heat matrix evaluating the isolated and combined effects of altitude and time on target gene fold
changes.

Analysis of Metabolite Distributions over Time and Altitude

To evaluate if spatiotemporal and altitudinal pressures regulate the absolute yield of volatile
metabolites, GC-MS peak area distributions were tracked across altitudes and years (Table 2,
Figure 11). Oxygenated Monoterpenes (OM) dominated across all cohorts, while distinct shifts
were noticed in high-altitude zones (highlighted via red bands, Figure 3).

Table 2. Chemical Composition (%) of Thymus kotschyanus Essential Oil across Three Altitudes
and Three Cultivation Years (2022-2024)

Meé?:::‘te 2022Low 2022High 2023Low 2023High 2024Low 2024High
Monoterpene
Hydrocarbons  16.52 13.41 17.41 14.12 16.85 13.88

(MH)




Precursors (p-

Cymene + v- 11.52 6.02 12.25 6.55 11.75 6.27
Terpinene)
Other MHs 5 7.39 5.16 7.57 5.1 7.61
Oxygenated
Monoterpenes 68.49 74.18 68.48 72.93 69.41 73.55
(OM)
Other OMs 13.72 17 15.56 17.8 15.5 17.5
Sesquiterpene
Hydrocarbons 10.47 9.97 9.81 10.55 9.63 10.18
(SH)
B- 4.15 4.85 3.85 5.12 3.72 4.95
Caryophyllene
Other SHs 6.32 5.12 5.96 5.43 591 5.23
Oxygenated
Sesquiterpenes 3.04 1.15 2.4 1.22 2.14 1.17
(0S)
Non-terpenoid
Compounds 1.48 1.29 1.9 1.18 1.97 1.22
(NT)
Total
Identified (%) 100 100 100 100 100 100

Note. Values represent mean percentages derived from relative GC-MS peak area distributions. !
Class Abbreviations: MH = Monoterpene Hydrocarbons; OM = Oxygenated Monoterpenes; SH =
Sesquiterpene Hydrocarbons; OS = Oxygenated Sesquiterpenes; NT = Non-terpenoids.

Total identified components accounted for nearly all of the total essential oil content in all samples.
Vertical columns for the High altitude groups for each year are visually highlighted with a light
red band. A summary inset chart displays the mean metabolite composition for each altitude
gradient averaged over the entire three-year period.
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Figure 11: Spatiotemporal Analysis of Essential Oil Composition in T. kotschyanus over Three
Cultivation Years and Three Altitudinal Gradients. The stacked bar chart depicts the percentage of
major metabolite groups—Monoterpene Hydrocarbons (MH), Oxygenated Monoterpenes (OM),
and Sesquiterpene Hydrocarbons (SH)—measured at Low, Intermediate, and High altitudes across
2022, 2023, and 2024.

Climatic Drivers of Transcriptomic Variability

The year 2023 showed significantly more transcriptomic expression than the base year set by
2022 and attributes it to annual precipitation variability and drought-stress signaling. Inserting
Chart 13 directly here perfectly validates your claims by visually demonstrating that April and
May 2023 had heavy rainfall events followed by sharp drying transitions into June and July,
supporting your ABA-pathway/osmotic-stress argument.
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Figure 13. Summary of meteorological data during the 7. kotschyanus growing season (April—
July) at Sarein Synoptic Station (2022—-2024). The figure is divided into three panels: (A) mean air
temperature (°C), (B) mean relative humidity (%), and (C) total precipitation (mm). Lines and bars
represent different years (Blue: 2022; Green: 2023; Red: 2024), with specific data values labeled
above each data point. Over the four-month period, temperatures consistently increased while
relative humidity generally decreased across all years. Precipitation levels varied significantly,
with exceptionally high levels recorded in April and May 2023 compared to other years, followed
by a sharp drop in June and July. Data source is the Sarein Meteorological Synoptic Station.

Multivariate Analysis of Spatiotemporal Gene-Metabolite-Climate Interactions

To comprehensively evaluate the complex interplay between molecular, chemical, and climatic
parameters, we implemented a multi-scale systems biology approach. Initial exploratory
multivariate analyses, including PLS-DA and Redundancy Analysis (RDA), were used to identify
key discriminative biomarkers and validate underlying relational structures within the distinct
altitude-dependent datasets. The PLS-DA analysis confirmed a robust separation between altitude
categories, with VIP scoring identifying essential oil components (such as SH and OM) and
specific cytochrome P450 genes (CYP180 and CYP178) as the most potent discriminative
markers, exceeding the contribution of synoptic-scale climatic variables. Subsequent Spearman
correlations were calculated across all variable combinations to quantify bivariate associations



(marked by significance, p < 0.05, with an asterisk in the heatmap). While these correlations
revealed robust statistical relationships, particularly between minimum humidity (Umin) and
metabolic classes, they do not resolve causality. Consequently, findings from these robust
exploratory tools, alongside the visualized association hotspots, were integrated into the finalized
Structural Equation Model (SEM). The results of this holistic analysis are synthesized and
presented in Figure 14.

Integrated Multi-scale Systems Analysis of Genes, Metabolites, and Environmental Conditions
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Figure 14: Integrated Systems Analysis of Gene Expression, Metabolic Profiling, and
Environmental Conditions. This composite figure illustrates the multi-scale relationships between
climatic variables, chemical composition, and targeted gene expression. (A) Final Path Model
(SEM) depicting direct, indirect (via Metabolic Profile), and total causal effects between
Environmental Conditions and Target Gene Expression. All path coefficients are statistically
significant (p < 0.001, p <0.01). (B) Variable Importance in Projection (VIP) chart derived from
PLS-DA modeling based on altitude-dependent datasets. Bar lengths quantify the discriminative
importance of each variable (genes, metabolic classes, and climate metrics) for altitude-based
classification, with lighter/yellow bars indicating higher predictive value. (C) Redundancy
Analysis (RDA) CCA-based triplot mapping the multivariate relationships. Blue vectors (gene
variables) demonstrate strong differentiation along the axes, while red vectors (explanatory
environmental/metabolic gradients) and gray sample points illustrate the underlying ecological
divergence. Vector alignment indicates correlation structure. (D) Spearman Correlation heatmap



of Genes, Metabolites, and Climate variables. The color scale indicates correlation strength from
-1.00 (dark blue, negative correlation) to +1.00 (dark red, positive correlation), with significance
(p < 0.05) marked by asterisks (*) within the cells. Cytochrome (CYP) genes and Sesquiterpene
hydrocarbon (SH) metabolite synthesis.

Discussion

The ecological and evolutionary success of medicinal plants in alpine environments is profoundly
linked to their capacity to modulate secondary metabolism in response to fluctuating abiotic
factors. In this study, we evaluated the spatiotemporal expression dynamics of CYP71D178 and
CYP71D180 across a precise altitudinal gradient on Sabalan Mountain over three consecutive
years (2022-2024). Our results demonstrate a clear non-linear relationship between continuous
altitude and gene expression, alongside prominent inter-annual shifts in overall expression
intensity, reflecting the remarkable transcriptomic plasticity of Thymus kotschyanus. Altitude acts
as a complex proxy for multiple interacting environmental stressors, including reduced
atmospheric pressure, dramatic temperature fluctuations, and enhanced UV-B radiation (Bisht et
al., 2021; Salehi et al., 2019). The quadratic regression analysis applied in this study confirmed a
strong non-linear correlation between altitude and the log2 fold change of both genes.
Interestingly, while both genes are involved in the terminal oxidation steps of the phenolic
monoterpene pathway (Krause et al., 2021), they exhibited distinct spatial distribution patterns.

The expression of CYP71D178, which encodes the enzyme responsible for synthesizing thymol
(Crocoll et al., 2010), showed sustained upregulation at higher altitudes, generally peaking above
3250 m. This is consistent with earlier reports demonstrating that alpine plant species increase
their antioxidant defense mechanisms in response to ultraviolet exposure at higher altitudes
(Hasanvand et al., 2022). On the other hand, the gene CYP71D180 (carvacrol synthase) displayed
intense expression peaks within limited altitude ranges, showing extremely high activity at
approximately 2900 meters before declining at the highest altitudes investigated. These divergent
trends have been observed in other Lamiaceae family species, where local microclimate or
particular altitude thresholds induce unique physiological responses (Azizi et al., 2021; Yavari et
al., 2018). Beyond spatial altitude gradients, our data strongly highlights the massive impact of
temporal, year-to-year climatic variations. The box and whisker analysis, alongside the
spatiotemporal heat matrices, clearly demonstrate a “marked upregulation “in certain years relative
to others. More specifically, for both the cytochrome P450 and its regulatory transcription factor,
there was an apparent increase in baseline expression in the year 2023, which was sustained, and
in some cases, even surpassed in the year 2024. As observed in natural ecosystems, inter-annual
variations in climatic conditions, including precipitation in spring, frost events, and total heat
summation, play an essential role in regulating the physiological stress undergone by populations
in nature (Ashrafi et al., 2022). Based on past findings from Ghorbanpour et al. (2022), it is known
that environmental stresses lead to increased induction of cytochrome P450 genes in Thymus
species. The sudden rise in normalized expression post 2022 is indicative of changing weather
patterns that compelled the wild plant populations on Mount Sabalan to adapt via secondary
metabolic pathways. Because CYP71D178 and CYP71D180 compete for the same precursor,
gamma-terpinene (Krause et al., 2021), their relative expression levels are highly indicative of the



final chemotype of the plant. In a number of elevation levels seen in our study, the gene
CYP71D178 showed slightly elevated fold changes in extremely high elevations relative to
CYP71D180, thus providing molecular reasoning behind the well-known chemotype dominated
by thymol within some high-elevation Thymus ecotypes (Kianersi et al., 2021). Such
transcriptomic competition highlights how carefully regulated is the biological machinery of wild
thyme when it comes to chemical defenses against variable alpine conditions. The application of
structural equation modeling provides a rigorous path analysis that confirms the direct and indirect
causal effects underpinning these observations. Our finalized model demonstrates a strong
statistical fit, explaining a significant proportion of the variance in target gene expression.
Environmental conditions exert a strong direct influence on target gene expression, while also
revealing a powerful two-step indirect pathway: environmental conditions first modulate the
plant’s metabolic profile, which then, in turn, dictates target gene expression. Notably, minimum
humidity (Umin) was identified as a critical environmental "hotspot". Climatic shifts, especially
increased Umin and temperature, act as primary environmental stressors, forcing the plant to
prioritize its metabolic and genetic resources, triggering a significant upregulation of stress-
adaptation genes while simultaneously suppressing growth-focused gene clusters. This suggests
that target gene expression is not a linear response to a single factor but is instead a highly
integrated biological response that considers both the external environment and internal metabolic
status.

Conclusion

This study provides the first comprehensive analysis of the spatiotemporal expression dynamics
of CYP71D178 and CYP71D180 genes in wild thyme (Thymus kotschyanus) across an altitudinal
gradient on Sabalan Mountain. The research demonstrates that these genes exhibit significant
transcriptomic plasticity with complex, non-linear dependencies on altitude and prominent inter-
annual variability. While CYP71D178 showed sustained upregulation at higher altitudes,
suggesting a specific role in antioxidant defense, CYP71DI180 displayed intense, localized
expression peaks, highlighting distinct sensitivity profiles. Ultimately, these findings reveal an
integrated biological response to environmental stress, providing a critical framework for
predicting how climate-driven shifts affect the pharmacological quality of alpine medicinal flora
and offering valuable insights for future conservation and cultivation strategies.

Materials and Methods
Plant Material and Sampling Design

Samples of wild thyme (Thymus kotschyanus) were obtained along an exact altitude gradient
ranging from about 2154 m to 3229 m at Sabalan Mountain. Both the vertical variation and yearly
variation were captured through a systematic collection of samples at 15 different altitudes in a
sequential order starting from lower altitudes to higher altitudes. The collection process occurred
for three successive years, 2022, 2023, and 2024. Fresh leaves were plucked from healthy, mature
plants, rapidly frozen in liquid nitrogen, and kept at -80°C.

RNA Extraction, cDNA Synthesis, and qRT-PCR



Total RNA was obtained from the frozen leaf samples using TRIzol reagent (Yekta tajhiz) by
following the instructions provided by the manufacturer. The quality and quantity of total RNA
was checked using a spectrophotometer. The integrity of total RNA was confirmed through
agarose gel electrophoresis.

Reverse transcription was carried out using 1 ug of total RNA as template using the (Yekta tajhiz)
reverse transcription kit in accordance with the established procedure. Then qRT-PCR was
conducted for determining the levels of expression of target genes, CYP71D178 and CYP71D180
(Table 1).

Real-Time Primers Sequences (5" to 3') Tm °C Amplicon Size (bp)

CYPDI78 F CGACCACTGGCGCCAAATAC 60 179
CYPDI78 R CGATGGTGCACACCGTCTTG
CYPDIBO F AACATCGGGTCGCGGATCAT 60 165
CYPDISOR GATGAGGCGAGCCATCTCGT
UBQ-F AAGACCTACACCAAGCCCAA 54 196
UBQ-R AAGTGAGCCCACACTTACCA

Table 1. The specific primers utilized for the amplification, including their nucleotide sequences
and technical characteristics for Real-Time PCR (qPCR) analysis of CYPD178, CYPDI180, and
UBQ genes.

All experiments were performed in triplicates using a Bio-Rad CFX96 Real-Time PCR Detection
machine and Power up SYBR Green Master Mix. The thermocycling protocol included an initial
step at 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 seconds, and 60°C for 60 seconds.

Gas Chromatography-Mass Spectrometry Analysis

The chemical composition of the essential oil was analyzed using a gas chromatograph (Agilent
7890B) coupled to a mass selective detector (Agilent 5977A). Separation was achieved on an HP-
SMS capillary column (30 m x 0.25 mm 1i.d., film thickness 0.25 um). The oven temperature
program was set as follows: initial temperature of 60 °C (held for 5 min), increased to 250 °C at a
rate of 3 °C/min, and held at 250 °C for 10 min. The injector temperature was maintained at 250
°C. A sample volume of 1 pL was injected in split mode (split ratio 1:50). Helium was used as the
carrier gas at a constant flow rate of 1.0 mL/min. The mass spectrometer operated in electron
ionization (EI) mode at 70 eV. The ion source and quadrupole temperatures were set at 230 °C and
150 °C, respectively. Mass spectra were recorded in the range of 40-550 m/z. Compound
identification was performed by comparing mass spectra with those in NIST (2017) and Wiley
libraries, along with comparison of calculated linear retention indices (LRI) with literature values.
LRI values were determined using a homologous series of n-alkanes (C8—C40) under identical
conditions. Relative quantification of components was based on peak area normalization without
the use of an internal standard and expressed as percentage of total ion chromatogram (TIC). Only
compounds with a match quality >90% and LRI deviation <10 units were considered.

Data Processing and Statistical Analysis



The relative quantification was done using comparative 244 technique with normalization to the
chosen endogenous gene. For selective analysis, the sampling elevation values were divided into
two different altitudes: Low Altitude (< 2700 m) and High Altitude (>2700 m).

Statistical analyses and data visualizations were executed to evaluate the isolated and combined
effects of altitude and time on target gene fold changes. Box and whisker plots were generated to
assess the distribution and variance of fold change by gene, year, and altitude group. To evaluate
the non-linear relationship between continuous sampling altitude and the log2 Fold Change of
expression, a quadratic regression analysis was applied with fitted regression curves.
Spatiotemporal heat matrices were constructed to directly map the distribution of expression
intensity across all measured altitudes and years. Statistical significance across groups was
evaluated using ANOVA followed by Tukey's test, with significance thresholds denoted
conventionally (ns = not significant, * = p<0.05, ** = p<0.01).

Data availability

All relevant data can be found within the manuscript and its supporting materials, and further
inquiries can be directed to the corresponding author.

References

Alipour, M., Rahimi, A., & Mahdavikia, H. (2025). Integrated metabolomics and transcriptomic
analyses to study the effects of water stress in Thymus species. Frontiers in Plant Science, 16,
Article 1557446.

Ashrafi, S., Esmaeilzadeh, B., & Soltani, A. (2022). Phytochemical and molecular adaptations
associated with environmental stress in medicinal plants. /ndustrial Crops and Products, 184,
115042.

Azizi, H., Hodaei, M., & Rahimmalek, M. (2021). Essential oil composition and gene expression
in Thymus species under varying environmental conditions. Phytochemistry, 186, 112725.

Bisht, V. K., Kuniyal, C. P., & Kant, R. (2021). Altitudinal variation in secondary metabolites of
medicinal plants in high-altitude regions. Journal of Applied Research on Medicinal and Aromatic
Plants, 22, 100301.

Crocoll, C., Asbach, J., Novak, J., Gershenzon, J., & Degenhardt, J. (2010). Terpene synthases of
oregano (Origanum vulgare) and thyme (Thymus vulgaris). Plant Physiology, 152(3), 1182—-1193.

Fatemi, S., Karimi, M., & Sefidkon, F. (2024). Methyl jasmonate conferred abiotic tolerance in
Thymus kotschyanus by upregulating cytochrome P450 monooxygenases. Journal of Hazardous
Materials, 462, 133163.

Ghorbanpour, M., Hatami, M., & Kianersi, F. (2022). Effect of methyl jasmonate on thymol,
carvacrol, and expression of key genes in Iranian thyme species. Plant Physiology and
Biochemistry, 170, 314-323.

Hasanvand, M., Mirzaie-asl, A., & Karimzadeh, G. (2022). Gene expression and metabolite
analyses of Thymus species under natural altitudinal stress. Biologia Plantarum, 66, 112—121.



Kianersi, F., Abdollahi, M. R., Mirzaie-asl, A., & Degenhardt, J. (2021). Transcriptome landscape
variation in the genus Thymus provides insights into the biosynthesis of thymol and carvacrol.
Genomics, 113(4), 1954-1967.

Krause, S. T., Liao, P., Crocoll, C., Boachon, B., & Degenhardt, J. (2021). The biosynthesis of
thymol and carvacrol by cytochrome P450s in oregano and thyme. Proceedings of the National
Academy of Sciences, 118(24), €2023150118.

Moradi, S., Mohammadi, R., & Khezri, A. (2020). Morphological and phytochemical screening of
some Thymus ecotypes native to Iran. Journal of Medicinally Active Plants, 9(3), 185—194.

Salehi, P., Rostaei, M., & Shakeri, A. (2019). Altitudinal gradient effects on the expression of
metabolic enzymes in high-altitude rangeland plants. Alpine Botany, 129(2), 143—155.

Yavari, A., Shahgolzari, M., & Safaei, L. (2018). Altitudinal variation in the essential oil
composition of Thymus kotschyanus in the central habitat of Iran. Infernational Journal of
Agriculture and Biology, 20, 1147-1154.

Abbasov, R., & Mamedov, G. (2018). Mountain ecosystem responses to climate variability in the
Caucasus. Journal of Mountain Science, 15(4), 711-724.

Alipour, M., Rahimi, A., & Mahdavikia, H. (2025). Integrated metabolomics and transcriptomic
analyses to study the effects of water stress in Thymus species. Frontiers in Plant Science, 16,
Article 1557446.

Amini, S., Azizi, M., & Joharchi, M. R. (2017). Determination of essential oil composition of
Thymus transcaspicus at different phenological stages. Industrial Crops and Products, 98, 56—62.

Ashrafi, S., Esmaeilzadeh, B., & Soltani, A. (2022). Phytochemical and molecular adaptations
associated with environmental stress in medicinal plants. Industrial Crops and Products, 184,
115042.

Azizi, H., Hodaei, M., & Rahimmalek, M. (2021). Essential oil composition and gene expression
in Thymus species under varying environmental conditions. Phytochemistry, 186, 112725.

Baser, K. H. C., & Buchbauer, G. (2015). Handbook of essential oils: Science, technology, and
applications (2nd ed.). CRC Press.

Bisht, V. K., Kuniyal, C. P., & Kant, R. (2021). Altitudinal variation in secondary metabolites of
medicinal plants in high-altitude regions. Journal of Applied Research on Medicinal and Aromatic
Plants, 22, 100301.

Boachon, B., Buell, C. R., & Dudareva, N. (2018). Biosynthesis and regulation of plant volatiles.
The Plant Journal, 94(4), 624—641.

Burt, S. (2004). Essential oils: Their antibacterial properties and potential applications in foods—
A review. International Journal of Food Microbiology, 94(3), 223-253.



Chaves, M. M., Maroco, J. P., & Pereira, J. S. (2003). Understanding plant responses to drought—
From de novo synthesis of intermediates to the whole plant. Functional Plant Biology, 30(3), 239—
264.

Crocoll, C., Asbach, J., Novak, J., Gershenzon, J., & Degenhardt, J. (2010). Terpene synthases of
oregano (Origanum vulgare) and thyme (Thymus vulgaris). Plant Physiology, 152(3), 1182—-1193.

Delfine, S., Loreto, F., Pinelli, P., Tognetti, R., & Alvino, A. (2005). Isoprenoid emission in
Rosmarinus officinalis as affected by water stress. Plant, Cell & Environment, 28(11), 1338—1347.

Ebrahimie, E., & Naghavi, M. R. (2014). Bioinformatics and systems biology approach in
identifying stress-responsive genes. Methods in Molecular Biology, 1150, 45-60.

Emami-Bistgani, J., Siadat, S. A., Bakhshandeh, A., Pirbalouti, A. G., & Hashemi, M. (2017).
Interactive effects of drought stress and chitosan application on physiological characteristics and
essential oil yield of Thymus daenensis. The Philippine Agricultural Scientist, 100(1), 36—44.

Fatemi, S., Karimi, M., & Sefidkon, F. (2024). Methyl jasmonate conferred abiotic tolerance in

Thymus kotschyanus by upregulating cytochrome P450 monooxygenases. Journal of Hazardous
Materials, 462, 133163.

Gershenzon, J., & Dudareva, N. (2007). The function of terpene natural products in the natural
world. Nature Chemical Biology, 3(7), 408—414.

Ghasemi Pirbalouti, A., Karimi, I., Yousefi, M., & Fatahi-Vanani, M. (2011). Altitudinal variation
in the essential oil composition of Thymus kotschyanus from central Iran. Journal of Essential Oil
Research, 23(6), 1-6.

Ghorbanpour, M., Hatami, M., & Kianersi, F. (2022). Effect of methyl jasmonate on thymol,
carvacrol, and expression of key genes in Iranian thyme species. Plant Physiology and
Biochemistry, 170, 314-323.

Hasanvand, M., Mirzaie-asl, A., & Karimzadeh, G. (2022). Gene expression and metabolite
analyses of Thymus species under natural altitudinal stress. Biologia Plantarum, 66, 112—121.

Hofmann, N. R. (2021). Elucidating the biosynthesis of thymol and carvacrol. The Plant Cell,
33(9), 2911-2912.

Jamshidi, R., Afzali, Z., & Afzali, D. (2006). Chemical composition of the essential oil of Thymus
kotschyanus from Iran. Chemistry of Natural Compounds, 42(5), 618—619.

Kianersi, F., Abdollahi, M. R., Mirzaie-asl, A., & Degenhardt, J. (2021). Transcriptome landscape
variation in the genus Thymus provides insights into the biosynthesis of thymol and carvacrol.
Genomics, 113(4), 1954-1967.

Kizil, S. (2010). The effects of different row spaces and harvest stages on essential oil content and
composition of Thymbra spicata L. Industrial Crops and Products, 32(3), 184—188.



Krause, S. T., Liao, P., Crocoll, C., Boachon, B., & Degenhardt, J. (2021). The biosynthesis of
thymol and carvacrol by cytochrome P450s in oregano and thyme. Proceedings of the National
Academy of Sciences, 118(24), €2023150118.

Lange, B. M., & Ahkami, A. (2013). Metabolic engineering of plant monoterpenes, sesquiterpenes
and diterpenes—Current status and future opportunities. Plant Biotechnology Journal, 11(2), 169—
196.

Loreto, F., Pollastri, S., Fineschi, S., & Velikova, V. (2014). Volatile isoprenoids and their
importance for plant life in the past, present and future atmosphere. Botanical Journal of the
Linnean Society, 175(1), 1-9.

Mahdavikia, H., Rahimi, A., & Alipour, M. (2024). Chemotype variations in Thymus species
native to different ecological zones. Journal of Agricultural Science, 16(3), 202-215.

Majdi, M., Malekzadeh-Mashhady, A., Maroufi, A., & Crocoll, C. (2017). Tissue-specific gene-
expression patterns of genes associated with thymol/carvacrol biosynthesis in thyme (Thymus
vulgaris L.) and their differential changes upon treatment with abiotic elicitors. Plant Physiology
and Biochemistry, 115, 152—162.

Moradi, S., Mohammadi, R., & Khezri, A. (2020). Morphological and phytochemical screening of
some Thymus ecotypes native to Iran. Journal of Medicinally Active Plants, 9(3), 185—194.

Naghibi, F., Mosaddegh, M., Mohammadi Motamed, S., & Ghorbani, A. (2005). Labiatae family
in folk medicine in Iran: From ethnobotany to pharmacology. Iranian Journal of Pharmaceutical
Research, 2, 63-79.

Najar, B., Pistelli, L., Cervelli, C., & Miele, M. (2018). Volatile emission of Thymus kotschyanus
grown under Mediterranean conditions. Molecules, 23(11), 2975.

Nickavar, B., Mojab, F., & Dolat-Abadi, R. (2005). Analysis of the essential oils of two Thymus
species from Iran. Food Chemistry, 90(4), 609-611.

Penuelas, J., & Llusia, J. (2003). BVOCs: Plant defense against climate warming? Trends in Plant
Science, 8(3), 105-109.

Radwan, A., El-Hefny, M., & Khalifa, S. (2021). Altitudinal effects on active components of
Labiatae family in mountainous habitats. Ecological Indicators, 124, 107380.

Rahimmalek, M., Mirzakhani, M., & Ghasemi Pirbalouti, A. (2013). Essential oil variation among
21 wild populations of Thymus kotschyanus as a method for selective breeding. Industrial Crops
and Products, 45, 290-299.

Salehi, P., Rostaei, M., & Shakeri, A. (2019). Altitudinal gradient effects on the expression of
metabolic enzymes in high-altitude rangeland plants. Alpine Botany, 129(2), 143—155.

Sarkozy, A., & Galambosi, B. (2010). Cultivation of Thymus kotschyanus in northern climatic
conditions. Journal of Herbs, Spices & Medicinal Plants, 16(2), 114—-121.



Sefidkon, F., Dabiri, M., & Rahimi-Bidgoli, A. (1999). The effect of distillation methods and stage
of plant growth on the essential oil content and composition of Thymus kotschyanus. Flavour and
Fragrance Journal, 14(6), 405—408.

Soorni, A., Tohidi, B., & Shobbar, Z. S. (2019). Transcriptome analysis of Thymus daenensis and
Thymus vulgaris under drought stress. Plant Physiology and Biochemistry, 137, 24-35.

Takaloo, M. G., Khaksari, M., & Soltani, B. (2012). Altitude effects on essential oil compounds
of Thymus kotschyanus in northern Iran. Journal of Medicinal Plants, 11(44), 173—182.

Tohidi, B., Rahimmalek, M., & Arzani, A. (2017). Essential oil composition, total phenolic,
flavonoid contents, and antioxidant activity of Thymus species collected from different regions of
Iran. Industrial Crops and Products, 97, 104—114.

Werner, N., & Schalk, M. (2020). Engineering the biosynthesis of cyclic monoterpenes in
microbial platforms. Applied Microbiology and Biotechnology, 104(12), 5211-5223.

Yavari, A., Shahgolzari, M., & Safaei, L. (2018). Altitudinal variation in the essential oil
composition of Thymus kotschyanus in the central habitat of Iran. International Journal of
Agriculture and Biology, 20, 1147-1154.

Zarshenas, M. M., & Khemis, H. (2020). An overview on the medical and pharmacological
properties of Thymus genus. Phytotherapy Research, 34(7), 1499-1519.

Zhang, Y., & Moeller, C. (2017). Genetic regulation of plant specialized metabolism under
environmental stresses. Current Opinion in Plant Biology, 38, 22-29.

Zurayk, R., & Nimah, M. (2000). Indigenous knowledge and management of herbal plants in
mountain terraces. Mountain Research and Development, 20(3), 220-225.

Acknowledgment

The authors express their sincere gratitude to the University of Mohaghegh Ardabili for providing
the necessary facilities and support for this research. We acknowledge the Sarein Meteorological
Synoptic Station for providing essential climate data, and we are deeply grateful to the nomads of
the Sabalan region (Shahsun tribes) for their invaluable cooperation during plant sampling. Special
thanks are also extended to the laboratory staff and colleagues who assisted with the technical
aspects and data analysis of this study.

Author Contributions

Maryam Samadi, conducted the research as her PhD dissertation and prepared the first draft of the
manuscript. Omid Sofalian, supervised and funded the project, and edited the manuscript.
Noraddin Hosseinpour Azad: Proposed the research idea, Supervised and Project administration,
Conceptualization, Writing and editing the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

* Metabolitesdataforanalyze.xlsx

e normalizedCTCYPD178year2023.csv
e normalizedCTCYPD180year2023.csv
e normalizedCTCYPD180year2024.csv
e normalizedCTCYP178year2024.csv

e normalizedCTCYPD180year2022.csv
e normalizedCTCYPD178year2022.csv
e Sareinsinopticdata202220232024.xlsx


https://assets-eu.researchsquare.com/files/rs-9801633/v1/af5f9ecc4ed664cb6298a221.xlsx
https://assets-eu.researchsquare.com/files/rs-9801633/v1/35c93b30511afae7785d13ae.csv
https://assets-eu.researchsquare.com/files/rs-9801633/v1/73ee9aec69f5418be8df14be.csv
https://assets-eu.researchsquare.com/files/rs-9801633/v1/43376f7b5cb90cd24771a77e.csv
https://assets-eu.researchsquare.com/files/rs-9801633/v1/1e8a3df0aa44d3540fb420a2.csv
https://assets-eu.researchsquare.com/files/rs-9801633/v1/15304302ed6032dc506ebd22.csv
https://assets-eu.researchsquare.com/files/rs-9801633/v1/1abb03120777a77cd7216968.csv
https://assets-eu.researchsquare.com/files/rs-9801633/v1/9f2e6035ac3e827ab98fb95f.xlsx

