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Untargeted metabolomics based
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components during cigar aging
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and Baojiang He1*

1Key Laboratory in Flavor and Fragrance Basic Research, Zhengzhou Tobacco Research Institute,
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Sichuan China Tobacco Industry Co., Ltd., Chengdu, China
Cigar aging plays a critical role in enhancing �avor complexity and overall quality
of cigar. In this study, an untargeted metabolomics method based on headspace
solid-phase microextraction coupled with gas chromatography– mass
spectrometry (HS-SPME-GC-MS) was used to comprehensively pro�le volatile
compounds and track their dynamic changes during aging. A total of 1,836
volatile compounds were identi�ed, primarily comprising heterocyclics,
terpenoids, ketones, and esters. Multivariate analyses, including principal
component analysis (PCA) and orthogonal partial least squares discriminant
analysis (OPLS-DA), segmented the aging process into four distinct stages, with
most differential metabolites showing upregulated trends. Notably, terpenoids
exhibited substantial increases in both diversity and abundance. KEGG pathway
enrichment analysis highlighted signi�cant involvement of sesquiterpenoid and
triterpenoid biosynthesis pathways in cigar aging process. Analysis based on
relative odor activity values (rOAV) indicated a progressive enhancement of fruity,
�oral, honey, woody, and sweet notes, while coffee, roasted, hay, burnt, and spicy
aromas declined over time. By integrating rOAV data with K-means clustering
analysis, 21 key aroma-active compounds were identi�ed to be closely
associated with the aroma changes during aging, including 14 consistently
upregulated compounds (e.g., (E)-b-damascone, d-cadinene) and 7
downregulated ones (e.g., 2-ethyl-3,5-dimethylpyrazine, 3-octen-2-one).
These �ndings provide new insights into the metabolic basis of cigar aging and
offer a scienti�c foundation for optimizing industrial aging processes.
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1 Introduction

Cigars are premium tobacco products composed entirely of whole
tobacco leaves—including the wrapper, binder, and �ller—and are
widely appreciated for their mellow �avor and rich aroma (Jiang et al.,
2024; Yang et al., 2024). The production process involves multiple
stages, including cultivation, curing, fermentation, rolling, and aging
(Hu et al., 2022b; Si et al., 2023). Freshly rolled cigars often exhibit
harshness and poor �avor harmony, thereby necessitating an aging
stage to enhance overall sensory quality (Zhang et al., 2024a). Aging is
typically conducted under controlled temperature and humidity
conditions, which sustain the activity of endogenous enzymes and
microorganisms. These enzymatic and microbial agents facilitate the
degradation of irritating substances and promote the integration of
aroma-related compounds, thereby improving the smoothness and
complexity of the �nal product (Xue et al., 2023). The duration of aging
depends on cigar type and market tiers, ranging from several weeks for
mass-market products to multiple years for premium lines. As the
saying goes, “30% of a cigar’s quality comes from the leaf, 70% from
aging,” which underscores the critical role of post-production
maturation (Zhu et al., 2025).

In recent years, advanced analytical techniques have been
applied to explore the chemical transformations and mechanisms
involved in cigar aging. Zhu et al. (2025) used HS-GC-IMS to
analyze volatiles under varying aging conditions, identifying aging
time as the most in�uential factor in aroma differentiation. Hu et al.
(2023) combined sensory analysis, chemical pro�ling, and
microbial sequencing to assess the impact of different aging
media, �nding that a “coffee” media signi�cantly enhanced aroma
complexity and altered the surface microbiota within 30 days. Xue
et al. (2023) revealed how aging environments regulate microbial
successions and the degradation of sugars and alkaloids,
underscoring the synergy effect of microbials and chemical
transformations in cigar �avor development. However, current
research mainly focuses on short-term aging (<90 days) or
speci�c aging conditions, with limited insights into the long-term
dynamics of aroma compounds, the identi�cation of key volatiles,
and their functional roles during extended aging.

Cigar �avor is a key quality indicator, re�ecting consumer
preferences and production evaluation. It depends on the
composition and abundance of volatile compounds. HS-SPME-GC-
MS is widely recognized as a preferred technique for analyzing
volatiles in complex plant matrices due to its solvent-free
operation, simplicity, and high sensitivity (Baky et al., 2024). The
relative odor activity value (rOAV), calculated as the ratio of
compound concentration to its odor threshold, is commonly used
to quantify each volatile’s contribution to overall aroma (Sun et al.,
2022). Compounds with rOAV � 1 are considered key aroma
contributors, while those with values �10 are regarded as having a
pronounced sensory contribution (Xiao et al., 2022; Gou et al., 2023).
Liang et al. (2024) applied HS-SPME-GC-MS in conjunction with
metabolomics and rOAV analysis to identify key aroma compounds
in Liubao tea, revealing the variation patterns of these compounds
during fermentation and their in�uence on the �avor notes of Liubao
tea. Even though this approach has been widely applied in tea, coffee,
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and other botanical systems (Mourªo et al., 2023; Gu et al., 2025;
Zhang et al., 2025), it has been scarcely explored in the context of
cigar aging.

This study utilized HS-SPME-GC-MS combining with rOAV
analysis to investigate the temporal dynamics of volatile metabolites
during long-term cigar aging, with a speci�c focus on identifying
key aroma-active compounds and elucidating their formation
mechanisms. This work aims to advance the understanding of
aroma evolution during cigar aging.
2 Materials and methods

2.1 Samples and reagents

Cigar samples were manufactured by the Great Wall Cigar
Factory (China Tobacco Sichuan Industrial Co., Ltd.) using a �xed
commercial formula, with the wrapper sourced from Ecuador, the
binder from Indonesia, and the �ller comprising a mixture of cigar
tobacco leaves from Sichuan (China) and the Dominican Republic.
All cigars were hand-rolled by the same experienced roller and
immediately stored at –20°C for two days to prevent insect damage.
Aging was performed in Spanish cedar cabinets under controlled
conditions (60% – 2% relative humidity, 20°C – 2°C). Samples were
collected at 0 (S0), 1 (S1), 2 (S2), 4 (S3), 17 (S4), and 18 (S5) months.
At each collection, six cigars were randomly selected as replication
for HS-SPME-GC-MS analysis. All samples were stored at –80°C in
sterile bags until further analysis. To monitor analytical stability,
quality control (QC) was inserted every ten samples during
instrumental analysis. The QC was generated by pooling equal
volumes from all experimental samples.

Sodium chloride (NaCl) was obtained from Merck (USA). The
C7–C40 alkane standard and the internal standard 3-Hexanone-
2,2,4,4-d4 were purchased from Sigma-Aldrich (Shanghai, China).
Ultrapure water was prepared using a Smart2Pure system (Thermo
Fisher Scienti�c, USA).
2.2 Sample pretreatment

Frozen cigar samples were removed from –80°C storage,
sectioned, and ground under liquid nitrogen. 500 mg of the
resulting powder was accurately weighed on an MS105DU
analytical balance (Mettler Toledo, Zurich, Switzerland) and
transferred into a 20 mL headspace vial (Agilent, Palo Alto, CA,
USA). Subsequently, 2 mL of saturated NaCl solution and 10 mL of
internal standard solution (3-Hexanone-2,2,4,4-d4, 10 mg/mL) were
added with a pipette (Eppendorf, Hamburg, Germany).
2.3 Extraction and identi� cation of volatile
metabolites

Volatiles were extracted using HS-SPME according to
the method described by Chen et al. (2025). After 5 min of
frontiersin.org
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incubation at 60°C, a 120 mm DVB/CWR/PDMS �ber (SPME
Arrow, Agilent) was inserted into the vial for 15 min of
headspace extraction. The �ber was then desorbed in the injector
at 250°C for 300 s.

GC-MS analysis was conducted on an Agilent 8890 gas
chromatograph coupled with a 7000D triple quadrupole mass
spectrometer, equipped with a DB-5MS capillary column (30 m ×
0.25 mm × 0.25 mm). Helium (�99.999%) was used as the carrier gas
at a constant �ow rate of 1.2 mL/min. Injection was performed in
splitless mode at 250°C, with a solvent delay of 3.5 min. The oven
program was: 40°C (3.5 min) � 100°C at 10°C/min � 180°C at
7°C/min � 280°C at 25°C/min (5 min hold). The MS was operated
in selected ion monitoring (SIM) mode with electron impact (EI)
ionization at 70 eV. The ion source, quadrupole, and transfer line
temperatures were set at 230°C, 150°C, and 280°C, respectively. For
the qualitative identi�cation of each compound, one quantitative
and two to three qualitative ions were selected and monitored
sequentially according to their elution times. The compound was
considered successfully identi�ed when the observed retention time
(RT) was consistent with the entry in our local database (MWGC
database) (Yuan et al., 2022), and all pre-selected ions were still
detected after background signal subtraction.

Semi-quanti�cation was performed using 3-Hexanone-2,2,4,4-
d4 as the internal standard. The concentration of compound Xi (mg/
g) was calculated using the following equation:

Xi =
Vs*Cs

M *
Ii

Is
*10�3

Where: Vs is the volume of the internal standard (mL), Cs is its
concentration (mg/mL), M is the sample mass (0.5 g), Ii is the peak
area of compound i, and Is is the peak area of the internal standard.
2.4 Calculation of relative odor activity
value

Key aroma compounds were screened based on their relative
odor activity value (rOAV), which was calculated as the ratio of
each compound’s concentration to its odor threshold. Odor
descriptors and threshold data were obtained from the Good
Scents Company (http://www.thegoodscentscompany.com), the
Per�avory database (http://per�avory.com), the LRI & Odor
Database – Odor Data (http://www.odour.org.uk/odour/
index.html), and the Food Flavor Lab (http://food�avorlab.cn/
#/home). The rOAV for each compound was calculated as
follows, according to the method described by Peng et al. (2024):

rOAVi =
Xi

Ti

where Xi is the concentration (mg/g) and Ti is the odor
threshold (mg/g) of compound i.
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2.5 Statistical analysis

Statistical analyses were performed using Python and R. One-way
ANOVA followed by Tukey’s post hoc test was conducted in Python
(statsmodels, v0.14.1), with statistical signi�cance set at p< 0.05.
Groups labeled with the same letter were considered not
signi�cantly different. PCA was performed to discriminate the
volatiles changes upon cigar aging according to Maurya et al.
(2018), and was computed using the ‘prcomp’ function in R. The
Pearson correlation coef�cients were computed using the ‘cor’
functions. Heatmaps were visualized using the ‘ComplexHeatmap’
package. OPLS-DA was performed using the ‘MetaboAnalystR’
package, and differential metabolites were identi�ed based on
variable importance in projection (VIP) > 1, absolute log2 fold
change (|log2FC|) > 1.0, and p< 0.01. Unsupervised clustering was
performed using the ‘kmeans’ function on unit variance (UV)-scaled
data, and clustering trends were visualized using the ‘ggplot2’ package.
KEGG annotation of differential metabolites was conducted using the
KEGG Compound Database (http://www.kegg.jp/kegg/compound/)
and KEGG Pathway Database (http://www.kegg.jp/kegg/
pathway.html). Subsequent pathway enrichment analysis was
performed using metabolite set enrichment analysis (MSEA) with
hypergeometric testing to assess signi�cance.
3 Results

3.1 Overview of volatile metabolites
changes during cigar aging

A total of 1,836 volatile metabolites were identi�ed across all
sampling time points (Figure 1A; Supplementary Table S1),
including 377 terpenoids, 332 esters, 216 heterocyclics, 184
ketones, and other compound classes, with terpenoids being the
most abundant compounds. As shown in Figure 1B, heterocyclics,
terpenoids, ketones, and esters were the most abundant and
exhibited pronounced temporal variation. Notably, terpenoid
content increased from 49.18 mg/g at S0 to 139.5 mg/g at S5.

Principal component analysis (PCA) was used to visualize the
temporal distribution of all samples and distinguish aging stages. In
the two-dimensional PCA score plot (Figure 1C), the �rst two
principal components (PC1 and PC2) explained 43.36% and 15.73%
of the variance, respectively, accounting for a cumulative 59.09%
explanation. Cigar samples from different time points were clearly
separated, and tightly clustering of QC samples demonstrated high
analytical reproducibility. Along PC1, samples exhibited a time-
ordered distribution. Overlap was observed between S0 and S1
(months 0 and 1), and between S4 and S5 (months 17 and 18),
indicating similar volatile pro�les at those samples. Based on these
results, the aging process was divided into four stages: G1 (S0–S1),
G2 (S2), G3 (S3), and G4 (S4–S5).
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3.2 Analyses of differential volatile
metabolites across cigar aging stages

OPLS-DA was used to examine changes of volatile metabolites
among different cigar aging stages. Three pairwise comparison
models were constructed: G1 vs G2, G1 vs G3, and G1 vs G4.
Score plots (Supplementary Figures S1A–C) showed clear
separation between groups, and 200-permutation tests validated
the models. All models yielded R�Y > 0.99 and Q� > 0.98
(Supplementary Figures S1D–F), indicating the strong
explanatory power and predictive accuracy.

Differential volatile metabolites were identi�ed based on combined
selection criteria: VIP � 1, |log2FC| � 1, and p< 0.01 (Supplementary
Tables S2-S4). Volcano plots (Figures 2A–C) visualized expression
differences relative to G1, revealing 180, 260, and 321 upregulated
volatiles, and 28, 26, and 169 downregulated volatiles in G2, G3, and
G4, respectively. Terpenoids, esters, and ketones showed the largest
increases and continued to accumulate with aging (Figures 2D–F). The
Frontiers in Plant Science 04
top 20 metabolites ranked by |log2FC| in each comparison were
pooled, resulting in 49 unique compounds (Figures 2G–I). The
proportion of upregulated metabolites among these top-ranking
compounds increased with aging time, reaching to 100% in the
G1_vs_G4 group. Notably, 8,9-dehydro-neo-isolongifolene (C2), a-
isomethyl ionone (C5), and benzyl thiocyanate (C8) were common to
all three comparisons (highlighted in orange boxes); the �rst two
exhibited progressively increasing fold changes and continuous
accumulation during cigar aging.

Totally, 538 differential volatiles were identi�ed, and 168 were
shared across the comparisons (Figure 3A). K-means clustering
(Supplementary Table S5) revealed eight expression patterns.
Compounds in Sub class 2, Sub class 7, and Sub class 8
(Figure 3B, orange) were predominantly upregulated, while those
in Sub class 3 and Sub class 4 (green) were mainly downregulated.
Sensory annotations such as “sweet,” “woody,” “�oral,” and “fruity”,
were mostly annotated in upregulated group (Figure 3C) compared
with the downregulated group (Figure 3D).
FIGURE 1

Volatile compounds classi�cation and their compositional changes during cigar aging. (A) The number of volatile metabolites detected in cigar
samples; (B) Changes in volatile metabolites during cigar aging. Different letters indicate signi�cant differences (p< 0.05) among different sampling
times; (C) PCA analysis of cigar samples from 18 months aging process based on volatile metabolites.
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FIGURE 2

Differential metabolites analysis at different aging stages compared with G1. Volcano plots of G1 vs G2 (A), G1 vs G3 (B), and G1 vs G4 (C), (x-axis
indicates fold change magnitude, y-axis represents statistical signi�cance. Red dots indicate signi�cantly upregulated metabolites, green dots
indicate downregulated ones, and gray dots indicate non-signi�cant differences). Bidirectional bar charts showing the number of up- and
downregulated metabolites (numbers on the y-axis and bars indicate the count) for G1 vs G2 (D), G1 vs G3 (E), G1 vs G4 (F). Top 20 metabolites with
the highest |log2FC| values in comparison group of G1 vs G2 (G), G1 vs G3 (H), G1 vs G4 (I). Red indicates upregulation, green indicates
downregulation. Compound names are shown as codes, and compounds common to all three comparisons are outlined in solid orange boxes.
(J) compounds names for those codes in (G-I).
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