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Abstract

Finger citron (Citrus medica ‘Fingered’) is used as a raw material for essential oil extraction
due to its distinctive fragrance. Studies have predominantly focused on the fruit, but
the aroma components of the leaves have not yet been systematically compared. This
study used headspace solid-phase microextraction gas chromatography mass spectrometry
combined with the relative odor activity value (ROAV) and molecular docking to analyze
the volatile compound composition, aroma characteristics, and interactions with human
olfactory receptor OR1A1 in leaves of different finger citron cultivars. Based on pooled
samples of six individual plants per cultivar, a total of 394 compounds were tentatively
identified among all of the cultivars, with terpenoids being the most abundant class.
(+)-Sylvestrene, geranial, and neral were the three components with the highest relative
contents. Analysis of the pooled samples preliminarily revealed differences in volatile
composition among cultivars. Yunfoshou had the relatively highest total volatile content.
The volatile profiles of QingyiTongzi, Xiuzhen, Tianci, Cuiyu, Kaixin, and Guangfoshou
were relatively similar to each other but differed from those of Yangguang and Yunfoshou.
Thirteen key aroma-active compounds were screened using ROAV analysis, and linalool
exhibited the highest ROAV across all of the cultivars. The aroma profiles of all of the
cultivars were predominantly floral. Molecular docking predictions showed that the
binding energies of the 13 key aroma compounds with OR1A1 ranged from −5.859 to
−8.652 kcal/mol, with Asn109 and Tyr258 involved in hydrogen bonding and hydrophobic
interactions, respectively. This study preliminarily reveals the aroma characteristics of
leaves from different finger citron cultivars and provides a preliminary theoretical basis for
finger citron breeding and the development of deep-processed leaf products.

Keywords: Fingered citron leaves; aroma compounds; relative odor activity value (ROAV);
molecular docking

1. Introduction
Finger citron (Citrus medica ‘Fingered’), which belongs to the Rutaceae family, has

long been valued in traditional medicine for its therapeutic effects [1–3]. In addition
to its medicinal uses, finger citron is cultivated as an ornamental potted plant and a
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raw material for essential oil extraction due to its distinctive morphology and refreshing
fragrance. Previous studies have demonstrated that essential oil distilled from finger citron
fruit is predominantly composed of monoterpenes, such as limonene and γ-terpinene,
and exhibits a broad range of bioactivities, including anti-inflammatory, antimicrobial,
and antidepressant effects [4–7]. These properties confer application potential in food
processing, flavor, and fragrance industries and aromatherapy.

In China, finger citron is mainly cultivated in Zhejiang, Guangdong, Guangxi, Sichuan,
and Yunnan provinces, where local cultivars have been developed. Aroma components,
which are primarily volatile organic compounds (VOCs), are critical quality indicators and
the foundation of essential oil production [8]. In addition to the fruit, leaves are a key organ
for volatile compound biosynthesis and accumulation in finger citron, and their aroma
composition is closely associated with the overall aroma profile and quality of the plant.

The aroma compound composition and content are jointly regulated by genetic fac-
tors and environmental conditions [9,10]. The characteristic fragrance of Citrus species
arises from the presence of VOCs, including alcohols, aldehydes, ketones, terpenes, and
esters [11–13]. Xu et al. analyzed the aroma components of finger citron from different geo-
graphical origins using headspace solid-phase microextraction gas chromatography mass
spectrometry (HS-SPME-GC-MS), and they found that geraniol and d-limonene influenced
their aroma profiles [14]. Specifically, Zhejiang finger citron exhibited pronounced woody
and grassy notes, Guangdong finger citron tended to be sweeter, and Yunnan finger citron
had floral characteristics [14]. Song et al. compared the volatiles of finger citron pulp and
peel using headspace solid-phase microextraction (HS-SPME) and purge-and-trap with
Tenax TA adsorbent, revealing a high similarity between the volatile profiles of pulp and
peel, with limonene, α-pinene, and β-pinene being the primary aroma contributors [15].
Wei et al. employed solvent-free microwave extraction as a green approach for isolating
finger citron essential oil, and they identified d-limonene, γ-terpinene, and α-pinene as the
major constituents [16]. However, previous studies have predominantly focused on the
fruit, with relatively little comparison of leaf aroma among cultivars and identification of
aroma-active compounds.

Although finger citron fruit is a conventional source of essential oil, its irregular
shape makes peeling difficult, and using whole fruit for oil extraction reduces material
utilization efficiency since oil glands are predominantly located in the peel. In addition
to fruit, oil glands are also abundantly distributed in leaves, flowers, and stems [17],
rendering the entire plant suitable for essential oil production. Compared to fruit, leaves—
as major organs of volatile metabolism—offer advantages in terms of sampling convenience
and material availability. Lin et al. compared the essential oils from fruit and leaves
of Sichuan finger citron and found 22 common compounds, but their relative contents
differed significantly [18]. Further, finger citron leaf essential oil exhibits bioactivities,
such as inhibiting bacterial proliferation and tumor cell viability [7,19]. These findings
indicate that finger citron leaves complement fruit-based aroma research and have an
independent research and development value. Recently, molecular docking technology has
been increasingly applied to investigate the interactions between aroma compounds and
olfactory receptors, offering a novel perspective for understanding aroma characteristics at
the molecular level [20–23].

Against this background, the present study aimed to identify the volatile components
of leaves from finger citron cultivars using HS-SPME-GC-MS, screen differential characteris-
tic compounds among cultivars through multivariate statistical analysis, and determine the
binding modes of key aroma-active compounds to olfactory receptors via molecular dock-
ing. The findings provide scientific evidence for the evaluation of germplasm resources,
utilization of leaf by-products, and targeted regulation of aroma quality in finger citron.

https://doi.org/10.3390/horticulturae12101289

https://doi.org/10.3390/horticulturae12101289


Horticulturae 2026, 12, 1289 3 of 16

2. Materials and Methods
2.1. Plant Materials and Equipment

Since harvesting young finger citron leaves affects plant growth, mature leaves were
selected for the experiments. Finger citron leaves were collected on 2 May 2025, from the
Jinhua Finger Citron Germplasm Repository in Jinhua City, Zhejiang Province, China. All
of the cultivars had been cultivated at this base for more than two years, showed a uniform
tree age of three years and consistent growth conditions, and were grown in the same
controlled greenhouse facility. No pesticides were applied for 15 days prior to sampling.
The following cultivars were tested (Figure 1): QingyiTongzi (QYTZ), Xiuzhen (XZ), Tianci
(TC), Cuiyu (CY), Yangguang (YG), Kaixin (KX), Guangfoshou (GFS), and Yunfoshou (YFS).
GFS and YFS seedlings were sourced from Lecheng Town, Gaoyao District, Zhaoqing City,
Guangdong Province, and Tuantian Town, Mojiang County, Pu’er City, Yunnan Province,
respectively. Six plants were randomly selected from each cultivar as biological replicates.
Two fully mature leaves of similar size were collected from the spring shoots of each plant.
The samples were ground in liquid nitrogen and evenly divided into three portions as
technical replicates for the experiments.

 

Figure 1. Photographs of fruit (A) and leaves (B) of eight finger citron cultivars. From left to right:
QingyiTongzi (QYTZ), Xiuzhen (XZ), Tianci (TC), Cuiyu (CY), Yangguang (YG), Kaixin (KX), Guang-
foshou (GFS), and Yunfoshou (YFS). The images are presented solely for representative morphological
comparison.

The following instruments and equipment were used: 7000D triple quadrupole gas
chromatography–mass spectrometry system (Agilent Technologies, Santa Clara, CA, USA);
HP-5MS capillary column (30 m × 0.25 mm × 0.25 µm, Supelco, Bellefonte, PA, USA);
30/50 CAR/DVB/PDMS fiber assembly (Supelco, Bellefonte, PA, USA); and a constant-
temperature water bath (JingHong Instrument Co., Ltd., Shanghai, China).

2.2. Headspace Solid-Phase Microextraction (HS-SPME)

The SPME fiber was preconditioned at 250 ◦C for 30 min prior to use to ensure fiber
reliability [14]. A 500 mg aliquot of each sample was placed into a 20 mL headspace vial,
and 2 mL of saturated NaCl solution and 20 µL of o-dichlorobenzene internal standard
solution (10 µg/mL) were added. The vial was incubated in a constant-temperature water
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bath at 60 ◦C for 30 min for adsorption. After incubation, the fiber was inserted into the GC
injection port and thermally desorbed at 250 ◦C for 5 min.

2.3. GC-MS Conditions

For gas chromatography, separation was performed on an HP-5MS capillary column
(30 m × 0.25 mm × 0.25 µm, Agilent Technologies, Santa Clara, CA, USA). The injector
temperature was set at 250 ◦C, with helium as the carrier gas at a constant flow rate of
1.0 mL/min. Injection was conducted in splitless mode, and the solvent delay was set to
5 min. The oven temperature program was run as follows: initial temperature of 40 ◦C held
for 3 min, ramped to 100 ◦C at 3 ◦C/min, and then ramped to 230 ◦C at 5 ◦C/min and held
for 20 min.

The mass spectrometry conditions were as follows: electron ionization (EI) source at
70 eV; ion source temperature, 230 ◦C; interface temperature, 250 ◦C; only full-scan mode
with a mass acquisition range of m/z 20–350.

2.4. Qualitative and Quantitative Analysis of Volatile Compounds

For qualitative analysis, retention indices (RIs) of the detected compounds were
determined using a series of n-alkane standards (C8–C30). Compounds were identified by
matching the mass spectra against the NIST 20.L Libraries, and only compounds with a
matching degree greater than 80% were retained. The calculated RI of each compound was
matched against the literature for qualitative confirmation, and a deviation of ±10 was
allowed between the measured and literature RI values. For compounds whose RIs could
not be calculated, those present in all three technical replicates were retained. The RI for
each compound was calculated using the following formula:

RI = 100 × n + 100 × (ta − tn)/(tn+1 − tn) (1)

where ta is the retention time of analyte peak a, and tn and tn+1 are the retention times of
the n-alkanes with carbon numbers n and n + 1, respectively.

For semi-quantitative analysis, the contents of volatile compounds were calculated
using the internal standard method using the following formula:

Ca = (Ci × Vi/M0) × (Aa/Ai) (2)

where Ca is the volatile compound content (µg/g); Ci is the internal standard concentration
(µg/g); Vi is the internal standard volume (mL); M0 is the sample mass (g); Aa is the peak
area of the volatile compound; and Ai is the peak area of the internal standard.

2.5. Relative Odor Activity Value (ROAV) Analysis

The contribution of each volatile compound to the overall aroma was evaluated using
the relative odor activity value (ROAV) method, as described by Liu et al. [24], using the
following formula:

ROAVa = (C%a/C%max) × (Tmax/Ta) × 100 (3)

where C%a is the relative volatile compound content, Ta is the odor threshold of the
volatile compound (µg/g), and C%max and Tmax are the relative content and odor thresh-
old, respectively, of the volatile compound contributing the most to the overall aroma of
the sample.

The relative volatile compound contents were calculated based on mean values.
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2.6. Molecular Docking

The three-dimensional (3D) structures of the 13 key aroma compounds were ob-
tained from the PubChem database. The 3D structure model of human olfactory receptor
family 1 subfamily A member 1 (OR1A1) was downloaded from the UniProt database
(UniProt ID: Q9P1Q5). As an experimentally determined crystal or cryo-electron mi-
croscopy (cryo-EM) structure is not currently available for OR1A1, its 3D structure model
was determined from the AlphaFold DB predicted structure (AlphaFoldDB: AF-Q9P1Q5-
F1). Water molecules and the original ligand were removed using PyMOL 3.0.3. The
receptor protein was processed using AutoDock Tools 1.5.7, and the receptor and ligands
were saved in PDBQT format. Potential binding pockets on OR1A1 were predicted using
Cyscore (http://clab.labshare.cn/software/cyscore.html, accessed 10 Apr 2026), gener-
ating five candidate binding sites [25]. Semi-flexible molecular docking was performed
using AutoDock Vina 1.2.7, with nine binding conformations independently generated for
each candidate pocket [26]. The five pockets with the lowest binding energies were com-
pared, and the pocket with the highest absolute binding energy was selected as the most
probable ligand-binding site. The predicted key interacting residues were compared to
those reported in site-directed mutagenesis studies, including Tyr251, Tyr258, and Phe206,
to validate the docking protocol [27–30]. When the predicted residues were consistent
with the experimentally validated residues mentioned above, the validity of the docking
results was supported. The conformation corresponding to the lowest binding energy was
visualized using PyMOL 3.0.3.

2.7. Data Statistics and Analysis

Each technical replicate was treated as a single sample for data analysis. Compounds
were classified based on the in-house database of Wuhan Metware Biotechnology Co.,
Ltd. (Wuhan, Hubei, China). R software (version 4.4.3) was used to perform principal
component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-
DA), and cluster heatmap analysis. The p-values used for differential compound screening
were calculated using a Student’s t-test and adjusted for multiple comparisons using the
Benjamini–Hochberg false discovery rate correction.

3. Results
3.1. Analysis of Volatile Compound Categories in Leaves of Finger Citron Cultivars

In this study, retention indices and mass spectral match factors were used as the sole
criteria for VOC identification. Accordingly, compound assignments should be regarded
as tentative, and the corresponding results serve only as semi-quantitative references. A
total of 394 volatile compounds were tentatively detected in the leaves of the 8 finger
citron cultivars (Figure 2), which were classified into 14 chemical categories as follows:
34 aldehydes, 94 terpenoids, 67 alcohols, 19 ketones, 27 aromatic hydrocarbons, 81 esters,
4 phenols, 3 amines, 31 hydrocarbons, 13 acids, 5 ethers, 2 amides, 5 nitrogen-containing
compounds, and 9 heterocyclic compounds. Terpenoids constituted the highest proportion
in all of the cultivars except YG, with the highest percentage (43.43%) observed in XZ.
Esters had the highest relative content in YG. Ethers were only detected in TC, KX, YG,
and YFS, and amides were detected only in QYTZ, TC, GFS, and YFS. Phenols were not
detected in QYTZ, CY, or GFS.

3.2. Comparison of Volatile Compound Contents in Leaves of Finger Citron Cultivars

Semi-quantitative results showed that YFS had the highest relative content of total
volatiles, while the other cultivars were generally lower (Figure 3D). As shown in Figure 3B,
neral had the highest relative content in QYTZ, followed by geranial. (+)-Sylvestrene was
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the most abundant compound in XZ, YG, and YFS, whereas geranial predominated in TC,
KX, CY, and GFS. Analysis of the volatile profiles among the eight cultivars revealed that YG
had 46 unique volatile components, including cis-calamenene, nerolidol, and 1-hexadecanol
(Figure 3C; Supplementary Table S1). There were 37 unique volatile components, including
phenol, 2-methoxy-, trans-rose oxide, and α-maaliene, in YFS. TC, GFS, KX, QYTZ, CY, and
XZ contained 18, 17, 16, 14, 12, and 2 unique components, respectively. A total of 23 volatile
compounds were common among all eight of the cultivars.

Figure 2. Comparison of volatile compound categories in leaves of finger citron cultivars: (A) bubble
plot showing the number of volatile compounds in each category across cultivars; (B) relative contents
of volatile compound classes in leaves of finger citron cultivars (calculated based on the relative
concentrations of compounds).

Figure 3. Comparison of volatile compound contents in leaves of finger citron cultivars: (A) heatmap
of volatile compound contents, with data normalized using Z-score across the compound dimension;
(B) proportional distribution of the top 10 compounds with the highest relative contents; (C) upset plot
showing the unique and shared volatile compounds among the eight finger citron cultivars; (D) total
volatile content of each cultivar. Different lowercase letters above the bars indicate statistically
significant differences among cultivars (p < 0.05).
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3.3. Analysis of Differential Volatile Compounds Among Finger Citron Cultivars

PCA and OPLS-DA were used to explore differences in the volatile composition of
pooled leaf samples from different cultivars. PCA showed that the three technical replicates
of each cultivar grouped together (Figure 4A), indicating good consistency among replicates.
The variance contribution rates of PC1 and PC2 were 42.85 and 17.41%, respectively, with a
cumulative variance contribution rate of 60.26%. QYTZ, XZ, TC, CY, KX, and GFS clustered
together, suggesting that these cultivars shared similar volatile compositions. YG and
YFS each formed separate clusters positioned at a distance from the others, indicating
differences in leaf volatile profiles compared to the remaining cultivars.

Figure 4. PCA and OPLS-DA of volatile compounds in leaves of finger citron cultivars: (A) PCA
score plot; (B) OPLS-DA score plot; (C) validation plot; (D) OPLS-DA permutation test plot (based on
200 permutations).

The OPLS-DA model (Figure 4C) showed the following parameters: R2X = 0.708,
R2Y = 0.989, and Q2 = 0.962. Based on the results of 200 permutation tests (Figure 4D),
the intercept of the Q2 regression line was < 0, and Q2 = 0.962, indicating that the model
is reliable and free from overfitting. However, this model was still based on technical
replicates and therefore constitutes an exploratory analysis. OPLS-DA (Figure 4B) revealed
that YFS and YG were distantly separated from the other cultivars, consistent with the PCA
findings. Based on the criteria of VIP > 1 and p < 0.05, potential discriminant compounds
for each cultivar relative to the others were preliminarily screened, with 88, 95, 92, 85,
106, 87, 87, and 134 compounds identified in QYTZ, XZ, TC, CY, YG, KX, GFS, and YFS,
respectively (Figure 5). These compounds show potential for discriminating among finger
citron leaves of different cultivars; however, the observed differences remain to be further
validated with independent biological replicates.
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Figure 5. Multi-group comparison of differential volatile compounds in leaves of finger citron culti-
vars. Red and blue dots represent upregulated and downregulated volatile compounds, respectively,
whereas grey dots represent compounds that did not meet the differential criteria.

3.4. Analysis of Key Aroma Compounds in Leaves of Finger Citron Cultivars

Theoretically, ROAVs calculated using air thresholds most closely reflect the actual
perception of leaf aroma. However, determining air thresholds is influenced by various
factors, including the detection method and subject population, and the values reported
for the same compound vary widely among studies. Therefore, water thresholds, which
are based on a more mature database and show lower variability, were selected for the
calculation. As shown in Table 1, a total of 13 volatile compounds exhibited an ROAV
greater than 1 across all of the cultivars, with variations in the number and type of key
aroma components among cultivars. Specifically, QYTZ, XZ, TC, CY, YG, KX, GFS, and
YFS contained 7, 6, 8, 4, 6, 7, 6, and 10 key compounds, respectively. Linalool consistently
exhibited the highest ROAV value across cultivars, contributing the floral note to finger
citron leaves. In addition to linalool, geraniol and β-myrcene in QYTZ contributed floral,
fruity, and herbal notes. In XZ, linalool and geraniol had relatively high ROAVs, resulting
in an overall floral and fruity profile. In addition to linalool, geraniol and β-myrcene
contributed floral–fruity and herbal notes to TC. Among all of the cultivars, the ROAV
of linalool was lowest in YG, whereas that of β-myrcene was highest. CY exhibited the
simplest aroma profile, characterized by floral notes. Linalool, β-myrcene, and geraniol
showed relatively high estimated aroma contributions to YG. Linalool, β-myrcene, geraniol,
and nonanal had relatively high ROAVs in KX, imparting floral, fruity, and orange peel-like
notes. Linalool, geraniol, and β-myrcene had relatively high ROAVs in GFS, resulting in an
overall floral and dry woody profile. Linalool, geraniol, β-myrcene, and nonanal showed
relatively high ROAVs in YFS, contributing floral, sweet fruity, herbal, and woody notes.
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Table 1. ROAV analysis of volatile compounds in leaves of finger citron cultivars.

Components CAS
Aromatic

Thresholds
(µg/g)

QYTZ XZ TC CY YG KX GFS YFS Aroma
Characteristic

Linalool 78-70-6 0.00022 38.15 38.69 36.32 40.58 35.83 36.96 37.71 52.08 floral
Geraniol 106-24-1 0.0011 7.95 10.18 8.53 4.94 8.54 5.91 7.93 12.13 floral, fruity

Naphthalene 91-20-3 0.006 1.17 0.00 0.00 0.00 0.29 0.35 1.06 0.00 dry
Styrene 100-42-5 0.0036 1.83 2.06 1.79 1.95 2.02 1.96 1.86 3.03 sweet
Decanal 112-31-2 0.003 1.51 1.17 2.37 0.00 0.88 2.44 1.67 2.96 orange peel
Nonanal 124-19-6 0.0011 0.00 0.00 5.92 0.00 0.00 4.27 0.00 7.64 orange peel

Phenylacetaldehyde 122-78-1 0.0063 0.27 0.00 0.24 0.24 0.00 0.14 0.00 1.13 citrus, fruity
Germacrene D 23986-74-5 0.0012 [31] 1.30 0.00 0.00 0.00 0.00 1.39 0.00 0.00 woody
β-Myrcene 123-35-3 0.0012 6.53 7.84 6.51 6.82 7.97 6.84 6.29 11.10 balsam, herbal
α-Ionone 127-41-3 0.00378 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.19 floral, woody

δ-Cadinene 483-76-1 0.0015 0.00 1.83 2.88 0.67 3.28 0.00 0.00 4.62 herbal, woody
Ethyl caprate 110-38-3 0.005 0.98 0.32 1.05 0.00 1.04 0.00 0.00 0.00 fruity

Ethyl cinnamate 4192-77-2 0.0007 [32] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 12.31 floral

Note: Thresholds for compounds not specifically annotated were sourced from Compilations of
Odour Threshold Values in Air, Water and Other Media [33]. Aroma characteristics were obtained
from the following website: http://www.thegoodscentscompany.com.

3.5. Molecular Docking of Key Aroma Compounds with the Human Olfactory Receptor OR1A1

OR1A1 is a human olfactory receptor protein that is primarily expressed in the ol-
factory epithelial cells of the nasal cavity, where it plays a critical role in olfactory per-
ception [30]. Molecular docking was performed to analyze the interactions among the
13 volatile compounds with an ROAV > 1 and the human olfactory receptor OR1A1 (Table 2
and Figure 6). The binding energies of the 13 volatile compounds ranged from −5.859 to
−8.652 kcal/mol, suggesting that these compounds interact favorably with the predicted
OR1A1 binding site. Among the 13 compounds, decanal, ethyl caprate, geraniol, nonanal,
and phenylacetaldehyde formed hydrogen bonds with OR1A1, whereas the remaining
eight compounds did not form hydrogen bonds but instead interacted with the amino acid
residues of OR1A1 primarily through hydrophobic interactions. The amino acid residue
Asn109 formed hydrogen bonds with decanal, ethyl caprate, geraniol, nonanal, and pheny-
lacetaldehyde. Except for ethyl cinnamate and naphthalene, the key aroma compounds
exhibited hydrophobic interactions with the Tyr258 residue.

Table 2. Molecular docking of 13 volatile compounds with olfactory receptor OR1A1.

Ligand Binding Energy
(kcal/mol)

Hydrogen Bond
Residue Hydrophobic Interaction Residue

α-Ionone −7.832 - Tyr258, Phe206, Val203, Val254, Ile105, Ile181
Decanal −5.859 Asn109, Asn155 Val254, Tyr276, Phe206, Phe73, Tyr258

δ-Cadinene −8.652 - Phe206, Tyr258, Val203, Val254, His159, Ile181, Ile105

Ethyl caprate −6.524 Asn155, Asn109 Phe73, Tyr276, Met104, Tyr258, Val254, Phe206, Ile105,
His159

Ethyl cinnamate −7.452 - Val203, Phe206, Tyr276, Phe73, Met104

Geraniol −6.597 Gly202, Asn109 Tyr258, Val203, Phe206, Val254, Tyr276, Met104, Ile105,
Tyr178

Germacrene D −7.72 - Phe206, Met104, Ile105, Ile181, His159, Tyr258
Linalool −6.413 - Val254, Phe206, Val203, Tyr258, Ile105, His159, Ile181

Myrcene −6.314 - Phe206, Val203, Ile105, Ile181, His159, Met199, Tyr258,
Val254

Naphthalene −7.498 - Val203, Phe206, Val254
Nonanal −5.628 Asn155, Asn109 Val254, Tyr276, Tyr258, Phe206

Phenylacetaldehyde −6.102 Asn109, Met104 Tyr258, Val203
Styrene −5.989 - Tyr258, Val254, Tyr276
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Figure 6. Predicted binding modes of 13 key aroma compounds with human olfactory receptor
OR1A1. For each compound, the three-dimensional binding conformation is presented on the
left, and the corresponding two-dimensional interaction diagram is shown on the right. In the 2D
diagrams, hydrogen bonds are represented by green dashed lines, hydrophobic interactions by pink
and purple dashed lines, and unfavorable donor–donor bonds by red dashed lines.
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4. Discussion
Current research on volatile compounds in Citrus plants has predominantly focused

on fruit, with limited attention given to leaves. In this study, HS-SPME-GC-MS was used
to detect volatile compounds in the leaves of eight finger citron cultivars cultivated under
identical environmental conditions and in trees of a similar age. A total of 394 volatile
compounds were tentatively identified, minimizing the influence of environmental fac-
tors on the volatile compounds as much as possible. However, in this study, only one
pooled biological sample and three technical replicates were available for each cultivar. In
addition, compound identification relied mainly on mass spectral library matching and
RI comparison, without validation against authentic reference standards. Therefore, the
results should be considered preliminary and semi-quantitative. In a previous study, only
40 volatile compounds were detected in the mature leaves of cultivar QYTZ [34], which may
be attributed to differences in the cultivation environment, detection method, or sampling
time. This study detected dimethylamine, dimethyl phthalate, nitrosomethane, and other
compounds that appeared anomalous as naturally occurring volatiles in Citrus leaves. We
speculate that these compounds may originate from agrochemicals, mineral oils, natural
small-molecule compounds, and other sources affecting cultivation. However, current
evidence is insufficient to confirm whether they are of endogenous plant origin. In future
studies, pesticide application during cultivation should be controlled to clarify the volatile
compounds in finger citron leaves. Terpenoids constituted the most abundant chemical
class in QYTZ, XZ, TC, KX, CY, GFS, and YFS, a finding consistent with that in other
Citrus species [35–38]. Although esters were the most abundant category in YG, the top 10
compounds in terms of relative content belonged to terpenoids, accounting for 50.1% of the
total. This discrepancy may result from differences in compound classification criteria.

In the present study, neral was the most abundant compound in QYTZ leaves, followed
by geranial, and limonene was detected at only 22.80 µg/g. However, Xu et al. reported
that limonene was the most abundant compound in mature leaves of QYTZ, followed by
geranial [34]. Azam et al. found that young leaves produced more volatile compounds
than mature leaves in most Citrus cultivars and that the aldehyde content increased during
leaf development [39]. Therefore, differences in leaf age may account for the higher neral
and geranial contents observed in QYTZ in this study. Notably, (+)-sylvestrene exhibited a
relatively high content in all of the evaluated cultivars and was even the most abundant
volatile compound in XZ, YG, and YFS. Although (+)-sylvestrene has been detected in
Citrus plants in previous studies, its content was generally low [40–42]. Prior studies
have demonstrated that (+)-sylvestrene biosynthesis in plants is significantly upregulated
in response to herbivore attack [43]. Given that all of the leaves collected in this study
were obtained from greenhouse cultivation with frequent mite infestation, we speculate
that mite damage to the sampled leaves contributed to the relatively high (+)-sylvestrene
content. Future studies should collect finger citron leaves exposed to varying degrees of
mite infestation to elucidate the role of (+)-sylvestrene in plant defense.

Analysis of differential volatile compounds among the finger citron cultivars pre-
liminarily indicated that QYTZ, XZ, TC, CY, KX, and GFS had relatively similar volatile
compositions. The first five of these cultivars were derived from bud mutation breeding
in Jinhua, Zhejiang Province, and their similar genetic backgrounds likely contributed to
the observed compositional similarity. The clustering of GFS with these cultivars suggests
that its aroma composition was relatively similar to theirs; however, given that only one
pooled biological sample and three technical replicates were used per cultivar in this study,
no conclusion can be drawn regarding whether significant differences exist among these
cultivars. YG, which was introduced from Yunnan Province and has undergone long-term
domestication/acclimatization in Zhejiang, displayed a relatively distinct volatile profile in
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the present pooled-sample analysis, suggesting that genes involved in volatile biosynthesis
may have been altered during domestication/acclimatization; however, this inference
remains preliminary and requires validation with independent biological replicates.

As an ornamental potted plant, finger citron quality is partly determined by the
aroma components of its leaves. In this study, YFS had the highest total volatile content,
suggesting its potential for high-quality potted plant production and as a raw material for
aroma enhancement-oriented breeding. Nevertheless, whether YFS is the best choice for
essential oil extraction requires further investigation into extraction methods, yields, and
extract composition.

In this study, the ROAVs of volatile compounds from eight finger citron cultivars
were analyzed. Linalool, geraniol, naphthalene, styrene, decanal, nonanal, phenylacetalde-
hyde, germacrene D, β-myrcene, α-ionone, δ-cadinene, ethyl caprate, and ethyl cinnamate
were identified as contributing most to finger citron leaf aroma. Linalool is a widely dis-
tributed volatile compound in citrus plants and has been recognized as a key aroma-active
compound in citrus fruit, flowers, and leaves [44–47]. Geraniol, styrene, and β-myrcene
exhibited an ROAV greater than 1 in all of the finger citron leaf samples, indicating their
ubiquitous contributions to the aroma profiles of all of the cultivars. Geraniol imparts
floral notes, styrene contributes sweet notes, and β-myrcene conveys balsamic and herbal
nuances. However, finger citron leaves are a complex plant matrix containing essential oils,
lipid-soluble pigments, and a waxy layer, and the microenvironment for aroma release is
between the aqueous and oil phases. Ronald found that the logarithmic reciprocal ratio
of thresholds showed a significant linear relationship with the octanol/water partition
coefficient of compounds, suggesting that the more lipophilic a compound, the greater
the difference between its threshold in water and that in oil [48]. A study on tomato
aroma has shown that the perception of volatile compounds undergoes qualitative and
quantitative changes in different media and that ethanol and methanol alter the perception
of tomato aroma [49]. Therefore, the results calculated based on aqueous thresholds in
this study may overestimate the contribution of lipophilic terpenoids, such as β-myrcene,
linalool, and δ-cadinene, to the aroma of finger citron leaves. The difference between the
actual perception thresholds of hydrophilic compounds, such as phenylacetaldehyde, in
water and in the leaf matrix is smaller than that of lipophilic compounds, leading to an
underestimation of hydrophilic compounds’ contribution to aroma. In future studies, gas
chromatography–olfactometry can be used to perform sensory validation of the screened
compounds, which may, to some extent, compensate for the uncertainty caused by the
mismatch between threshold media.

Molecular docking showed that δ-cadinene had the lowest predicted binding energy
with OR1A1, indicating a relatively strong binding tendency. Linalool, which had the high-
est ROAV, did not form hydrogen bonds with OR1A1 in the docked conformation, but its
hydrophobic skeleton interacted with residues such as Tyr258, Val254, and Phe206 through
hydrophobic interactions, potentially contributing to its complex stability, consistent with
trends reported in previous studies [50–52]. In the docking model, the primary hydroxyl
group of geraniol formed hydrogen bonds with Asn109 and Gly202, whereas no hydrogen
bonds were observed for styrene or β-myrcene in their docked conformations, and their
binding appeared to be mainly driven by hydrophobic interactions. These results are pre-
dictions based on molecular docking and require further validation through experiments
or molecular dynamics simulations. This study primarily explored the aroma perception
mechanism from the perspective of molecular docking between individual compounds and
olfactory receptor OR1A1, but interactions among aroma compounds can also influence
olfactory perception. Studies have shown that linalool and α-ionone have synergistic
effects, enhancing the perception of floral notes [53,54]. Linalool and β-myrcene can lower
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each other’s olfactory thresholds when mixed [55], and geraniol and nonanal produce
perceptual fusion [56]. Therefore, future research should investigate the aroma profiles of
finger citron leaves through sensory evaluation and aroma recombination experiments.

5. Conclusions
Compared to finger citron fruit, finger citron leaves are more readily available and

represent an ideal raw material for essential oil extraction. In this study, based on pooled
samples of six individual plants per cultivar, HS-SPME-GC-MS was used to analyze the
volatile compounds in leaves of finger citron cultivars, tentatively identifying 394 com-
pounds, among which terpenoids constituted the highest proportion. In this pooled-sample
analysis, preliminary differences in volatile composition were observed among cultivars,
with (+)-sylvestrene, geranial, and neral being the three most abundant compounds. YFS
had the relatively highest total volatile content, making it a promising candidate as a raw
material for essential oil production that warrants further evaluation. The volatile composi-
tions of QYTZ, XZ, TC, CY, KX, and GFS were relatively similar to one another but differed
relatively greatly from those of YG and YFS. Among all of the cultivars, linalool exhibited
the highest ROAV. In terms of aroma characteristics, QYTZ, XZ, TC, KX, YG, and GFS were
predominantly characterized by floral and herbal notes that were supplemented with fruity
and woody notes. CY had a relatively simple aroma profile dominated by floral notes, and
YFS presented a complex aroma profile integrating floral, sweet fruity, herbal, and woody
notes. The molecular docking binding energies of the 13 key aroma compounds with
human olfactory receptor OR1A1 ranged from −5.859 to −8.652 kcal/mol, suggesting that
these compounds interact favorably with the predicted OR1A1 binding site. The molecular
docking model predicted that Asn109 and Tyr258 are involved in hydrogen bonding and hy-
drophobic interactions, respectively. Future studies should analyze the aroma composition
of leaves at different developmental stages, in combination with independent biological
replicates, to determine the optimal harvest period. Furthermore, aroma recombination and
omission experiments should be performed to validate the actual sensory contributions of
the key aroma compounds identified herein, and site-directed mutagenesis and functional
assays of OR1A1 are warranted to further confirm the predicted binding mechanisms.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/horticulturae12101289/s1, Table S1: Volatile compounds tentatively
identified in leaves of different finger citron cultivars (µg/g).
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