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Abstract: Background: Most quality control frameworks and aging studies on Citri Reticulatae Pertearpium (CRP) are
based on mainstream cultivars, particularly Chachi mandarin. Zhangtouhong, a local citrus ffom’Jianggi”Province, has
received little systematic attention regarding its cultivar-specific traits and aging-related ¢hefnicallchanges; applying
Chachi-derived criteria may thus bias its quality assessment. Objectives: Aging-related changesyingkey constituents were
compared between Zhangtouhong and Chachi CRP to identify shared aging features, cdltivar-specific traits and candidate
cultivar-specific markers for Zhangtouhong quality evaluation. Methods: Samiples of bothieultivars aged for 3, 5 and 10
years were analyzed. Five core volatile oil components were quantified by y0latile 91l determination with GC-MS; holistic
odor fingerprints were captured by electronic nose; shared volatile profiles Wer€ characterized by HS-GC-MS; and six
representative flavonoids were quantified by HPLC. Cultivar, aging year and intetaetion effects were evaluated using two-
factor linear models, Spearman correlation, PCA, PLS-DA, OPLS-DA and PERMANOVA. Candidate cultivar-specific
markers were screened through an integrated multi-criteria approach, Results: Volatile oil yields remained relatively stable
across aging, with D-limonene dominating in both cultivars, whefeas‘myrcene and y-terpinene showed divergent aging
patterns. Electronic nose fingerprints clearly separated theygtwo cultivars, with eight sensors contributing most. HS-GC-MS
identified 40 shared volatiles, with alkenes forming the commontasomatic backbone. Integrated screening yielded 16
cultivar-specific volatile markers, among which methyl 2-(methylamino) benzoate, linalool and a-thujene were prioritized.
Among flavonoids, hesperidin was strongly associated with agiffg duration, while nobiletin, 5-demethylnobiletin and
sinensetin showed high discriminative power for cultivar differentiation. Conclusion: Zhangtouhong and Chachi CRP
exhibit both common aging-related chemical chdnges and marked cultivar-dependent differences. CRP quality markers
should therefore be distinguished as candlidate confmon aging markers and cultivar-specific markers. Systems built solely
on Chachi cannot fully capture Zhangtouheng charaeteristics, underscoring the need for cultivar-adapted quality evaluation
methods.
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INTRODUCTION background in mind, is therefore essential for
understanding quality formation and for building reliable
Dried and aged citrus peel, Citri Reticulatae Pericarpium,  €valuation methods.
or CRP, has“beéma,staple in traditional Chinese medicine
and functional foods for centuries (Xu et al., 2026). The
old saying that “CRP gets better with age” underscores just
how centrallaging duration is to its quality. As the peels age,
volatiles, flavonoids and other secondary metabolites keep

transforming. These shifts build the characteristic aroma,

Researchers have turned to chromatography, mass
spectrometry and sensor-based tools to track how aging
affects CRP quality. GC-MS and GC-IMS are the
workhorses for volatile changes, while liquid
chromatography—mass spectrometry handles non-volatiles,

taste and overall sensory profile and they likely influence
bioactivity and the dual medicinal-edible value. In the past
few years, research on CRP quality has surged. However,
most current knowledge comes from Guangchenpi,
specifically from the Chachi cultivar. Teasing apart how
key constituents change over time, while keeping cultivar

*Corresponding author: e-mail: whajim@sina.com

flavonoids in particular. Meanwhile, electronic noses,
backed by chemometrics, can distinguish CRP samples by
aging period, origin, or cultivar based on smell alone,
offering a technical hand in identifying aging stages and
assessing quality (Luo et al., 2017; Alim et al., 2026;
Zhang et al., 2026). Among the chemical players, volatiles
and flavonoids represent two major material bases: the
former largely shape aroma and its evolution, while the
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latter tie closely to active constituent accumulation,
pharmacological relevance and taste quality (Hu et al.,
2025).

When it comes to quality evaluation and aging research on
Citri Reticulatae Pericarpium (CRP), the spotlight has
long been on Guangchenpi, specifically the Chachi cultivar
from Xinhui, Guangdong (Zhang et al., 2025). Now,
consider Zhangtouhong, a local cultivar from Zhangshu,
Jiangxi. It's already part of the local specialty industry and
its peels have been used as medicinal CRP for ages. It has
been reported that its chemical makeup differs from that of
other citrus varieties. Given that Zhangtouhong differs
from Chachi in germplasm, cultivation background and
how it's traditionally used, copying the Chachi evaluation
framework over to it may not capture its cultivar-specific
quality traits and could easily lead us astray. At present, a
systematic picture of how Zhangtouhong's chemistry shifts
during aging is still lacking. No side-by-side comparison
with Chachi on quality markers has been reported to date.
The present study was therefore designed to compare the
chemical profiles of these two cultivars across multiple
aging time points. The aim, at least at this stage, was to
identify the cultivar-specific components that set
Zhangtouhong apart from Chachi and to provide
experimental grounding for quality evaluation methods
suited to locally distinctive CRP resources.

To address this, Zhangtouhong and Chachi CRP samples
aged for 3, 5 and 10 years were selected for side-by-side
comparison. GC-MS analysis of essential oil componeénts,
HS-GC-MS profiling of shared volatiles, electfopic nose
odor fingerprinting, flavonoid quantification by HRLCé@nd
chemometric analysis were combined to“€empare how
volatile characteristics, flavonoid profiles and ‘ewerall odor
responses evolve with aging in the fwo cultivars. The aim
was to clarify the cultivar-specific aging features of
Zhangtouhong, separate candidate common markers from
cultivar-specific ones ‘and” to identify key differential
constituents that cargytjboth statistical weight and
discriminative powert” Thesepinsights should provide a
scientific footing /foxr establishing quality markers for
Zhangtouhong and ferpstandardizing the evaluation of
locally diStinetive CRP/resources. At the same time, they
offer a refereice for moving beyond the
Guangchenpi-dominated paradigm toward quality methods
that better @ccommodate cultivar diversity.

MATERIALS AND METHODS

Zhangtouhong and Chachi Chenpi samples with different
aging years were systematically characterized using E-nose,
HS-GC-MS, GC-MS and HPLC analyses, followed by
multivariate statistical analysis and data integration. This
integrated approach was designed to characterize aging-
related compositional changes, distinguish inter-cultivar
differences and identify potential cultivar-specific markers.

Sources of CRP samples

All CRP samples were authenticated as Citri Reticulatae
Pericarpium (CRP) by Professor Lili Huang from the
Jiangxi Academy of Forestry. A total of 16 CRP samples
were included in this study and classified into two groups
according to cultivar. The Zhangtouhong cultivar group
(sample codes C1-C8) was collected from Xin'gan County,
Jiangxi Province, whereas the Chachi cultivar group
(sample codes C9—C16) was obtained from Xinhui County,
Guangdong Province. Three aging gradients, namely 3, 5
and 10 years, were included for both groups{ Speeifically,
each group contained four samples aged for“3"yeags and
two samples each aged for 5 and A0 yearsgDetailed
information on all samples is providedymftable) 1.

Experimental materials
The D-limonene referencegstanidardvas purchased from
Macklin Biochemical Coy,| Ltd. (Shanghai, China).

Reference stahdards of (—)-Bspinene and terpinolene were
obtained ffom ECFChemical Industry Development Co.,
Ltd. (Shanghai;¢€hina). y-Terpinene and p-cymene (4-
isopropyltoluene) reférence standards were obtained from
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
Chiga). The myrcene reference standard was purchased
ffom Yuanye’Biotechnology Co., Ltd. (Shanghai, China).
Acetonitrile (HPLC grade) and n-hexane (HPLC grade)
were obtained from Tedia Company Inc. (Fairfield, OH,
USA). Anhydrous sodium sulfate (AR grade) was obtained
from Xilong Scientific Co., Ltd. An AR5120 microbalance
and an MS205DU analytical balance were both
manufactured by Mettler-Toledo (Greifensee,
Switzerland). A SuperNose electronic nose system was
supplied by Ruibin International Trade Co., Ltd.
(Shanghai, China). A 7000C triple quadrupole gas
chromatography—mass spectrometer (GC-MS/MS) was
obtained from Agilent Technologies Inc. (Santa Clara, CA,
USA). A GCxGC/gMS-TQ8040 comprehensive two-
dimensional  gas  chromatography—tandem  mass
spectrometer  equipped with an  AOC-6000Plus
autosampler was purchased from Shimadzu Corp. (Kyoto,
Japan).

Volatile oil extraction and quantification of
representative volatile components

Volatile oil was extracted according to General Regulation
2204, Method A, for volatile oil determination in the
Pharmacopoeia of the People's Republic of China (2025
Edition). Briefly, 50 g of each powdered sample, passed
through a No. 2 sieve, was placed in a round-bottom flask,
mixed with eight volumes of distilled water and heated
under reflux for 5 h. The volatile oil yield was calculated
after extraction using the following equation 1:

__ Volume of volatile oil (mL)

Yield (%) =

0
Weight of sample (g) * 100% (1)

2

Pak. J. Pharm. Sci., Vol.----, No.0, ---------- 20----, pp.000-00



Table 1: Detailed source information of citri Reticulatae Pericarpium samples.
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Sample  Aging Cultivar Geographical Sample Aging Cultivar Geographical origin

code year origin code year

C1 3years  Zhangtouhong Xin'gan, Jiangxi C9 3years  Chachi Xin'hui, Guangdong
Province Province

Cc2 3years  Zhangtouhong Xin'gan, Jiangxi C10 3years  Chachi Xin'hui, Guangdong
Province Province

C3 3years  Zhangtouhong Xin'gan, Jiangxi C11 3years  Chachi Xin'hui, Guangdong
Province Province

C4 3years  Zhangtouhong Xin'gan, Jiangxi C12 3years  Chachi Xin'hui, Buangdong
Province Province

C5 5years  Zhangtouhong Xin'gan, Jiangxi C13 5years  Chachi Xiphti, Guangdong
Province Province

C6 5years  Zhangtouhong Xin'gan, Jiangxi C14 5years  Chachi Xin'hui, Guangdong
Province Province

c7 10 years Zhangtouhong Xin'gan, Jiangxi C15 10 years Chachi Xif'hui, Guangdong
Province Province

C8 10 years Zhangtouhong Xin'gan, Jiangxi C16 10 years_g€hachi Xin'hui, Guangdong
Province Province

D-limonene and myrcene were quantified using the
external standard method. Reference standards of D-
limonene (120.33 mg), myrcene (40.41 mg), y-terpinene
(80.04 mg), (—)-B-pinene (40.39 mg), terpinolene (40.32
mg) and p-cymene (4-isopropyltoluene, 40.12 mg) were
accurately weighed and transferred into separate 10 mL
volumetric flasks. Each standard was dissolved and diluted
to volume with n-hexane to prepare stock solutions at final
concentrations of 12033, 4041, 8004, 4039, 4032 and 4012
pug/mL, respectively. All stock solutions were stored at 4 °C
in a refrigerator (Haier, model BCD-630WGHSS95SMU 1,
China) until use. Working calibration solutiop§ were
prepared by accurately pipetting approptiate volumes of
each stock solution into 10 mL volumetrie, flasks and
diluting to volume with n-hexane.

An accurately weighed 50%mg aliquet of each volatile oil
sample was transferred into afSymL “velumetric flask and
diluted to volume with sfi-hexane. ,Anhydrous sodium
sulfate was added to remoye residual moisture and the
mixture was vortexed untilthemogeneous. The solution
was filtered throughha 0.45 pum microporous membrane
filter to obtain a vQlatile oil sample solution at a
concentrationg. of 10 /mg/mL. The filtrate was then
transferred inte an@tosampler vial for GC-MS analysis.

Chromatographic separation was performed using high-
purity helium as the carrier gas. The injection volume was
1 uL and the split ratio was set at 20:1. The oven
temperature program was as follows: the initial
temperature was maintained at 40 °C for 5 min, increased
to 100 °C at 1.5 °C/min, then increased to 250 °C at 80
°C/min and held for 2 min. Mass spectrometric detection
was performed in electron impact (EI) ionization mode at
an electron energy of 70 eV. The ion source temperature
was set at 230 °C, the quadrupole temperature at 150 °C
and the mass scan range at m/z 20-550(Xu et al., 2026; Xie

etal., 2025; Joet al., 2023).

Electronic nose analysis

An accurately weighed 0.5 g aliquot of sample powder,
preparedias described in Section 2.1, was transferred into a
40inL headspace vial and equilibrated at room temperature
for12 h7to enrich volatile components in the vial
headspace. Before sample detection, the electronic nose
systém was preheated for 1 h. The instrumental parameters
were set as follows: sensor cleaning time, 180 s; inlet gas
flow rate, 0.6 L/min; detection duration, 120 s; and sample
injection volume, 10 mL. Each sample was analyzed in
triplicate. Response signals from 14 sensors (S1-S14) were
collected. Among them, sensor S1 was mainly sensitive to
aromatic compounds; S2 primarily responded to nitrogen
oxides and low-molecular-weight amines; S4 was
associated with organic acid esters and terpenes; S6 was
related to sterols and triterpenes; and S11 was responsive
to volatile organic compounds (Cui ef al., 2026; Wang et
al., 2023). Detailed specifications of each sensor are
summarized in supplementary table S1.

HS-GC-MS analysis

For headspace GC-MS analysis, 1.0 g of sample powder
was transferred into a 25 mL headspace vial using a
GCMS-QP2020 NX gas chromatograph-mass
spectrometer (Shimadzu, Kyoto, Japan). The headspace
conditions were as follows: the vial was heated at 120 °C
with an equilibration time of 10 min; the loop temperature
was 130 °C; the transfer line temperature was 140 °C; the
pressure equilibration time was 0.5 min; and the injection
duration was 0.5 min. Separation was performed on an
SH-i-5SIL MS capillary column (30 m % 0.25 mm, 0.25 pm
film thickness) with the injector at 230 °C in splitless mode
and helium carrier gas at a constant flow rate of 1.00
mL/min. The oven program started at 40 °C for 5 min, rose
to 200 °C at 3 °C/min and was held for 5 min.
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Fig. 1: GC-MS total ion chromatograms(I'IC) 'of volatile oil samples. (A) TIC of mixed reference standards; (B) TIC of
Zhangtouhong cultivar sample; (C) TIC ofi@hachteultivar sample. Peaks: 1, (—)-B-pinene; 2, Terpinolene; 3, D-limonene;
4, y-Terpinene; 5, Myrcene. These five.monotegpenes represent the core volatile oil components quantified in this study.
Retention times and peak patterns yere consistent between the reference standards and both sample groups, confirming

the identity of the core comiponents,

Mass detection used EI ionization (707eV), with the ion
source at 200 °C, the intéefate at 220 °C and full-scan mode
over *m/z* 35-400(Li ef'@h, 2025;)Deng et al., 2022).

Quantification of representative flavonoids

Accurately weighed “standards of hesperidin, narirutin,
nobiletin, fangeretin, sinensetin and 5-demethylnobiletin
were dissolved “in Mcthanol to prepare individual stock
solutions \(approximately 1.0 mg/mL). Equal volumes of
each stockl solution were mixed to obtain the mixed
reference stahdard solution. For extraction, 0.5 g of sample
powder was placed in a stoppered conical flask, 50 mL of
methanol was added and the flask was weighed and reflux-
extracted at 70 °C for 1 h. After cooling to room
temperature, the lost mass was replenished with methanol
and the solution was homogenized and filtered through a
0.22 pm membrane before injection. Chromatographic
separation was performed on a PFchrom EP C18 column
(250 mm x 4.6 mm, 5 um particle size, 120 A pore size).
The mobile phases were acetonitrile (A) and 0.1% (v/v)

phosphoric acid aqueous solution (B). The gradient elution
program was as follows: 0—8 min, 20% A; 8-23 min, linear
gradient from 20% to 45% A; 23—40 min, 45% A; and 40—
45 min, linear gradient from 45% to 60% A. Detection
wavelengths were set at 283 nm and 330 nm, the flow rate
was 1.0 mL/min, the column temperature was controlled at
30 °C and the injection volume was 5 pL (Martinidou et
al., 2024; Li et al., 2022).

Data processing and statistical analysis

All statistical analyses and data visualizations in this study
were performed using R software, Origin 2026 and SIMCA
14.1. Volatile oil yield was summarized using descriptive
statistics. For the quantitative data of the five core volatile
oil components and the response datasets of the 14
electronic nose sensors, a two-factor linear model was
constructed using cultivar and aging year as independent
variables. Multiple testing correction was performed using
the Benjamini—Hochberg procedure and adjusted statistical
significance was expressed as the false discovery rate

4
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(FDR). Spearman rank correlation analysis was further
conducted within each cultivar group to investigate the
variation trends of each indicator with aging duration. For
the global data matrices obtained from electronic nose and
HS-GC-MS analyses, permutational multivariate analysis
of variance (PERMANOVA) was applied to evaluate the
effects of cultivar, aging year and their interaction on the
overall flavor-related chemical profiles. Using the contents
of six flavonoid components as core variables, line graphs,
box plots and clustered heatmaps were generated in Origin
2026 for visual comparison. Principal component analysis
(PCA) and orthogonal partial least squares discriminant
analysis (OPLS-DA) were performed using SIMCA 14.1.
Differential flavonoid markers associated with the aging
process of CRP were screened using the criteria of variable
importance in projection (VIP) value > 1 and P < 0.05.

RESULTS

Comparative analysis of volatile characteristics

Changes in essential oil yield and core essential oil
components

The GC-MS total ion chromatograms (TICs) showed
consistent retention times and peak patterns between the
reference standards and the two sample groups. The five
core essential oil components were identified as (—)-p-
pinene, terpinolene, D-limonene, y-terpinene and myrcene
(Fig. 1). The volatile oil yields of the two sample groups
ranged from 3.8% to 4.4%. The average yields of the 3-, 5-
and 10-year aged samples were 4.25%, 4.00% and 4.20%
in the Zhangtouhong group and 3.95%, 3.90% and 4.10%
in the Chachi group, respectively, with only minor
fluctuations across aging periods (Figh 2A; Table S2).
Quantitative analysis of the five ‘corey, essentialf oil
components showed that D-limonene was the predominant
component in both groups (Cai et alf»2026,;<Shi et al.,
2024). In the Zhangtouhong group, D-limonéne content
decreased from 231.15 +24.53 mg/gte 17897 + 1.29 mg/g
and terpinolene content decrgased from'5.57 + 0.67 mg/g
to 4.53 + 0.08 mg/g. Ingthe Chaehi group, D-limonene
content decreased from/256x16 + 58.74 mg/g to 203.94 +
4.00 mg/g, while texpinoleneigontent decreased from 6.83
+1.96 mg/g to 4.70%0.13 mg/g. By contrast, the variation
trends of y-terpinene andimyrcene were not fully consistent
between| thelitwe, groups and (—)-B-pinene also showed
evident fluctuations (Figs. 2B and 2C; Table S3).

Two-way linear model analysis showed that myrcene and
v-terpinene” exhibited significant cultivar effects, aging
year effects and cultivar x year interaction effects. (—)-f-
Pinene mainly showed a significant interaction effect.
Although D-limonene and terpinolene showed decreasing
mean concentrations, their overall main cultivar effects
were not statistically significant (Table S4). Spearman rank
correlation analysis within each group further showed that,
in the Zhangtouhong group, (—)-B-pinene was significantly
positively correlated with aging year, whereas terpinolene
and D-limonene were significantly negatively correlated

Liujin Wu et al.

with aging year. In the Chachi group, D-limonene and
terpinolene also showed decreasing trends, but the
correlations were not statistically significant after
multiple-testing correction. Principal component analysis
(PCA) showed that the first two principal components
cumulatively explained 98.6% of the total variance. The
PCA score plot displayed partial separation between the
two groups, although considerable overlap remained (Fig.
2D). The Z-score heatmap showed that the five core
components were shared by both groups, with Dalimonene
consistently showing the highest relativg abumdance,
followed by terpinolene and the other three*eomponents.
The 3-year aged Chachi samples showed relatively higher
levels of y-terpinene, myrcene WGamd™ (7)-B-pinene,
corresponding to their distributiofiPaway,_from the other
samples in the PCA space (Fig! 2E). Oyerall, the five core
essential oil components mainlyrefleéted shared variation
patterns and localized différencesbetween the two cultivar
groups, with limifed'separation between cultivars.

Differencés in overall odor fingerprints based on
electronic nose analysis

The heatmap of eleetronic nose responses showed that,
except for sensor S14, the Zhangtouhong group generally
exhibitedyhigher response intensities than the Chachi group
ofdimost “sehsors. More pronounced differences were
observed. for sensors S1, S2, S5, S6, S7, S9, S10 and S11
(Fig. 3A). Faceted box plots further showed that sensors
ST, S6, S2 and S9 maintained relatively stable inter-group
differences across aging periods, with higher signal
intensities in the Zhangtouhong group and lower overall
responses in the Chachi group (Fig. 3B). According to the
sensor annotations, these response differences were
associated with odor dimensions related to aromatic
compounds, nitrogen oxides and low-molecular-weight
amines, sterols and triterpenes, volatile organic compounds
and selected oxygenated aliphatic hydrocarbon derivatives
(Luo et al., 2017, Wang et al., 2023). In the volcano plot,
all statistically significant sensors except S14 showed
negative log, fold change values, corresponding to higher
electronic nose response intensities in the Zhangtouhong
group under the present experimental conditions (Fig. 3C).
PCA of the electronic nose data showed that the first two
principal components cumulatively explained 91.0% of the
total variance and the two groups formed a relatively clear
separation along the first principal component (Fig. 3D).
Partial least squares discriminant analysis (PLS-DA)
showed a similar distribution pattern, with samples from
the two groups located on opposite sides of Component 1
and showing limited overlap (Fig. 3E). Furthermore, the
200 permutation tests showed that the R?Y and Q? of the
random permutation model were lower than those of the
original model and both p(R?Y) and p(Q?) were < 0.01,
indicating that the PLS-DA model was statistically
significant and the risk of overfitting was low.
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Fig. 3: ive analysis of electronic nose odor fingerprints of Zhangtouhong and Chachi CRP samples. (A)

same x- and y-axis titles and units; (C) Volcano plot of inter-group differential sensors. Each point represents one sensor. The
x-axis shows log, fold change and the y-axis shows-log;y (FDR-adjusted P-value). Dashed horizontal line indicates the
significance threshold (FDR < 0.05); dashed vertical lines indicate [log, fold change| > 0.5. Sensors meeting both criteria are
colored red; non-significant sensors are gray; (D) PCA score plot based on the 14 sensor responses. Ellipses indicate 95%
confidence regions for each cultivar. Red, Zhangtouhong; blue, Chachi. Percentages in axis labels denote variance explained by
PC1 and PC2; (E) PLS-DA score plot. The x-axis represents Component 1, which captures inter-group separation between
cultivars; the y-axis represents Component 2, which captures within-group variation. Points are colored and shaped as in (D);
(F) Variable importance in projection (VIP) ranking of sensors from the PLS-DA model. Bars represent VIP values and the
dashed horizontal line indicates the conventional threshold of VIP > 1. Sensors with VIP > 1 are considered to have significant
discriminative contribution.
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Fig. 4: Comprehensive analysis of HS-GC-MS volatile profiling)in Zhangtouhong and Chachi CRP samples. (A) Relative

abundance of chemical classes (alkenes, alcohols, e ldehydes, ketones, phenols and others) among the 40 shared volatile
components across the three aging years (3, 5 and rs)\Bars represent the mean relative abundance of each chemical class;
error bars indicate standard deviation. R gtouhong; blue bars, Chachi. All subfigures share the same x- and y-axis
titles and units; (B) Principal component a i score plot based on centered log-ratio (CLR)-transformed relative

abundances of the 40 shared volatile componen point represents one sample. Red, Zhangtouhong; blue, Chachi. Ellipses

PC1 and PC2; (C) Partial least squanes discriminant analysis (PLS-DA) score plot. Component 1 primarily separates the two
cultivars, while Component 2 captures Withi
Chachi; (D) Variable importa
Bars represent VIP values'a
> 1 are considered to h

1on (VIP) ranking of the 40 shared volatile components from the PLS-DA model.
horizontal line indicates the conventional threshold of VIP > 1. Components with VIP
discriminative contribution to cultivar separation.

Permutational e analysis of variance also showed significant main effects of aging year (Table
(PERMANOVA) s d that the cultivar factor accounted S5).
for 67.8 ance (P <0.05), whereas neither

the aging or the cultivar x year interaction  Volatile compound profile characteristics based on HS-
effect resta ical significance (P > 0.05). Ranking GC-MS analysis

of variabléfimportance in projection (VIP) scores showed  Approximately 768 chromatographic peaks were detected
7, 82, 810, S11, S9 and S1 had the highest by HS-GC-MS analysis. After spectral matching against
VIP values; with S7 ranking first. When VIP scores were the NIST mass spectral library, filtering by relative
considered together with univariate statistical significance,  apundance threshold and screening for components
sensors S7, S2, S10, S11, S9, S1, S4, S6, S8 and S12 were
retained as response variables with both statistical
significance and discriminative contribution (Fig. 3F).
Univariate linear model analysis based on sensor response
values showed that 13 of the 14 sensors, all except S14,
exhibited significant main cultivar effects, with the
strongest effects observed for S11, S6, S2, S9, S10, S7 and
S5. In addition, sensors S11, S6, S2, S9, S10, S7 and S5
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commonly detected in both groups, 169 volatile
components were preliminarily identified and 40 shared
volatile components were selected for subsequent
integrative analysis. These 40 shared components were
mainly classified as alkenes, alcohols, aldehydes and esters,
with smaller proportions of ketones, phenols and other
compounds (Luo et al., 2017; Song et al., 2024) (Table S6).
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7
eening analysis of differential volatile markers from HS-GC-MS profiling. (A) Volcano plot of differential
nents between Zhangtouhong and Chachi. Each point represents one volatile component. The x-axis shows log,
and the y-axis shows —logjo (FDR-adjusted P-value). Dashed horizontal line indicates the significance threshold

(FDR < 0.05), dashed vertical lines indicate [log, fold change| > 0.5. Red points represent components significantly enriched in
Zhangtouhong, blue points represent components significantly enriched in Chachi and gray points are not statistically
significant; (B) Heatmap of the 16 candidate differential volatile markers. Rows represent individual markers and columns
represent samples grouped by cultivar and aging year (3, 5 and 10 years). Color scale indicates Z-score-normalized relative
abundance, ranging from blue (low) to red (high). Red, Zhangtouhong; blue, Chachi; (C) Box plots of selected differential
markers (methyl 2-(methylamino) benzoate, linalool, a-thujene, B-pinene, (—)-B-pinene, caryophyllene oxide, geranyl acetate,
ocimene, elemol, nerolidol, linalyl acetate, perillyl alcohol, (—)-4-terpineol, terpinene, camphene and y-terpinene). Red boxes,
Zhangtouhong; blue boxes, Chachi. Only markers with consistently large inter-cultivar differences are shown for clarity. All
subfigures share the same x- and y-axis titles and units
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the Zhangtouhong group remained at approximately 17%
throughout aging, whereas the Chachi group decreased
from 15.84% to 12.90%. For esters, the relative abundance
decreased from 14.82% to 13.16% in the Zhangtouhong

group and from 17.75% to 15.45% in the Chachi group (Fig.

4A; Table S6). After centered log-ratio (CLR)
transformation of the 40 shared components, PCA showed
that the first two principal components cumulatively
explained 54.0% of the total variance. The two groups

tents of six flavonoid components. Rows represent individual flavonoids (hesperidin,
tin and 5-demethylnobiletin) and columns represent samples grouped by cultivar and aging year.

showed separation along the first principal component axis
(Fig. 4B). PLS-DA also showed differentiation between the
Zhangtouhong and Chachi groups along Component 1 (Fig.
4C). Permutation test showed that R?Y and Q? of the
randomized model were lower than those of the original
model and p(R?Y) and p(Q?) were both < 0.01, indicating
that the PLS-DA model was statistically significant.
PERMANOVA indicated a significant cultivar effect,
explaining 21.72% of the total variance, whereas neither
the aging year effect nor the cultivar x year interaction
reached statistical significance (Table S7). VIP ranking
showed that a-thujene, linalool, methyl 2-(methylamino)
benzoate, a-cubebene, ocimene, B-pinene, elemol, (—)-f-
pinene, nerolidol and terpinene had high discriminative
contributions to inter-cultivar separation (Fig. 4D; Table
S7).
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Combined screening of volatile candidate cultivar-
specific markers

To identify more robust cultivar-specific markers, a
combined screening strategy integrating mean variable
importance in projection (VIP) scores, FDR-adjusted inter-
group differences and fold change values was applied. A
total of 16 cultivar-specific markers were obtained (Table
S8). Representative compounds with higher relative
abundance in the Chachi group included methyl 2-
(methylamino) benzoate, a-thujene, f-pinene, (—)-B-pinene,
(—)-4-terpineol, terpinene, camphene, caryophyllene oxide
and y-terpinene. By contrast, linalool, geranyl acetate,
ocimene, elemol, nerolidol, linalyl acetate and perillyl
alcohol showed higher relative abundance in the
Zhangtouhong group. Among these compounds, methyl 2-
(methylamino)benzoate, linalool and a-thujene showed
both significant univariate differences and high VIP
rankings.

The volcano plot showed that cultivar-specific markers
were distributed on both sides of the logz fold change axis.
a-thujene and B-pinene showed higher relative abundance
in the Chachi group, whereas linalool, geranyl acetate,
ocimene and elemol showed higher relative abundance in
the Zhangtouhong group (Fig. 5A). The hierarchical
clustering heatmap showed that the 16 cultivar-specific
markers largely separated samples according to cultivar
grouping (Fig. 5B). Box plots showed distinct aging-
related variation patterns among individual markers.
Methyl 2-(methylamino) benzoate remained at consistently
high levels in the Chachi group throughout aging;Jinalool
showed higher overall abundance in the Zhaggtothong
group; and (—)-B-pinene, B-pinene and caryophylléne oxide
consistently showed higher levels in the{€hachi“group
across all aging stages (Fig. 5C).

Comparative analysis of flavonoid [components

Changes in the content proftles of flavonoid components
Quantitative analysis of thef$ix flavenoid components
showed distinct flavondid#variation patterns between the
Zhangtouhong and Chachi groups during aging (Table S8;
Fig. 6A). In the Zhangtouhongygroup, the contents of both
flavonoid glycosidestand demethoxyflavonoids increased
synchronously with aging-duration. The total content and
relative | {proportion of demethoxyflavonoids were
consistently higherin the Zhangtouhong group than in the
Chachi group. In the Chachi group, flavonoid glycosides
showed a phased pattern, with an increase at the 5-year
aging stage followed by a decrease at the 10-year stage.
Demethoxyflavonoids in the Chachi group showed a
gradual increase throughout aging (Fig. 6A). Single-
component analysis showed that hesperidin was the main
contributor to variation in total flavonoid glycosides,
whereas 5-demethylnobiletin was the dominant component
contributing to changes in total demethoxyflavonoids.
Overall correlation analysis showed that aging duration
was significantly positively correlated with the contents of
hesperidin, narirutin and tangeretin. Among these

Liujin Wu et al.

indicators, hesperidin showed the highest sensitivity to
aging duration (P = 0.005) (Table S9).

Screening of flavonoid candidate cultivar-specific
markers

PCA was performed using the flavonoid composition data
of the two cultivar groups across different aging durations.
The PCA score plot showed that the Zhangtouhong group
was generally distributed along the positive axis of PCl,
whereas the Chachi group was mainly located™along the
negative axis of PC1, showing separation betweefi'the two
cultivars. With prolonged aging, PCi, scores of the
Zhangtouhong group increased progressivelyn In“contrast,
S-year aged Chachi samples showed higher Scores along
PC2, corresponding to the phaSed’increas€ in hesperidin
content (Fig. 6B). According to’the PCA loading results,
nobiletin and 5-demethylnobiletii€ontributed strongly to
the separation dbetwetn )Zhangtouhong and Chachi,
whereas hesp€ridin: showedya” greater association with
aging-relatéd variation (Figi 6C). To further screen key
variables for distinguishing the two groups, orthogonal
partial least squarcs diScriminant analysis (OPLS-DA) was
conducted. The OPLS-DA score plot showed separation
betweemthe Zhangtouhong and Chachi groups (Fig. 6D).
Imythe permutation test, R?Y and Q? of the randomized
model, wefe lower than those of the original model and
p(Q?)'was less than 0.01, indicating that the discrimination
effect of the model was not caused by the randomized
gtoup and the risk of overfitting was relatively low. VIP
analysis showed that nobiletin, with a VIP value greater
than 1, was the highest-ranked variable for differentiating
the two cultivars. Its content was higher in the
Zhangtouhong group and was also associated with aging
year and the cultivar x year interaction effect. By contrast,
hesperidin had the lowest VIP value and showed no
significant overall difference between the two cultivars,
corresponding to its stronger association with aging
duration rather than cultivar grouping (Fig. 6E). To
visualize  flavonoid content differences between
Zhangtouhong and Chachi at different aging stages,
bidirectional hierarchical clustering analysis was
performed after Z-score normalization. The samples were
broadly divided into two clusters corresponding to the
Zhangtouhong and Chachi groups. In the Zhangtouhong
group, the overall levels of sinensetin, nobiletin, tangeretin,
5-demethylnobiletin and narirutin were relatively high and
increased with extended aging. In the Chachi group, these
components were generally present at lower levels, while
the 5-year aged Chachi samples were mainly characterized
by elevated hesperidin content. Indicator -clustering
showed that sinensetin and nobiletin had the closest
clustering relationship and 5-demethylnobiletin was also
closely associated with this module. Hesperidin was
distantly clustered from the other indicators and exhibited
a relatively independent variation pattern (Fig. 6F).
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Table 2: Predictive analysis of cultivar-specific markers in CRP.

Candidate markers

Role in this study

Reported in other citrus
varieties

Implication

Reference

D-Limonene Stable; dominant in Dominant volatile in most Common aging (Fan et al., 2024)
both cultivars Citrus reticulata peels feature (Yuetal., 2022)
Myrcene Divergent aging Reported in various Citrus Shared (YYang et al., 2022)
trajectory between peels; levels vary with compound with (Du Lingling et
cultivars origin and cultivar cultivar-specific  al., 2025)
y-Terpinene aging behavior (Zhang etal.,
2026)
Methyl 2- Distinct aging trends  Chachi-specific compounds  Strong cultivar- (Liu et@l2025b)
(methylamino) between cultivars specific
benzoate candidate
Linalool Widely reported in citrus Shared (Galvap~Lima et
volatiles; cultivar-dependent  compound, but al., 2021)
abundance cultivar-distinet
trajectory
a-Thujene Distinct profile in Limited reports in CRP Potentially (Wang et al.,
Zhangtouhong Zhangtouhong* 2023)
specific (Phuong and Le
Pham Tan Quoc,
2025)
Hesperidin Tracks aging Widely reported in citrus Shared (Martinidou et al.,
duration in both compound 2024)
cultivars
Nobiletin Strong differential Highly variableamong Cultivar-sensitive  (Brits et al., 2021)
signal between cultivars marker (Fang et al., 2022)
5- cultivars Reported in aged CRP; (Peng et al., 2021)
Demethylnobiletin cultivar-dependent (Li et al., 2025)
acemmulation
Sinensetin Reported in certain (Lin et al., 2026)
mandarin cultivars; not
universally dominant
DISCUSSION chemically reactive than D-limonene and contribute fresh,

In this study, Zhangtouhong andy Chachi CRP were
compared across multiple analytical ‘dimensions: volatile
oil yield, core volatilesjhe#nose fingerprints, HS-GC-MS
profiles and flavonoids./The,results'showed a dual picture:
shared aging trends alongside pronounced
cultivar-dependeny“differences. It seems that CRP from
different citrus types degsynot follow a single aging script.
Volatile oilijields stayed relatively flat across 3 to 10 years,
with no \steady rise” or fall. D-limonene dominated the
profile in{bOth cultivars, confirming that monoterpenes
form the cemmon chemical backbone (Luo et al., 2017;
Cai et al;” 2026). This is not merely a statistical
observation: D-limonene is a major aromatic contributor in
citrus peels and has well-documented antioxidant,
anti-inflammatory and gastroprotective properties (Li et
al., 2024; Yang et al., 2023; Senthil Kumar et al., 2025).
However, its sheer abundance made it a poor cultivar
discriminator, it works better as a shared quality indicator.
In contrast, myrcene and y-terpinene displayed partially
divergent trajectories, hinting at cultivar-specific aging
dynamics. These acyclic monoterpenes are more

herbaceous and mildly spicy notes to citrus aroma; their
differential decline likely reflects cultivar-dependent
oxidation or isomerization pathways during storage. So,
the core oil components gave us a glimpse of common
terpenoid ground and some local differences, but a handful
of high-abundance compounds could not fully capture
Zhangtouhong’s unique aging features.

What the electronic nose told us, however, was much
clearer. Zhangtouhong CRP consistently generated
stronger sensor responses and the holistic odor fingerprints
separated the cultivars cleanly. This makes sense: an e-nose
captures the integrated response from many volatiles,
offering a more global aroma picture than a few targeted
compounds (Poornima et al., 2025; Baietto and Wilson,
2015). Indeed, PERMANOVA, VIP and univariate
analyses all pointed to cultivar as the dominant factor, with
sensors S7, S2, S10, S11, S9, S1, S6 and S5 leading the
charge. Aging year modulated the intensity within each
cultivar but did not shuffle the overall pattern. From these
data, it is pretty clear that Zhangtouhong has its own odor
identity, one that a Chachi-only evaluation system would
miss (Chen et al., 2024).
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The volatile profiling by HS-GC-MS backed up the e-nose
findings at the molecular level. Among the 40 shared
volatiles, monoterpene hydrocarbons (alkenes) formed the
common aroma backbone, consistent with the
terpenoid-rich nature of citrus (Liu et al., 2025). But,
Chachi showed a more marked drop in alcohols and esters
with aging, compounds linked to floral and fruity notes.
Their decline could mirror a shift from fresh, fruity aromas
toward the more aged, medicinal, or woody character
typical of CRP (Zhang et al., 2025). That points to distinct
changes in aroma during aging. Multivariate analysis again
highlighted cultivar as the major source of variance. It can
therefore be concluded that Zhangtouhong and Chachi
differed in the characteristics of their volatile components

during aging, rather than merely in total volatile abundance.

On this basis, the 16 cultivar-specific markers obtained by
integrated screening further defined the characteristic
volatile signatures of the two CRP cultivars. The Chachi
group was characterized by relatively higher levels of
methyl 2-(methylamino)benzoate and several
monoterpene-related compounds, including a-thujene, -
pinene, (—)-B-pinene and  terpinene. Methyl
2-(methylamino)benzoate is an aromatic ester with a
distinctive grape-like odor and has been reported as a key
contributor to the characteristic aroma of certain citrus
peels, its elevated presence in Chachi may partly explain
the cultivar’s recognized sensory profile. In contrast, the
Zhangtouhong group was distinguished by elevated levels
of oxygenated terpenoids and ester components, such as
linalool, geranyl acetate, ocimene, elemol, nerolidel”and
linalyl acetate. Linalool and its ester derjyatives @rg/widely
recognized for their floral, sweet/atoma and_have
documented calming, anti-inflammatory and antimicrobial
effects (Huan et al., 2024; Fan et al., 2024; Anetal, 2021).
Elemol and nerolidol are sesquiterpgne alcohols'with more
persistent woody-floral notes and also exhibit antifungal
and antioxidant properties/ANGlumac™ et al., 2023;
Arunachalam et al., 202%). Thus, the cultivar-specific
volatile profiles are not“merely sfatistical artifacts; they
reflect genuine différenceshim biosynthetic emphasis,
Chachi leaning toywatd hydrocarbon monoterpenes and a
distinctive  aromatici)ester, Zhangtouhong toward
oxygenatédyand esterified terpenoids, which may translate
into divetgent/sensory and functional properties. Among
these markerS, methyl 2-(methylamino)benzoate (Yu etal.,
2022; Li et al., 2023; GAN et al., 2025), linalool (DU et
al., 2025; GAN et al., 2025) and a-thujene (Song et al.,
2024) showed both significant univariate differences and
high discriminative contributions, making them high-
priority candidate markers within the current sample
cohort. Overall, the volatile differences between the two
CRP cultivars were mainly reflected in cultivar-specific
volatile compound profiles. This finding suggests that the
conventional volatile marker system derived from Chachi
CRP may not adequately represent the aging characteristics
of Zhangtouhong CRP and supports the need to consider

Liujin Wu et al.

cultivar-specific volatile indicators

evaluation.

in CRP quality

Flavonoid profiles further revealed differences between the
two cultivars, with cultivar again identified as the major
factor contributing to these differences. Univariate
statistics, PCA, OPLS-DA and clustering all pointed to
cultivar-dependent aging (Peng et al., 2025; Luo et al.,
2023). In Zhangtouhong, both flavonoid glycosides (Im et
al., 2024) and demethoxyflavonoids (Toledo etaal., 2024)
rose together as aging progressed. Moreover, the, total
amount and relative proportion of demethoxyflavgnoids
were higher in Zhangtouhong than 4n Chachig”This is
phytochemically noteworthy because
demethoxyflavonoids, particularl§ip5-demethylnobiletin,
have been reported to exhibit Strehgerjanticancer activity
than the corresponding fullySmethéxylated flavonoids
(Yanping et al., 2022; Chen et al.;2022). Their preferential
accumulation iniZhangtouhoeng therefore suggests not only
a compositiofial difference but also a potentially distinct
bioactivity’prefile An Chachi, flavonoid glycosides showed
a phased patternpup at 5 years, down at 10, while
demethoxyflavonoid$” increased  gradually.  This
asynchrony suggests that Chachi aging involves a different
integplaggbetween flavonoid subclasses. Hesperidin proved
tghbe a robust aging-responsive marker, whereas nobiletin,
S-demethylnobiletin ~ and  sinensetin  consistently
discriminated the cultivars. Collectively, Zhangtouhong
did,not simply recapitulate the Chachi flavonoid aging
pattern; instead, it exhibited a characteristic accumulation
of demethoxyflavonoids and a coordinated rise across
multiple subclasses. For quality assessment, this indicates
that hesperidin content alone is insufficient and that
cultivar-specific flavonoid panels should be considered.

To better assess the potential relevance of the markers
identified here, representative volatile and flavonoid
compounds were compared with previous reports in other
citrus cultivars (Table 2). This comparison highlights
which compounds represent common citrus constituents
and which show stronger cultivar-dependent behavior,
thereby providing additional support for the selection of
candidate cultivar-specific markers for Zhangtouhong.

A few limitations are worth acknowledging here. The
sample size was on the small side, 16 samples in total,
spanning two cultivars and three aging periods. So the
cultivar-specific markers that emerged from the various
statistical and chemometric analyses should probably be
treated as preliminary candidates rather than definitive
markers ready for broad application. Future work ought to
cast a wider net: more geographical origins, more
production batches, more aging periods and independent
validation cohorts to test whether these candidates actually
hold up across batches and conditions. Another point worth
noting is the aging window itself. This study examined
samples aged only 3—10 years, so longer-term materials
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will be needed to build a fuller picture of how the chemistry
changes as different CRP cultivars age.

CONCLUSION

Taken together, these findings indicate that different
chemical indicators serve different purposes in CRP quality
evaluation. (Yu et al., 2024). D-limonene, the monoterpene
hydrocarbon backbone and hesperidin mainly reflect
shared aging features. Meanwhile, the 16 differential
volatile markers, key e-nose sensor responses and
flavonoids such as nobiletin, 5-demethylnobiletin and
sinensetin reflect the differential aging features between
Zhangtouhong and Chachi CRP. The implication is
straightforward: quality standards developed from Chachi
CRP should not be blindly applied to every CRP cultivar.
Marker systems should be built to accommodate both
shared aging trends and cultivar-distinct chemical profiles.
For Zhangtouhong, paying more attention to its
characteristic volatile odor profile and flavonoid
remodeling pattern will pave the way toward a quality
evaluation strategy that truly fits this local cultivar. After
all, a Zhangtouhong peel should not be judged solely by
Chachi-derived criteria; the present data support a more
cultivar-adaptive evaluation approach.

Future studies should systematically validate these
candidate markers using larger sample populations
collected from multiple production regions and different
batches, together with independent validation cohorts. On
this basis, their application value in the quality géntrol of
Zhangtouhong CRP could be further explored. Eor
example, these candidate markers may be'incorporateddnto
fingerprinting profiles or quantitative detectign systems to
distinguish CRP samples derived frompdifferentyCultivars
and to provide chemical evidénce for 4dentifying
geographical origin confusion, cultivar gubstitution, or
adulteration. With the accumulation of'multi-regional and
multi-batch validation \data, these  markers may also
provide scientific suppost for jthe development of
regulatory standards, standardized cultivation,
optimization of aging processes and quality control of
decoction pieces ofhZhangtouhong CRP, thereby
facilitatinglithe, establishment of a more cultivar-adaptive
quality evaluatton‘framework for Zhangtouhong CRP.
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