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ABSTRACT

The fruits of Isatis species hold significant but underexplored potential in flavor and phytochemical applications. This study
comprehensively investigated the volatile organic compounds (VOCs) and their transcriptional regulation underlying aroma
divergence in the fruits of three Isatis species. Using headspace solid-phase microextraction coupled with gas chromatography-
mass spectrometry (HS-SPME-GC-MS), a total of 1042 VOCs were identified, with terpenoids, esters, and ketones being the most
abundant classes. Principal component and differential analyses revealed distinct, species-specific VOC profiles. Quantitative
analysis showed that Isatis oblongata had the highest total VOC content, characterized by esters and alcohols, whereas Isatis
tinctoria and Isatis indigotica exhibited balanced aldehyde-terpenoid and ketone-enhanced profiles, respectively. The application of
relative odor activity value (rOAV) modeling identified 44 key aroma-active compounds, defining the sensory profiles: I. oblongata
as mushroom dominant (driven by the high rOAV of 1-octen-3-one), I. tinctoria as fatty-green-earthy (driven by C9 aldehydes), and
L indigotica as sweet-green with a spicy undertone (associated with benzene, (isothiocyanatomethyl)-). Integrated transcriptomic
analysis and weighted gene co-expression network analysis (WGCNA) uncovered the molecular basis for this divergence. The fatty-
green character of I. tinctoria was linked to a NAC transcription factor (Iin12486) that co-expressed with specific lipoxygenase (LOX)
genes (Iin24854, 1in09829). Conversely, the mushroom aroma of I. oblongata was associated with a different NAC TF (1in05720)
co-expressed with a hydroperoxide lyase (HPL) gene (Iin21448). This multiomics study deciphers the coordinated transcriptional
regulation underlying aroma divergence in Isatis, providing a scientific basis for chemotaxonomy, quality control, and the targeted
utilization of aroma resources in these species.
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1 | Introduction

The genus Isatis (Brassicaceae) comprises perennial herbs with
notable historical and economic importance. Certain species,
particularly Isatis indigotica (known as “Banlangen”), are val-
ued in traditional medicine, with roots extensively studied for
their phytochemical and pharmacological properties (Kang et al.
2020; Chang et al. 2024; M. Chen et al. 2012). In contrast,
secondary metabolites from other plant parts, especially fruits,
remain underexplored. This gap is particularly evident for
volatile organic compounds (VOCs), which are crucial as aroma
constituents and ecological mediators (Dadwal et al. 2025). A
systematic analysis of fruit VOCs across Isatis species is therefore
needed to understand their role in sensory characteristics and
species-specific chemistry.

Plant VOCs are low-molecular-weight metabolites that contribute
significantly to a plant’s distinct aroma, a trait shaped by genetics,
environment, and metabolism (Feng et al. 2024). Beyond their
ecological roles (e.g., in pollinator attraction and defense), VOCs
serve as chemical fingerprints for species identification and are
of interest for flavor and fragrance applications (Fuentes-Lopez
et al. 2025; Shukurova et al. 2020; Schwab et al. 2008). However,
comparative VOC profiling within Isatis remains limited, with
most studies focusing on single species or nonfruit tissues.
Comprehensive characterization of VOC profiles, interspecific
variation, and their formation mechanisms in Isatis fruits will
provide a foundation for chemotaxonomy, quality assessment,
and the utilization of aroma resources in this genus.

Despite the well-documented medicinal value of Isatis, research
on its VOCs remains inadequate. Current studies are often limited
to a few volatile components in a single species, lacking system-
atic interspecific comparisons within the genus. Most analyses
remain qualitative, with limited integration of quantitative data
and odor activity analysis (Condurso et al. 2006; Dupré et al.
2025). Moreover, the molecular regulatory mechanisms underly-
ing VOC biosynthesis, particularly the pathways and regulatory
networks of key aroma compounds, are still unclear. These
knowledge gaps hinder the clarification of species-specific VOC
patterns and the chemical and genetic basis of odor formation,
thereby limiting their application in species identification, flavor
marking, and high-value product development.

The formation of plant volatile odors results from the com-
bined effects of genetic background and environmental factors
(Loreto and Schnitzler 2010). In recent years, advances in
gas chromatography-mass spectrometry (GC-MS) and efficient
enrichment methods such as fully automated headspace solid-
phase microextraction (HS-SPME) have enabled high-throughput
and highly sensitive capture of the plant volatilome. Previous
studies on medicinal plants such as Phyllostachys edulis and
Liquidambar have established species-specific chemical profiles
(L. Zhang et al. 2025; Zhao et al. 2025). However, research on
Isatis has largely been confined to leaves or roots, focusing mainly
on qualitative analysis of single species, with limited systematic
comparison at the genus level. Furthermore, among the hundreds
of VOCs detected instrumentally, only a subset significantly
contributes to the overall scent. The relative odor activity value
(rOAV) model, which relates compound concentration to human
olfactory thresholds, has been successfully applied in flavor

research on tea, fruits, and other products to identify key odor-
active compounds (S. Zhang et al. 2023; Zhu et al. 2016). Thus,
identifying these key components is essential for deciphering the
sensory characteristics of Isatis plants.

At the molecular level, the biosynthesis of plant VOCs is tightly
regulated at the transcriptional level, primarily through the
terpenoid and fatty acid derivative pathways. In particular, C6
and C9 aldehydes and alcohols generated via the lipoxygenase
pathway often contribute to key odor attributes such as “green”
and “fatty” notes. The expression of structural genes in these
pathways is precisely controlled by upstream transcription factors
(TFs) (Picazo-Aragonés et al. 2020). In recent years, weighted
gene co-expression network analysis (WGCNA) has emerged as a
powerful bioinformatics tool for identifying gene modules highly
correlated with target traits, such as metabolite accumulation,
and for pinpointing hub TFs that play central regulatory roles
(Eshaghi and Rashidi-Monfared 2025). This multiomics strategy,
integrating metabolomics and transcriptomics, has been success-
fully applied to elucidate the formation of flavor in Amomum
tsao-ko fruits and aroma in roses (Ma et al. 2024; Xiao et al. 2018).
Nevertheless, the biosynthetic pathways and transcriptional reg-
ulation of key aroma compounds in Isatis have not yet been
deciphered.

Based on this background, this study selects fruits from three rep-
resentative Isatis species, including I. indigotica, Isatis tinctoria,
and Isatis oblongata, as research materials. Isatis indigotica, the
original species of “Banlangen,” has been used for thousands of
years in traditional medicine for its heat-clearing and detoxifying
effects (Q. Chen et al. 2021). Isatis tinctoria, rich in indigo
pigments, is widely used in the natural dye industry and shows
promising potential for medicinal development (Rao et al. 2025).
Isatis oblongata, a relative distributed in arid and semi-arid
regions of northwestern China, remains underexplored in terms
of its medicinal value and resource characteristics. This study
aims to establish a comprehensive qualitative and quantitative
profiling system for VOCs in these three species using headspace
solid-phase microextraction coupled with gas chromatography-
mass spectrometry (HS-SPME-GC-MS); identify key aroma-
active compounds via rOAV; pinpoint characteristic odor contrib-
utors in each species; and reveal interspecific variation patterns
and key genetic modules regulating VOC accumulation through
differential metabolite analysis and WGCNA. Ultimately, this
work will clarify the composition, odor variation mechanisms,
and molecular regulatory basis of VOCs in these three Isatis
species. The findings will fill a gap in comparative volatilome
research within the genus, provide precise chemical markers
for species identification, and offer theoretical and technical
support for the targeted exploration and high-value utilization
of VOC resources, such as in natural fragrance development
and screening of medicinal scent-active components, while also
establishing a reference methodology for systematic research on
volatile metabolites in medicinal plants.

2 | Materials and Methods
2.1 | Plant Materials

To investigate the interspecific divergence in aroma profiles and
transcriptional regulation, a common garden experiment was
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established for three Isatis species: I. oblongata (Io), L tinctoria
(It), and L indigotica (Ii). All plants were cultivated under iden-
tical edaphic and climatic conditions at the Experimental Base
of Yili Normal University (YNU), located in Sulagong Village,
Panjin Town, Yining City, Xinjiang, China (44°1'N, 81°23'E; alti-
tude: 660 m). The region features a temperate continental climate.
Standardized agronomic management, including irrigation and
fertilization, was applied uniformly across all experimental plots
to minimize environmental variance, ensuring that observed
metabolic and transcriptomic differences were primarily driven
by genetic factors. Voucher specimens for each species were
authenticated and deposited at the Herbarium of YNU under
accession numbers YNU-ISA-2025-001, YNU-ISA-2025-002, and
YNU-ISA-2025-003, respectively.

Mature fruits were harvested in late May 2025, corresponding to
the optimal ripening stage for flavor accumulation. A rigorous
pooling strategy was employed to reduce individual biological
noise: for each biological replicate (n = 3), mature fruits were
collected from eight distinct, healthy individuals and combined
into a single composite sample. Immediately upon harvest, the
fresh fruit samples were flash-frozen in liquid nitrogen to arrest
metabolic activities and prevent RNA degradation. Samples were
subsequently stored at —80°C. For analysis, the frozen fresh
tissues were ground into a fine powder in liquid nitrogen.
This processed material was divided for parallel transcriptomic
sequencing and volatile metabolome analysis (HS-SPME-GC-
MS), ensuring direct correlation between gene expression and
metabolite accumulation.

2.2 | Sample Extraction

The samples were ground into a fine powder using liquid
nitrogen and homogenized via vortex mixing. Subsequently,
approximately 500 mg of each sample was precisely weighed into
a headspace vial. Then, 2 mL of saturated NaCl solution and
20 uL of an internal standard solution (10 ug/mL) were added to
each vial. The VOCs were subsequently extracted using fully auto-
mated HS-SPME in preparation for gas chromatography-mass
spectrometry (GC-MS) analysis.

2.3 | Chromatographic and Mass Spectrometric
Acquisition Conditions

2.3.1 | HS-SPME Extraction

The extraction process was conducted under constant agitation
at 60°C for 5 min. A 120-um DVB/CWR/PDMS SPME Arrow
was then inserted into the headspace of the vial for a 15-min
extraction period. Following extraction, the fiber was desorbed
in the GC inlet at 250°C for 5 min. Prior to initial use, new
SPME Arrows were conditioned in the Fiber Conditioning Station
for 2 h at 250°C; before each subsequent sampling, the fiber
was reconditioned for 5 min at the same temperature. It is
noteworthy that the SPME Arrow utilized offers a sensitivity
approximately 10-fold greater than that of traditional SPME
fibers.

2.3.2 | Gas Chromatography

Separation was performed on a DB-5MS capillary column (30
m X 0.25 mm X 0.25 um; Agilent J&W Scientific, Folsom, CA,
USA). High-purity helium (>99.999%) served as the carrier gas at
aconstant flow rate of 1.2 mL/min. The injection port temperature
was maintained at 250°C with a solvent delay of 3.5 min. The oven
temperature program was as follows: an initial hold at 40°C for
3.5 min, ramp to 100°C at 10°C/min, then to 180°C at 7°C/min,
and finally to 280°C at 25°C/min, followed by a final hold at 280°C
for 5 min.

2.3.3 | Mass Spectrometry

The mass spectrometer was equipped with an electron ionization
(EI) source operated at 70 eV. The temperatures of the ion source,
quadrupole, and transfer line were set at 230°C, 150°C, and 280°C,
respectively. Data acquisition was performed in selected ion
monitoring (SIM) mode to ensure high sensitivity and selectivity
for both qualitative and quantitative analysis.

2.4 |
VOCs

Qualitative and Quantitative Analysis of

The raw data files acquired from GC-MS were processed using
MassHunter software. For accurate identification and quan-
tification, a custom in-house database was established. This
database incorporated information from multiple sources, includ-
ing literature, authentic standards, and retention indices, and
contained defined retention times (RTs) along with characteristic
quantitative and qualitative ions for each compound. In the SIM
method, one quantitative ion and two to three qualitative ions
were selected for each metabolite. All target ions were monitored
within specific time windows according to their elution order. A
metabolite was positively identified if its detected RT matched
the reference standard and all its designated ions were present
in the sample mass spectrum after background subtraction (Yuan
et al. 2022; Yuan et al. 2024). For quantification, the peak areas
of the quantitative ions were integrated and calibrated, thereby
enhancing the accuracy of the quantitative results.

2.5 | Analysis of Metabolite Relative Content

The internal standard semiquantitative method involves adding
an appropriate chemical standard to the sample during quan-
titative analysis. The measured value of this internal standard
serves as a reference for calculating the content of the target
components. In quantitative analysis, to ensure that the proce-
dure meets methodological requirements, a suitable compound
is often selected as a reference and added to the sample at a
known concentration. Both the target analytes and the reference
compound are then detected simultaneously. According to the
literature, isotopically labeled analogs are currently among the
most commonly used internal standards. Therefore, an isotopic
internal standard was selected in this study, and the relative
content of VOCs in the samples was calculated based on the
reference formula (D. Huang et al. 2024), as shown below:

Food Frontiers, 2026

30f16



X;=(V, x C;) /M x PI, / PI; x 10,

where X; is the content of compound i in the sample (ug/g);
V, is the volume of the internal standard added (uL); C; is the
concentration of the internal standard (ug/mL); M is the mass of
the sample (g); PI; is the peak area of the internal standard; and
PI, is the peak area of compound i in the sample.

2.6 | Analysis of Metabolite rOAV

The rOAV is a method established based on the odor thresh-
olds of compounds to identify key aroma contributors in food,
illustrating the contribution of each volatile compound to the
overall aroma profile. Generally, an rOAV of >1 indicates that
the compound directly contributes to the sample’s flavor. With
reference to relevant literature (Fang et al. 2024; W. Huang et al.
2022; Xue et al. 2022), the rOAV was calculated as follows:

rOAV, =C, / T;,

where rOAYV; is the relative odor activity value of compound i, C;
is the relative content of the compound (ug/g), and T; is its odor
threshold (ug/g).

2.7 | Selection of Differential VOCs and KEGG
Annotation and Enrichment Analysis

Differential VOCs were identified based on a variable importance
in projection (VIP) value greater than 1 and an absolute log, fold
change (ILog,FCl) of at least 1.0. The VIP values were derived
from orthogonal projections to latent structures discriminant
analysis (OPLS-DA), which was performed using the R package
MetaboAnalystR. The OPLS-DA results also included score plots
and permutation plots. Prior to OPLS-DA, the data were log-
transformed (Log,) and mean-centered. To avoid overfitting, a
permutation test with 200 iterations was conducted.

The identified metabolites were annotated using the KEGG
(Kyoto Encyclopedia of Genes and Genomes) compound database
(http://www.kegg.jp/kegg/compound/). Subsequently, the anno-
tated metabolites were mapped to the KEGG pathway database
(http://www.kegg.jp/kegg/pathway.html) for pathway analysis.

2.8 | RNA-seq

Total RNA was extracted from samples using the RNAprep
Pure Plant Kit (Tiangen, Beijing, China) according to the man-
ufacturer’s instructions. RNA concentration and purity were
determined using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA). RNA integrity was
subsequently assessed with the RNA Nano 6000 Assay Kit on
an Agilent Bioanalyzer 2100 system (Agilent Technologies, CA,
USA).

For library construction, 1 ug of total RNA per sample was
used as input. Sequencing libraries were prepared following the
manufacturer’s guidelines using the Hieff NGS Ultima Dual-
mode mRNA Library Prep Kit for Illumina (Yeasen Biotechnology

(Shanghai) Co., Ltd.), with index codes incorporated to assign
sequences to respective samples. Specifically, mRNA was isolated
from total RNA using poly-T oligo-attached magnetic beads.
First-strand cDNA synthesis was conducted, followed by second-
strand synthesis. The resulting DNA fragments were blunt-ended
through exonuclease/polymerase treatment. After adenylating
the 3’ ends, NEBNext Adaptors with hairpin loop structures
were ligated. The library fragments were then purified using the
AMPure XP system (Beckman Coulter, Beverly, USA). Subse-
quently, size-selected and adaptor-ligated cDNA was treated with
3 uL of USER Enzyme (NEB, USA) at 37°C for 15 min, followed
by incubation at 95°C for 5 min prior to PCR amplification. PCR
was performed using Phusion High-Fidelity DNA polymerase,
universal PCR primers, and an index (X) primer. Finally, the
PCR products were purified (AMPure XP system), and library
quality was verified using the Agilent Bioanalyzer 2100 system.
The prepared libraries were sequenced on an Illumina NovaSeq
platform to generate 150-bp paired-end reads, in accordance with
the manufacturer’s protocol.

Gene functions were annotated by aligning sequences against the
following databases: Nr (NCBI nonredundant protein sequences),
Pfam (Protein Family), KOG/COG (Clusters of Orthologous
Groups of proteins), Swiss-Prot (a manually annotated and
reviewed protein sequence database), KO (KEGG Ortholog
database), and GO (Gene Ontology). Differential expression
analysis was performed using DESeq2, which applies a negative
binomial distribution-based model to statistically evaluate dif-
ferences in gene expression levels. The resulting p-values were
adjusted using the Benjamini-Hochberg procedure to control
the false discovery rate. Genes satisfying the criteria of an
adjusted p-value <0.01 and a fold change >2 were identified
as differentially expressed. Additionally, TFs were predicted by
performing domain searches against the TFDB database using
hmmsearch from the HMMER package.

2.9 | Quantitative PCR Analysis

Total RNA was extracted using a cetyltrimethylammonium bro-
mide (CTAB)-based method, and its concentration and purity
were assessed with a Nanodrop spectrophotometer. Subsequently,
first-strand cDNA was synthesized from the total RNA using
the PrimeScript RT reagent kit, which incorporates a gDNA
Eraser step to remove potential genomic DNA contamination.
Quantitative real-time PCR (qPCR) was then conducted on a
CFX96 Real-Time System using SYBR Green dye. The thermal
cycling protocol comprised an initial pre-denaturation at 95°C
for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s
and annealing/extension at 60°C for 30 s. Each target gene
was analyzed in triplicate to ensure data reliability, and relative
expression levels were calculated using the 2724¢" method. All
gqPCR primers were designed with Primer Premier 5.0 and are
provided in Table S1.

2.10 | Data Analysis

The experimental data were processed using Microsoft Office 2021
(Microsoft Corporation, Redmond, WA, USA). Histograms were
generated using Origin 2021 (OriginLab Corporation, Northamp-

40f16

Food Frontiers, 2026


http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html

C
Qe _I i|;\ Sample size: 12
Ti [ ¢ Ciroups: 4
: :IE Features: 1042
It 4. F TransFannation: none
ial ]L Scaling: auto
werboms {583 ) g
- compaird 1 9.60% ) 0 50
E (6.32%) PCT (68.24%)
LT3%)
it 2D PCA Plot sae
i 10.19% ) ®lo )
%) 20 - 203
- e |
et a0 o
el —
@ Qc —
B Isatis indigatica —mem
10 "
st - [—
P %20 )
0 -
< =
S 3)
T =
° L 4
we @ )
=10
®
B e
-20 0 20 40 RGN . A - 4
isatis oblongara Isatis tinctoria PC1 (68.24%)

FIGURE 1 |

Global profiling of volatile organic compounds (VOCs) in the fruit of three Isatis species. (A) Classification analysis of identified VOCs.

(B) Venn analysis of VOCs. (C) Scatter plot of the principal component analysis (PCA) based on the identified VOCs. QC, quality control; Ii, I. indigotica;
1t, L tinctoria; lo, I. oblongata. Asterisks represent statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

ton, MA, USA). One-way analysis of variance was conducted
using Duncan’s method in IBM SPSS Statistics 25. Classification
pie charts, principal component analysis (PCA), and Venn dia-
grams were produced using R version 3.5.1. Advanced flavor radar
charts were created with R version 4.1.2. Furthermore, heatmap
visualization and K-means clustering analysis were performed
using R version 4.2.0. Additionally, bubble plots were constructed
with R version 4.2.2. Correlation networks among key aroma
compounds, structural genes, and regulatory genes were analyzed
based on the Pearson method and visualized using Cytoscape
3.9.1. Moreover, WGCNA was conducted with R version 4.2.2,
where the minimum module size was set to 50 genes, the merge
cut height was set to 0.25, and other parameters were kept as
default.

3 | Results

3.1 | Comprehensive Profiling of VOCs

A total of 1042 VOCs were identified from the fruits of the three
Isatis species (I oblongata, I. tinctoria, and I. indigotica) using GC-
MS analysis. These metabolites were categorized into 15 distinct
classes (Figure 1A). Terpenoids constituted the most abundant
class (19.67%), followed by esters (18.43%) and ketones (11.61%),
indicating their significant role in the metabolic background of
Isatis fruits.

A comparative analysis of the three species revealed both shared
and distinct metabolic profiles. A total of 883, 1003, and 976
metabolites were identified in I oblongata, I tinctoria, and
L indigotica, respectively (Figure 1B). Venn diagram analysis

highlighted a substantial common metabolic foundation, with 817
metabolites shared among all three species (Figure 1B), which
likely represents the core VOCs of the Isatis genus. However,
each species also exhibited unique characteristics: I. oblongata
possessed the highest number of unique metabolites (22), includ-
ing several terpenoids such as (+)-4-carene and (+)-3-carene,
as well as compounds like creosol and 2-heptenoic acid. This
suggests a distinct secondary metabolic pathway in this species.
Isatis tinctoria contained 16 unique metabolites, characterized by
compounds such as the 2,4-nonadienal, (E,E)- and 1-nonen-3-
one, which may contribute to its specific aromatic profile. In stark
contrast, I. indigotica had only a single unique metabolite, iden-
tified as panaxene. This indicates that while its overall metabolic
profile is rich, its uniqueness lies not in the number of unique
compounds but potentially in the relative abundance of shared
metabolites. The pairwise shared metabolites further illuminate
their phylogenetic relationships. The fact that I tinctoria and I
indigotica shared a considerably higher number of metabolites
(142) than either did with I oblongata (28 and 16, respectively)
suggests a closer metabolic relationship between I. tinctoria and
L indigotica.

PCA was employed to visualize the overall metabolic differences
among the three species. The analysis showed a clear and distinct
separation between the groups along the first two principal
components (Figure 1C). PC1 and PC2 accounted for 68.24% and
18.35% of the total variance, respectively, cumulatively explaining
86.59% of the metabolic variation, which robustly represents the
dataset’s structure. Notably, the three biological replicates for
each species clustered tightly together, indicating high repro-
ducibility of the analytical results and the consistency of the
metabolic profiles within each species.
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FIGURE 2 |

Volatile organic compound (VOC) content and aroma profiles of the fruits from three Isatis species. (A) Quantitative VOC content. (B)

Comparative relative abundance. (C) Flavor sunburst diagram of the predominant odor descriptors. Ii, I. indigotica; It, I tinctoria; o, I. oblongata.

The score plot (Figure 1C) demonstrates that I oblongata (Io)
samples were located in the negative quadrant of both PC1 and
PC2, clearly separated from the others. Isatis tinctoria (It) samples
clustered in the positive region of PC1 and the negative region
of PC2. Isatis indigotica (1i) samples were distinctly positioned in
the positive region of PC2, separating them from both I. oblongata
and [. tinctoria. The quality control (QC) samples formed a tight
cluster, validating the stability and reliability of the analytical
sequence. The statistical significance of the separations observed
in the PCA score plot was confirmed by T-tests. For both PC1
and PC2, all interspecies comparisons and comparisons with QC
samples were also statistically significant (p < 0.05). Notably,
the separation between I. oblongata (Io) and I indigotica (i)
along PC2 was extremely significant (p < 3.3 x 107°). These
statistical results unequivocally demonstrate that the three Isatis
species possess significantly distinct VOC profiles, corroborating
the findings from the Venn analysis.

3.2 | Quantitative and Odor of VOCs

The relative concentrations of all 1042 identified VOCs were
quantified to elucidate the distinct chemical landscapes of the
three Isatis fruits. The total VOC content varied substantially
among the species. Isatis oblongata (Io) exhibited the most
abundant total VOC, with an average concentration of 551.03 ug/g,
which was approximately 2.1 and 2.4 times higher than that of
I tinctoria (It, 266.57 pg/g) and I indigotica (Ii, 223.67 pg/g),
respectively (Figure 2A). This indicates a fundamentally higher
level of volatile production in I. oblongata.

A more detailed analysis of the compositional profiles revealed
pronounced species-specific patterns, which were driven by
several key marker compounds. In I. oblongata (Io), esters were
the most dominant class, constituting on average 35.77% of the
total VOC profile (197.14 pg/g). This was largely attributed to

exceptionally high levels of 2-propenoic acid, pentyl ester (up to
134.04 pg/g), and propanoic acid, 1,1-dimethylethyl ester (up to
18.89 pg/g), which contributed significantly to the overall ester
abundance. This was followed by alcohols (14.15%, 93.65 pg/g)
(Figure 2B), with 2-octanol, 2-octanol, (S)-, and 1-octen-3-ol
being the major contributors, and acids (14.15%, 77.97 ug/g). The
combination of high ester and acid content suggests a potentially
strong fruity and acidic aroma note in Io fruits.

The VOC profile of I tinctoria (It) was markedly different.
While esters remained a significant class (16.22%, 43.34 ug/g),
aldehydes (15.77%, 42.06 pg/g) and terpenoids (14.66%, 39.13 ug/g)
contributed almost equally to the overall profile. Notably, the
relative abundance of aldehydes in It was about 1.8 times higher
than that in To. This shift was characterized by substantial concen-
trations of 2,4-heptadienal, (E,E)- and benzaldehyde, compounds
often associated with green, fatty, or almond-like odors. In the
terpenoid fraction, Neral was a constituent of notable abundance.
This unique blend likely defines a key aromatic characteristic
differentiating It from Io.

Isatis indigotica (Ii) displayed a unique profile where ester
was the most prominent class, representing 23.06% (51.64 ug/g)
of its total VOCs, followed by ketone (15.05%, 33.62 pg/g), a
proportion significantly higher than that in Io and It. This
ketone-enhanced character was defined by high concentrations
of 3(2H)-furanone, dihydro-2-methyl-, which can impart sweet,
solvent, bread, buttery, and nutty-like notes.

In summary, the quantitative VOC analysis clearly demarcates
the three Isatis species: I. oblongata is an “ester-alcohol”-rich
type dominated by 2-propenoic acid, pentyl ester; I tincto-
ria is a balanced aldehyde-terpenoid type characterized by
(E,E)-2,4-heptadienal and benzaldehyde; and I indigotica is a
ketone-enhanced type marked by 3(2H)-furanone, dihydro-2-
methyl-. These fundamental differences in both the total volatile
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output and the specific marker compounds provide a quan-
titative basis for their unique fragrance profiles and set the
stage for identifying key aroma-active compounds in subsequent
analyses.

Based on the odor database annotations, we conducted a system-
atic odor analysis of the VOCs from three experimental materials
to elucidate their overall aroma profiles. A total of 556 VOCs
with definitive odor descriptions were detected, corresponding
to 372 distinct odor descriptors. Through flavor sunburst diagram
screening, the top 10 odor types identified were sweet (51 VOCs),
woody (30 VOCs), fruity (27 VOCs), floral (16 VOCs), green (16
VOCs), waxy (14 VOCs), herbal (13 VOCs), spicy (10 VOCs), fatty
(eight VOCs), and balsamic (8 VOCs). Together, these odor types
constitute the complex and diverse aroma profiles of the three
materials (Figure 2C).

Specifically, all three materials exhibited dominant aroma char-
acteristics of sweet, woody, and fruity notes. The sweet odor was
contributed by various compounds such as ionone (characterized
by violet, sweet, floral, and woody notes), benzaldehyde, 3,4-
dimethoxy- (sweet, woody, vanilla), and (E)-f-farnesene (woody,
citrus, herbal, sweet), which collectively enhanced the overall
sweet fragrance. The woody odor primarily originated from
terpenoids, including trans-a-bergamotene (woody, warm, tea)
and copaene (woody, spicy, honey), providing a solid woody
foundation to the aroma. The fruity odor was represented by
esters and terpenes such as 4-tert-butylcyclohexyl acetate (woody,
cedary, floral, oily, herbal, balsamic, green, fruity) and a-ionone
(sweet, woody, floral, violet, orris, tropical, fruity), imparting a
fresh fruity sensation.

Furthermore, floral, green, and herbal odors added further com-
plexity to the aroma profile. The floral odor was associated with
compounds such as linalool (floral, green) and benzyl alcohol
(floral, rose, phenol, balsamic), contributing floral nuances. The
green odor was derived from compounds including 2-hexenal
(sweet, almond, fruity, green, leafy, apple, plum, vegetable) and
3-hexen-1-ol (green, leafy), evoking fresh grassy and leafy impres-
sions. The herbal odor was linked to compounds such as cubenol
(spicy, herbal, green, tea) and thymol (herbal, thyme, phenol,
medicinal, camphor), introducing herbal and spicy complexity.
Additionally, waxy, spicy, fatty, and balsamic odors served as
secondary components that further enhanced the depth and
persistence of the aroma. For instance, waxy odor originated
from n-butyl laurate (waxy, soapy, fruity, peanut), spicy odor
from caryophyllene (sweet, woody, spice, clove, dry), fatty odor
from 2-decenal (waxy, fatty, earthy, green, cilantro, mushroom,
aldehydic, fried, chicken, tallow), and balsamic odor from 1H-
cycloprop[e]azulene (woody, balsamic).

In summary, all three experimental materials (Ii, It, and Io)
exhibited complex yet harmonious overall aroma profiles. This
combination of odors may reflect conserved biosynthetic path-
ways in their metabolite composition and provides a theoretical
basis for their potential applications, such as in perfumery
or medicinal uses. Future studies may focus on quantifying
differences in odor intensity among the materials to uncover more
detailed species-specific characteristics.

33 |
VOCs

Identification and Analysis of Differential

Based on our established criteria for differential metabolites, a
total of 838 VOCs were identified as significantly different across
the three Isatis materials. To visualize their distinct accumulation
patterns, a heatmap was constructed (Figure 3A), revealing clear
metabolic divergence among I. oblongata (10), I tinctoria (It), and
L indigotica (Ii).

To further elucidate the accumulation dynamics of these dif-
ferential VOCs, a K-means clustering analysis was performed,
which classified the 838 compounds into six distinct subclasses
(1-6) (Figure 3B). This clustering effectively delineated the
species-specific and shared VOC profiles. Subclass 1 comprised
VOCs that were nearly undetectable in Io but showed signif-
icant accumulation in both It and Ii. Notably, the concentra-
tion of these compounds was consistently and substantially
higher in Ii compared to It. This group was dominated by
terpenoids, such as di-epi-a-cedrene and y-muurolene, and
phenols, including 2-methoxy-4-vinylphenol. Key aldehydes like
2,5-furandicarboxaldehyde and esters were also prominent in this
cluster. Subclass 2 included metabolites that were present at high
levels in Io, reached their peak accumulation in It, and were
found at intermediate levels in Ii. This group featured alcohols
like (E)-2,6-dimethylocta-3,7-diene-2,6-diol, nitrogen-containing
compounds such as hydrazinecarbothioamide, and ethers like
(butoxymethyl)-benzene. Subclass 3 was the largest cluster and
was characterized by VOCs with the most pronounced accumu-
lation in It and the lowest levels in Ii and Io. This group encom-
passed a vast diversity of chemical classes, including a significant
number of alcohols (e.g., phenylethyl alcohol, benzenemethanol),
aldehydes (e.g., 2-propenal, 3-(2-furanyl)-, benzeneacetaldehyde),
phenols, terpenoids (e.g., neral, carvone), ketones, heterocyclic
compounds, and esters. Subclass 4 exhibited a unique pattern
where VOCs accumulated to moderate and comparable levels in
both It and Ii, while remaining low in Io. This group contained
various aldehydes (e.g., benzaldehyde), acids, terpenoids (e.g., -
pinene), and ketones. Subclass 5 consisted of compounds that
were highly abundant in Io and Ii but were largely absent in
It. This cluster was rich in ketones such as 3(2H)-furanone,
dihydro-2-methyl-, ethers, and esters. Subclass 6 represented
VOCs that were predominantly and uniquely accumulated in
To, with very low or undetectable levels in both It and Ii. This
group was characterized by high levels of specific alcohols (e.g., 1-
octen-3-ol), acids (e.g., 2-heptenoic acid, hexanoic acid, 2-ethyl-),
terpenoids (e.g., B-pinene), and amines.

In summary, the K-means analysis successfully categorized the
complex VOC profiles into coherent classes, highlighting that It
and Ii share a closer relationship in their volatile metabolism,
particularly for terpenoids and phenols in Subclass 1. Conversely,
To possesses a more distinct VOC signature, enriched with a
unique set of acids, alcohols, and terpenoids (Subclasses 5 and 6)
that clearly differentiate it from the other two species.

To further dissect the metabolic disparities between the
three Isatis materials, pairwise comparisons were conducted
(Figure 3C). The Io_vs_It comparison yielded the highest
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number of differential VOCs (759), with 654 (86.17%) being
down-accumulated in Io relative to It. Similarly, in the
Io_vs_Ii comparison, 432 differential VOCs were identified,
of which 302 (69.91%) were lower in Io. In stark contrast,
the It_vs_Ii comparison revealed 557 differential VOCs, with
an overwhelming majority (501 VOCs, 89.95%) being up-
accumulated in It compared to Ii. This pattern strongly indicates
that Io possesses a generally less abundant VOC profile compared
to both It and Ii, while It and Ii, though closely related, exhibit
significant quantitative differences, with It showing higher levels
for most differential volatiles.

A Venn diagram was constructed to identify VOCs that are con-
sistently differential across all pairwise comparisons (Figure 3D).
This analysis revealed a core set of 207 VOCs that were universally
discriminatory, underscoring their fundamental role in defining
the metabolic identities of the three species. This common set was
enriched in terpenoids (e.g., D-verbenone, $-pinene, a-ionone),

aldehydes (e.g., various decadienals and nonenals), heterocyclic
compounds (particularly pyrazines and pyrroles), esters, and
ketones. Beyond the common core, each pairwise comparison
featured a unique set of differential VOCs, highlighting specific
metabolic differentiations. The Io_vs_It comparison possessed
the largest number of unique differential VOCs (85). These
were predominantly esters (e.g., formic acid, octyl ester; acetic
acid, decyl ester) and terpenoids (e.g., trans-rose oxide, cubenol),
suggesting a distinct divergence in flavor and fragrance-related
pathways between these two species. The Io_vs_Ii comparison
featured 24 unique VOCs. This group included several phenols
and unique terpenoids, indicating specific metabolic pathways
that differentiate Io from Ii, independent of It. The It_vs_Ii com-
parison contained 26 unique VOCs. This set was characterized by
a mix of nitrogen-containing compounds (e.g., hydrazinecarboth-
ioamide), alcohols, and specific terpenoids (e.g., D-limonene),
pointing to metabolic specializations that distinguish the two
more closely related species, It and Ii.
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In summary, the pairwise analyses not only confirm the overall
metabolic deficiency of Io but also delineate a hierarchy of
metabolic relationships. The large core of 207 common VOCs
forms the baseline for species discrimination. The unique VOC
sets, particularly the 85 in Io_vs_It, further emphasize the
pronounced metabolic distance between Io and the other two
species, while the smaller unique sets in the Io_vs_Ii and
It_vs_Ii comparisons refine the specific metabolic signatures that
distinguish each species pair.

3.4 | Identification of Key Aroma-Active
Compounds Based on rOAV

To identify volatile compounds that significantly contribute to the
overall aroma profile of Isatis species, the rOAV was calculated
for each of the 838 differential VOCs. The rOAV serves as a
crucial index for evaluating the contribution of a compound to the
overall odor, as it relates the concentration of the compound to its
odor threshold. Among the analyzed VOCs, 262 were identified
as aroma-active, meaning they possessed both a reported odor
description and a calculable rOAV.

A preliminary screening based on the principle that compounds
with rOAV >1 contribute to odor identified 104 such VOCs.
To pinpoint the key aroma drivers, a more stringent criterion
(rOAV > 10) was applied, which is widely accepted to indicate
a substantial contribution. This refined screening revealed 44
key aroma-active compounds with rOAVs exceeding 10 across all
three Isatis species (Table S2), confirming their pivotal role in
shaping the characteristic scents.

The compounds belong to diverse chemical classes, including
ketones (seven compounds), aldehydes (12 compounds), esters
(six compounds), alcohols (six compounds), terpenoids (five com-
pounds), phenols (three compounds), heterocyclic compounds
(four compounds), and one nitrogen compound.

Notably, several compounds exhibited exceptionally high rOAVs
(>10,000), identifying them as the predominant aroma contrib-
utors. These included 1-octen-3-one (rOAVs up to 88,673 in Io),
imparting a potent mushroom note. 3(2H)-Furanone, dihydro-
2-methyl- (rOAVs up to 2,355,345 in Ii) and 2(5H)-furanone,
5-ethyl-3-hydroxy-4-methyl- (rOAVs up to 525,005 in It), both
were characterized by intense sweet, caramel, and nutty aromas.

A comparative analysis of the rOAV profiles across the three
species revealed distinct and characteristic aroma patterns, allow-
ing for their differentiation based on key odorants. Isatis oblon-
gata was characterized as a mushroom-dominant type, primarily
due to the overwhelmingly high rOAV of 1-octen-3-one (88673)
in this species, which imparted a potent mushroom note that
defined its overall aroma profile. In contrast, I. tinctoria presented
a complex fatty-green-earthy character, distinguished by notably
high levels of multiple C9 aldehydes and ketones such as (Z,2)-
3,6-nonadienal (rOAV = 2767), 2-nonenal, (E)- (rOAV = 2471),
and 2,4-nonadienal (rOAV = 5228), which collectively contributed
to intense fatty, cucumber-like, and earthy nuances. Meanwhile,
L indigotica exhibited a more balanced profile with promi-
nent sweet and green notes, yet it was uniquely marked by a
significantly higher rOAV of benzene, (isothiocyanatomethyl)-

(rOAV = 1433), suggesting a potential spicy, medicinal undertone
characteristic of this species.

In conclusion, the rOAV-directed screening successfully identi-
fied 44 VOCs as the key differential aroma-active compounds in
the three Isatis species. The combination of these compounds,
particularly those with exceedingly high rOAV values, forms the
fundamental basis for their unique and complex aroma profiles.
More importantly, the distinct combination and abundance of
specific key odorants, such as mushroom alcohols/ketones in
L oblongata, fatty-green aldehydes in I tinctoria, and a specific
isothiocyanate in I indigotica, provide a chemical basis for their
sensory differentiation.

3.5 | WGCNA of Regulatory Genes and Key VOCs
Based on the expression data of regulatory genes (including TFs,
transcriptional regulators [TRs], and protein kinases [PKs]) and
the accumulation levels of seven key aroma compounds, we
performed a WGCNA to decipher the transcriptional regulatory
network underlying the distinct aroma profiles. A total of 2807
TFs, TRs, and PKs were predicted (Figure 4), with the top five
most abundant families being MYB (146), AP2/ERF-ERF (101),
bHLH (99), RLK-Pelle_DLSV (85), and NAC (74). Subsequently,
WGCNA was carried out to identify TFs, TRs, and PKs strongly
associated with the accumulation of key odor-related VOCs
(Figure 4A). The 2807 regulatory genes were grouped into six
distinct modules. Notably, the turquoise module contained the
highest number of genes (919), followed by the blue (749), brown
(376), and yellow (282) modules. In contrast, the green and gray
modules each contained fewer than 100 regulatory genes.

Correlation analysis revealed that the expression levels of the 749
regulatory genes in the blue module exhibited a highly significant
correlation (p < 0.001) with the accumulation of WAMW1895%260
(2,4-nonadienal), KMWO0338*263 (2-nonenal, (E)-), KMW0287
((Z,2)-3,6-Nonadienal), and KMWO0383 (2(5H)-furanone, 5-ethyl-
3-hydroxy-4-methyl-). The 282 regulatory genes in the yellow
module exhibited a highly significant correlation (p < 0.01)
with the accumulation of KMWO0170 (1-octen-3-one). The 919
regulatory genes in the turquoise module exhibited a highly
significant correlation (p < 0.01) with the accumulation of w28
(3(2H)-furanone, dihydro-2-methyl-) and NMWO0156 (benzene,
(isothiocyanatomethyl)-).

Subsequently, five hub genes were identified within each module
based on intramodular connectivity. A heatmap (Figure 4B)
visualizing the expression patterns of these 15 hub genes revealed
clear species-specific expression trends that aligned perfectly with
the accumulation of their correlated aroma compounds.

3.5.1 | Hub Genes in the Blue Module

All five hub genes (e.g., Iin12486 [NAC TF], Iin17976 [PX],
1in28464 [PK]) displayed a conserved expression pattern char-
acterized by exceptionally high expression in I tinctoria and
low expression in I oblongata and I indigotica. This pattern
is consistent with the uniquely high abundance of fatty-green
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Identification of co-expression modules and hub regulators associated with species-specific aroma profiles in Isatis. (A) Module-trait

associations and key volatile organic compounds (VOCs). (B) Species-specific expression patterns of hub genes in key WGCNA modules. (C) Integrated

regulatory network of hub genes and correlated aroma compounds. Green color represented regulatory genes, and pink color represented key aroma

compounds. Ii, I indigotica; It, I. tinctoria; Io, I. oblongata.

aldehydes (2,4-nonadienal, 2-nonenal, (E)-) that define the aroma
of I tinctoria.

3.5.2 | Hub Genes in the Yellow Module

The hub genes (including Iin05720 [NAC TF]| and 1in21397 [FAR1
TF]) showed the highest expression in I oblongata, moderate
expression in . indigotica, and negligible expression in I. tinctoria.
This pattern directly corresponds with the dominant accumula-
tion of 1-octen-3-one in I. oblongata, which is a key determinant
of its mushroom-dominant aroma.

3.5.3 | Hub Genes in the Turquoise Module

The hub genes in this module (e.g., 1in04654 [EIL TF], 1in27981
[HSF TF], 1in02455 [C3H TF], 1in04493 [bHLH TF]) exhibited a

contrasting profile, with the strongest expression in I. indigotica,
very low expression in I tinctoria, and intermediate levels in
I oblongata. This aligns with the high accumulation of both
3(2H)-furanone, dihydro-2-methyl- and, most notably, benzene,
(isothiocyanatomethyl)- in I indigotica, supporting its balanced
sweet-green profile with a unique spicy undertone.

To further validate the regulatory relationships, a correlation
network was constructed between the hub genes and their asso-
ciated aroma compounds (Figure 4C). The network confirmed
strong positive correlations (correlation coefficients ranging from
0.8 to 1.0) between each hub gene and its linked metabolites.
Specifically, all five blue module hub genes showed near-perfect
positive correlations (>0.97) with the fatty-green aldehydes.
Similarly, the turquoise module hub genes were strongly corre-
lated with w28 (0.87-0.90) and NMWO0156 (0.97-0.99), and the
yellow module hub genes were robustly linked to KMWO0170
(0.80-0.87).
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In summary, the WGCNA successfully delineated three co-
expression modules whose distinct spatiotemporal expression
patterns strongly underpin the species-specific accumulation of
the key aroma compounds. The identified hub genes, particularly
the bHLH, NAC, EIL, and HSF TFs, represent high-priority
candidates for being the core regulators responsible for the
divergent aroma profiles of the three Isatis species.

3.6 | Biosynthetic Pathways of Key Aroma
Compounds

To elucidate the biosynthetic origin of the key aroma compounds,
we reconstructed the metabolic pathways leading to four critical
volatiles: the C9 aldehydes (Z,Z)-3,6-nonadienal, 2-nonenal (E)-
, and 2,4-nonadienal, and the C8 ketone 1-octen-3-one. Their
proposed formation from a-linolenic and linoleic acid precursors
via the lipoxygenase (LOX) pathway is depicted in Figure 5.

The accumulation patterns of these volatiles were highly species
specific and aligned with the expression of key biosynthetic genes.
Isatis tinctoria (It) accumulated the highest levels of the unsat-
urated C9 aldehydes, with 2,4-nonadienal and 2-nonenal (E)-
being almost exclusively detected in this species. This remarkable
abundance was strongly associated with the exceptionally high
expression of two LOX genes, [in24854 and Iin09829, in L
tinctoria. This coordinated upregulation of LOX genes provides
a clear genetic basis for the dominant fatty-green character of L.
tinctoria.

In contrast, 1-octen-3-one, a potent mushroom-smelling ketone,
was most abundant in I oblongata (Io). This was consistent
with the highest expression of the hydroperoxide lyase gene

Proposed biosynthetic pathway of key aroma compounds in Isatis species. Ii, I. indigotica; It, I. tinctoria; o, I. oblongata.

Iin21448 (HPL) in this species, which is hypothesized to catalyze
the formation of this volatile from 10(R)-HPODE. The strong
correlation between the expression of Iin21448 and the accu-
mulation of 1-octen-3-one positions it as a key candidate gene
responsible for the characteristic mushroom aroma of Io. The
specific regulatory mechanisms driving the high co-expression
of Iin21448 and 1-Octen-3-one in Io, however, warrant further
investigation.

The third species, I indigotica (Ii), exhibited an intermediate
profile for most compounds, consistent with its more balanced
aroma signature. It showed substantial accumulation of (Z,Z2)-3,6-
nonadienal and moderate levels of 1-octen-3-one and 2-nonenal
(E)-, which correlated with the intermediate expression levels of
several LOX genes (e.g., [in25421) and the HPL gene across the
three species.

In conclusion, the divergent accumulation of key fatty acid-
derived aroma compounds among the three Isatis species is
underpinned by distinct expression patterns of genes in the LOX
pathway. The specific upregulation of a subset of LOX genes in
I tinctoria is a key factor driving the abundant production of C9
aldehydes that define its unique aroma profile.

3.7 | An Integrated Model for the Transcriptional
Regulation of Species-Specific Aroma Formation

Based on the comprehensive co-expression network analysis
integrating key aroma compounds, structural genes, and TFs,
we successfully delineated the distinct transcriptional regulatory
modules underlying the biosynthesis of species-specific volatiles
(Figure 6).
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Co-expression network of key odor compounds, structural genes, and transcription factors. Yellow triangles, pink circles, and blue

squares represent transcription factors, key odor compounds, and structural genes, respectively. Red and green lines indicate positive and negative

correlations, respectively.

A highly cohesive and species-specific regulatory module was
identified for the biosynthesis of C9 aldehydes. The key fatty-
green aldehydes, including 2,4-nonadienal, 2-nonenal, (E)-, and
(Z,Z)-3,6-nonadienal, demonstrated exceptionally strong positive
correlations (r > 0.97, p < 0.001) with the NAC-family TF Iin12486
and two LOX genes, [in24854 and Iin09829. The correlation
coefficients between Iin12486 and these structural genes were
remarkably high (r > 0.99), suggesting a tightly co-expressed
unit. This module exhibited a consistent and strong positive
correlation among the TF, the LOX genes, and the C9 aldehydes,
perfectly aligning with their collective high abundance in I. tinc-
toria. Intriguingly, the HPL gene Iin21448 showed a significant
negative correlation with these C9 aldehydes and the TF Iin12486,
indicating a potential diversion of metabolic flux or a different
substrate specificity in the pathway.

In contrast, a separate regulatory network governs the accumu-
lation of 1-octen-3-one. The potent mushroom-smelling ketone
was significantly correlated with a different set of TFs, namely
Iin05720 (NAC), Iin21397 (FARI), and Iin27636 (RWP-RK).
Notably, its formation was positively associated with the HPL
gene [in21448 (r = 0.80, p < 0.01), which was also co-expressed
with the NAC TF Iin05720. This positions [in21448 as a key
candidate responsible for the high 1-octen-3-one production in
I oblongata, operating within a regulatory context distinct from
that of the C9 aldehydes in I. tinctoria.

In summary, the co-expression network analysis provides a clear
transcriptional blueprint for aroma divergence: the fatty-green
character of I tinctoria is orchestrated by an Iin12486-NAC-
centered module activating specific LOX genes for aldehyde
production, whereas the mushroom aroma of I oblongata is
associated with a separate set of TFs (Iin05720, Iin21397, I[in27636)
co-expressed with the HPL gene Iin21448.

3.8 | gPCR Analysis

To validate the transcriptome sequencing (RNA-seq) results,
the expression patterns of six candidate key genes and TFs
(Iin21397, 1in27636, 1in21448, 1in24854, 1in09829, and 1in12486)

were further examined using qPCR in the three materials (o,
It, and Ii). Overall, the relative expression levels determined by
qPCR were generally consistent with the FPKM values obtained
from RNA-seq, confirming the reliability of the transcriptomic
data (Figure 7).

Notably, for genes Iin24854 and Iin09829, expression was
markedly upregulated in It compared to Io and Ii, a trend
robustly detected by both qPCR and RNA-seq. However, a
notable discrepancy was observed for gene 1in12486 in It, where
a dramatically high FPKM value contrasted with a moderate
level of upregulation in qPCR. This suggests potential post-
transcriptional regulation or technical distinctions between the
two quantification methods for this specific gene. The strong
correlation for the majority of the candidates underscores the
accuracy of the transcriptome analysis and supports the selection
of these genes for further functional investigation.

4 | Discussion

4.1 | VOC Profiling Unveils Species-Specific
Chemotaxonomic Signatures

Our comprehensive VOC profiling identified a diverse volatilome
in Isatis fruits, with terpenoids, esters, and ketones being the most
abundant classes. This composition is consistent with reports
in other medicinal plants, where terpenoids and esters often
dominate the volatile spectrum and contribute to both ecological
functions and aromatic properties (Li et al. 2025). The core set
of 817 VOCs shared across all three species likely represents
the conserved metabolic backbone of the Isatis genus. However,
the distinct, species-specific VOC profiles revealed by PCA and
the large number of differential VOCs (838) provide a powerful
chemical basis for their taxonomic differentiation. Notably, the
closer metabolic relationship between I. tinctoria and I. indigotica,
as evidenced by their higher number of shared metabolites,
aligns with traditional classifications and suggests a more recent
evolutionary divergence compared to I. oblongata. The unique
metabolite profile of I. oblongata, particularly its high abundance
of esters and specific alcohols like 1-octen-3-ol, sets it apart. This
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high ester content is unusual compared to many leafy or fruit-
bearing plants but finds parallels in some aromatic fruits, where
esters confer sweet and fruity notes (Bizzio et al. 2022). The
stark contrast with I. indigotica, which possessed only one unique
VOC (panaxene), indicates that the identity of this species may
be defined more by quantitative differences in shared metabo-
lites, a phenomenon observed in other closely related plant
species where gene expression regulation, rather than gene pres-
ence/absence, drives phenotypic diversity (Shahzad et al. 2025).

4.2 | Odor-Activity Analysis Decodes the
Divergent Sensory Impression of Isatis Species

Moving beyond mere presence/absence, the rOAV approach
was crucial for identifying the compounds that truly shape the
sensory perception of each species. Our finding that a small
fraction of VOCs (44 out of 1042) are key aroma actors is a
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Comparison of relative expression levels (QPCR) and FPKM values (RNA-seq) for six candidate genes in three Isatis species.

common principle in flavor science, often referred to as the
component displacement theory (Guan et al. 2025). The species-
specific aroma patterns we identified, mushroom-dominant for L.
oblongata, fatty-green-earthy for I tinctoria, and balanced sweet-
green with a spicy undertone for I indigotica, are not merely
descriptive but are quantitatively grounded in their extreme
rOAV values. The overwhelming contribution of 1-octen-3-one
to I oblongata’s aroma is reminiscent of its role in mushrooms
and some truffles, where it is a key character-impact com-
pound (Pons et al. 2011). The unique abundance of the spicy,
medicinal benzene, (isothiocyanatomethyl)- in I indigotica is of
particular significance. Isothiocyanates are hydrolysis products of
glucosinolates, hallmark compounds in the Brassicaceae family
to which Isatis belongs. This finding bridges the gap between the
traditional medicinal use of Isatis and its modern phytochemical
profile, suggesting that this specific VOC could be a key marker
for its authenticity and quality, a connection less emphasized in
previous volatilomics studies on Isatis.
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4.3 | Transcriptional Regulation Underpins
Aroma Divergence Through Distinct Co-Expression
Modules

Our WGCNA analysis provides a transcriptional narrative for the
observed chemical divergence. The identification of three core
modules, each strongly correlated with a specific aroma profile
and driven by different TF families, offers a mechanistic hypoth-
esis for the independent evolution of these scent signatures. The
association of the NAC TF Iin12486 with the fatty-green aldehydes
in I tinctoria is particularly compelling. NAC TFs are well-known
master regulators of plant development and stress responses, but
their role in controlling specific VOC biosynthesis pathways is
increasingly being recognized (Y. Chen and Xia 2025; Liu et al.
2019). For instance, in tomato, certain NAC TFs regulate the syn-
thesis of apocarotenoid volatiles (Wang et al. 2024). Our discovery
extends this role to the LOX pathway-derived C9 aldehydes.
Similarly, the link between EIL and HSF TFs (turquoise module)
and the signature compounds of I indigotica suggests a regulatory
logic. EIL TFs are part of the ethylene signaling pathway, which is
a key hormone influencing volatile emission in fruits, while HSFs
can be induced by various stresses, potentially linking aroma
production to environmental adaptation (Yin et al. 2010; B. Zhang
et al. 2010). The fact that different NAC family members (Ilin12486
vs. [in05720) are hub genes in different modules highlights the
functional diversification within this large TF family and suggests
that neofunctionalization after gene duplication could be a driver
of aroma diversity in Isatis.

4.4 | Metabolic Pathway Analysis Reveals Shared
Precursors but Divergent Fates Driven by Gene
Expression

The reconstruction of the LOX pathway elegantly illustrates
how genetic regulation can channel common precursors into
distinct, species-characteristic end products. The high expression
of specific LOX genes (Iin24854, [in09829) in I. tinctoria directly
explains its high yield of C9 aldehydes, which are classic products
of the LOX-HPL cascade. This aligns with studies in cucumber
and melon, where HPL activity is a major determinant of the
green odor (Perpifid et al. 2021). The most intriguing finding is
the dual role of the HPL gene Iin21448. Its negative correlation
with C9 aldehydes in I tinctoria but positive correlation with 1-
octen-3-one in I. oblongata suggests potential substrate specificity
or competition between pathways. While HPLs typically cleave
fatty acid hydroperoxides to aldehydes, the formation of 1-octen-
3-one from 10-HPODE might involve alternative enzymatic steps
or minor HPL activity followed by enzymatic oxidation. This
complexity is seen in mushrooms, where the formation of 1-octen-
3-ol from linoleic acid involves a LOX and a hydroperoxide lyase,
and its subsequent oxidation leads to the ketone (Matsui et al.
2018). Our data suggest that I. oblongata may have evolved a
specialized mechanism, potentially involving the specific TFs of
the yellow module, to highly express Iin21448 and possibly other
downstream enzymes to shunt flux toward 1-octen-3-one, thereby
creating its unique mushroom scent.

4.5 | Limitations and Future Perspectives

This study provides an integrated metabolomic and transcrip-
tomic perspective on aroma formation in Isatis. However, some
limitations should be acknowledged. First, the identification of
key aroma compounds and the proposed biosynthetic pathways
is primarily based on correlation analyses and database anno-
tations. Functional validation of the candidate hub TFs (e.g.,
1in12486, 1in05720) and structural genes (e.g., [in21448) through
techniques such as heterologous expression, gene silencing, or
CRISPR-Cas9 is essential to confirm their precise regulatory
and catalytic roles. Secondly, sensory evaluation by a trained
human panel would be invaluable to directly correlate our chem-
ical and molecular findings with the actual perceived aroma,
thereby strengthening the link between instrumental analysis
and sensory perception.

In conclusion, our integrated approach has delineated the chemi-
cal and transcriptional basis of aroma divergence among the three
Isatis species. We have progressed from cataloguing volatile com-
pounds to proposing a regulatory model in which species-specific
transcriptional modules coordinate key metabolic pathways. This
work not only provides a valuable resource for the chemotaxon-
omy and QC of Isatis but also lays a foundation for future research
aimed at understanding and potentially modifying aroma profiles
for flavor-related applications.

5 | Conclusion

This study provides an integrative volatilome and transcriptome
landscape of three Isatis species, revealing the basis for aroma
divergence in their fruits. We established distinct quantitative
VOC profiles for I indigotica, 1. tinctoria, and I. oblongata and
identified 44 key aroma-active compounds through rOAV anal-
ysis. This approach allowed for a quantitative definition of their
unique sensory impressions: a mushroom-dominant character
for I oblongata, a fatty-green-earthy profile for I tinctoria, and
a balanced sweet-green aroma with a distinctive spicy note for
I indigotica. Crucially, transcriptomic integration revealed that
this species-specific aroma divergence is orchestrated by distinct
transcriptional regulatory modules. The fatty-green character
of I tinctoria is associated with a NAC TF (Iin12486)-centered
module that co-expresses with and likely upregulates specific
LOX genes (1in24854, 1in09829), leading to abundant C9 aldehyde
production. In contrast, the mushroom aroma of I. oblongata
is linked to a separate regulatory module, where TFs (I1in05720,
1in21397) co-express with the HPL gene (1in21448), promoting the
production of 1-octen-3-one. This work elucidates the mechanis-
tic link between TRs, structural genes, and aroma phenotypes.
Our findings not only offer precise chemical markers for species
identification and quality assessment but also reveal the core
molecular regulatory network controlling aroma formation. This
lays a solid foundation for the future high-value utilization of
Isatis VOC resources and establishes a reference methodology
for systematic research on volatile metabolites in medicinal
plants.
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