bioRxiv preprint doi: https://doi.org/10.1101/2025.08.24.671964; this version posted August 27, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Untargeted Metabolomics Reveals
Organ-Specific and Extraction-
Dependent Metabolite Profiles in
Endemic Tajik Species Ferula violacea
Korovin

Sylhiya Mavlonazaroval, Kenneth Acosta2, Rinat Abzalimov3, Saidbeg Satorovl,
Vyacheslav Dushenkov4*

1 Medical - Social Institute of Tajikistan, Dushanbe, Republic of Tajikistan

2 Department of Plant Biology, Rutgers, The State University of New Jersey, New
Brunswick, NJ, USA

3 Advanced Science Research Center, The City University of New York, New York, NY,
USA

4 Department of Natural Sciences, Hostos Community College, CUNY, Bronx, NY, USA
*Correspondence: vdushenkov(@hostos.cuny.edu

Summary

Ferula violacea Korovin, an endemic Tajikistani plant with purported medicinal
properties, remains understudied. This study employs untargeted metabolomics to
characterize the metabolite profiles of ethanol extracts and juices from F. violacea roots
and seeds. In total, 540 distinct metabolites are putatively identified, 419 of which are
previously unreported in the Ferula genus, representing a substantial expansion of its
known chemical diversity. The most abundant metabolites are terpenoids, amino acid
derivatives, and alkaloids. A particularly abundant group of daucane sesquiterpenoids,
sharing a common (6-methyl-azulen-4-yl)cyclohexanecarboxylate substructure, is
identified, including known metabolites such as ferutidin and ferutinin. Comparative
analysis reveals organ-specific metabolic specialization: roots are enriched in terpenoids,
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whereas seeds exhibit higher concentrations of alkaloids and amino acids. Additionally,
processing methods influence metabolite composition, with ethanol extracts being rich in
terpenoids and amino acids, and juices displaying a greater diversity of phenylpropanoid-
derived compounds. These findings expand the phytochemical richness of F. violacea
and suggest its potential as a valuable source of bioactive compounds for
pharmacological exploration.

Significance statement

This study presents the first comprehensive untargeted metabolomic analysis of Ferula
violacea, identifying 419 previously unreported metabolites for the genus and
significantly expanding its known chemical diversity. The findings reveal organ- and
method-specific metabolic specialization, underscoring the plant's potential as a valuable
source of novel bioactive compounds for pharmacological exploration.

Keywords: phytochemical diversity; sesquiterpenoids; daucane sesquiterpenoids;
alkaloids; Ferula violacea; roots, seeds

1. Introduction

With an estimated total plant chemical space encompassing up to 25.7 million
metabolites (Hart, Gadiya et al. 2025), medicinal plants represent a rich repository of
bioactive phytochemicals. These compounds remain pivotal in managing chronic diseases
and addressing emerging infectious threats, such as COVID-19 (Dushenkov and
Dushenkov 2022, Bogoyavlenskiy, Alexyuk et al. 2024). Their role in promoting long-
term health and alleviating chronic conditions, including cancer, cardiovascular disease,
and diabetes, is increasingly recognized (Ahmad and Karmakar 2023).

Tajikistan, located within the Mountains of Central Asia, is notable for its exceptional
floristic diversity, hosting over 4,300 vascular plant species, including more than 1,400
endemics (Nowak, Swierszcz et al. 2020). Among these, the genus Ferula is one of the
largest within the Apiaceae family, comprising approximately 227 species worldwide,
primarily located in Central Asia (Safarov, Hisoriev et al. 2019, WFO 2024). Despite this
diversity, scientific literature has focused predominantly on F. tadshikorum Pimenov,
with limited attention to other endemic species such as F. violacea Korovin, F.
karategina Lipsky ex Korovin, F. koso-poljanskyi Korovin, F. linczevskii Korovin, F.
decurrens Korovin, and F. botschantzevii Korovin. This underrepresentation highlights a
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critical gap in the phytochemical and pharmacognostic characterization of Tajik Ferula
species.

Ferula violacea Korovin, an endemic species confined to Tajikistan (Pimenov 2020),
belongs to the genus, which includes medicinally important taxa such as F. assa-foetida
L. known for producing asafoetida, a resinous exudate, with diverse biological activities,
including antifungal, antiparasitic, antitumor, anti-inflammatory properties, and has been
shown to induce apoptosis in colorectal cancer cell lines (Elarabany, Hamad et al. 2023).
Consequently, continued phytochemical exploration of Ferula species is vital to
unlocking their full therapeutic potential (Karimi, Jariani et al. 2024). Phytochemically,
Ferula species are characterized by the presence of sulfur-containing compounds,
monoterpenes, and sesquiterpenes. Sulfur compounds, prevalent in asafoetida-yielding
species, exhibit antimicrobial, antifungal, and carminative effects, and are valued for
treating respiratory and gastrointestinal ailments. Terpenoids such as a-pinene, p-
eudesmol, limonene, and myrcene contribute to the genus's aromatic profile and possess
notable bioactivities, including antimicrobial, insecticidal, and antifungal effects. Only
two constituents—umbelliprenin and galbanic acid—had previously been identified in
acetone extracts of F. violacea (Kir'yanova, Sklyar et al. 1979). Reflecting the growing
interest in the species’ phytochemistry, the volatile metabolites of its essential oil were
recently analyzed using GC-MS (Ghaforzoda, Sharopov et al. 2025).

In the present study, we employed untargeted metabolomic profiling using UHPLC-
QTOF mass spectrometry to elucidate the chemical composition of F. violacea roots and
seeds. The objectives were to expand the current knowledge of F. violacea metabolic
diversity, evaluate organ-specific metabolite distribution, and assess the influence of
extraction methods on phytochemical yield. The findings of this study aim to establish a
foundation for future pharmacological research and underscore the potential of F.
violacea as a source of bioactive compounds.

2. Results
2.1. Identification of F. violacea Metabolites Using Untargeted Metabolomics

An untargeted metabolomic analysis of F. violacea was conducted using a Bruker maXis-
IT UHR-ESI-QqTOF mass spectrometer coupled with a Thermo Scientific Ultimate 3000
UHPLC system. A mass feature table was generated with Bruker MetaboScape software,
and after data harmonization, subsequent processing and curation, 540 mass features
remained (Table S1). Putative metabolites (Level 2a and Level 3 confidence,
(Schymanski, Jeon et al. 2014, Schrimpe-Rutledge, Codreanu et al. 2016)) were
identified by matching mass feature spectra to known compounds using both
experimental and in-silico spectral libraries.
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To ensure accurate feature identifications, assigned chemical structures were evaluated to
confirm they represented biological metabolites rather than synthetic compounds. NP-
likeness scores were calculated for assigned structures to assess their structural similarity
to natural products; most structures (n = 470) scored above 0 (Figure S1A). To further
verify their biological relevance, assigned structures were cross-referenced with the
ChEBI database for primary metabolites and several plant natural product collections
from the COCONUT database for plant secondary metabolites. Of the 540 assigned
structures, only 3 were not found in any of the biochemical databases examined (Figure
S1B). Collectively, these results support the accuracy of the assigned feature
identifications as natural metabolites.

Newly reported metabolites were determined by cross-referencing public database
records for previously identified natural products within the Ferula genus. Ferula
metabolites were further classified according to their biosynthetic pathways, superclasses,
and chemical classes (Table S1).

2.2. Chemical Diversity of F. violacea
2.2.1. Chemical Diversity of F. violacea Metabolites

Table 1 presents a comparative analysis of previously reported metabolites in Ferula
species and those newly reported in this study. Our results reveal widening of the
metabolite diversity across multiple biosynthetic pathways (Table 1). Terpenoids
remained the most diverse metabolites, with 213 identified in F. violacea, of which 143
are newly reported. Similarly, shikimates and phenylpropanoids represent a major
pathway, comprising 121 identified in this study, including 83 previously unreported
structures. Notably, a pronounced increase was observed in alkaloids and their hybrids,
with 56 newly reported metabolites. Likewise, the diversity of amino acids and peptide
derivatives demonstrated marked enrichment from just 6 previously reported metabolites
to 45 newly reported structures, all of which are novel for the genus. Additionally, nearly
all identified polyketide-derived compounds (38) had not been previously reported in the
Ferula genus (37). Other biosynthetic pathways, including those associated with fatty
acids and carbohydrates, also exhibited growth in chemical diversity. Additionally, nearly
all identified polyketide-derived compounds (38) had not been previously reported in the
Ferula genus (37). Other biosynthetic pathways, including those associated with fatty
acids and carbohydrates, also exhibited growth in chemical diversity.

Table 1. Number of metabolites from various natural product biosynthetic pathways in F.
violacea.
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Biosynthetic Pathway Total (Unreported*)
Alkaloids + Hybrids 56 (56)
Amino acids and Peptides + Hybrids 51 (45)
Carbohydrates + Hybrids 7()

Fatty acids + Hybrids 24 (23)
Polyketides + Hybrids 38 (37)
Shikimates and Phenylpropanoids + Hybrids 121 (83)
Terpenoids 213 (143)
Unclassified 30 (25)

* not reported in the genus Ferula

Table 2 presents the distribution of terpenoid superclasses within F. violacea, comparing
previously reported terpenoids in Ferula with those newly reported in this study. Our
findings indicate a substantial rise in terpenoid diversity, particularly within the
sesquiterpenoid and monoterpenoid superclasses. Sesquiterpenoids and their hybrids
remained the dominant superclass, with 115 identified in F. violacea, including 67
previously unreported metabolites. Monoterpenoids also exhibited considerable diversity,
with 34 identified in this study, of which 21 are newly reported within the Ferula genus.
Apocarotenoid diversity increased, with 1 previously reported in Ferula and 8 newly
reported in this study. Diterpenoids (4 previously reported in Ferula, 12 unreported) and
meroterpenoids (3 previously reported, 15 newly reported) demonstrated moderate
increases in diversity. The steroid superclass showed a pronounced increase, with 10
identified steroids, almost all of which were previously unreported for Ferula (9).
Triterpenoid diversity, however, remained relatively limited, with only 1 newly reported
in this study, as well as carotenoids (C40) with 2 newly reported in this study.

Table 2. Number of metabolites from various terpenoid superclasses in F. violacea.

Terpenoid Superclass Total (Unreported*)
Apocarotenoids 9(8)
Carotenoids (C40) 2(2)
Diterpenoids 16 (12)
Meroterpenoids 18 (15)
Monoterpenoids 34 (21)
Sesquiterpenoids + Hybrids 115 (67)
Steroids 10 (9)
Triterpenoids 1(1)

Unclassified 8(8)
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* not reported in the genus Ferula

The distribution of F. violacea natural products derived from the shikimate and
phenylpropanoid pathways is presented in Table 3, which compares previously reported
metabolites in Ferula with those newly reported in this study. A significant number of
previously unreported metabolites were identified from several superclasses, particularly
phenolic acids, phenylpropanoids, and flavonoids. Phenolic acids (C6-C1) and their
hybrids, known for their roles in antioxidant activity and signaling functions,
demonstrated the most substantial increase in diversity, with 28 identified in this study,
21 of which had not been previously reported for Ferula. Similarly, phenylpropanoids
(C6-C3) and their hybrids, which serve as key intermediates in lignin biosynthesis and
the production of bioactive secondary metabolites, exhibited novel diversity, with 28
identified compounds, 17 of which are previously unreported within the Ferula genus.
Coumarins showed a moderate increase in diversity, with 21 identified in F. violacea,
including 9 newly reported metabolites. Flavonoids, known for their antioxidant and anti-
inflammatory properties, have been previously reported in Ferula, with 16 identified in
this study, 11 of which were newly reported. Lignans have been reported in Ferula, with
5 identified in this study, 4 of which are newly reported. Beyond these dominant
superclasses, several previously unreported small molecule phenylpropanoid derivatives
were identified in F. violacea, including 1 phenanthrenoids, 1 stilbenoid, and 1

styrylpyrone.

Table 3. Number of metabolites from various shikimate and phenylpropanoid
superclasses in F. violacea.

Shikimate and Phenylpropanoid

Superclass Total (Unreported*)
Coumarins + Hybrids 21 (9)
Flavonoids 16 (11)
Lignans 54)
Phenanthrenoids 1(1)
Phenolics acids (C6-C1) + Hybrids 28 (21)
Phenylpropanoids (C6-C3) 28 (17)
Small peptides 1(1)
Stilbenoids 1(1)
Styrylpyrones 1(1)
Unclassified 19 (17)

* not reported in the genus Ferula
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Alkaloids constitute a structurally diverse class of nitrogen-containing secondary
metabolites with significant pharmacological potential. Table 4 compares alkaloids
identified in this study with those previously reported within the Ferula genus. Results
reveal all 56 alkaloids identified in this study are newly reported to the Ferula genus.
This includes 18 tryptophan-derived, 7 anthranilic acid-derived, 5 nicotinic acid-derived,
and 3 tyrosine-derived, emphasizing the role of aromatic amino acid metabolism in
Ferula alkaloid biosynthesis. Additionally, the identification of newly reported peptide
alkaloids (1) and tetramate/peptide alkaloids (2), suggests previously unrecognized non-
ribosomal peptide synthetase activity in Ferula. Beyond alkaloids derived from aromatic
amino acids, our study identified ornithine- and lysine-derived alkaloids, potentially
indicating an expanded biosynthetic capacity for piperidine and quinolizidine alkaloids in
Ferula. Lysine-derived alkaloids and their hybrids increased to include 5 newly reported
metabolites, while the presence of an ornithine-derived alkaloid suggests a possible link
to polyamine metabolism, which is often implicated in stress responses and secondary
metabolite regulation. A notable finding was the identification of 7 newly reported
pseudoalkaloids, which likely originate from terpenoid, polyketide, or steroidal
intermediates rather than classical amino acid biosynthesis.

Table 4. Number of metabolites from various alkaloid superclasses in F. violacea.

Alkaloid Superclass Total (Unreported*)
Anthranilic acid alkaloids 7(7)
Lysine alkaloids + Hybrids 5(5)
Nicotinic acid + Hybrids 5(5)
Ornithine alkaloids 1(1)
Peptide alkaloids 1(1)
Pseudoalkaloids 7(7)
Tetramate alkaloids/Peptide alkaloids 2(2)
Tryptophan alkaloids + Hybrids 18 (18)
Tyrosine alkaloids + Hybrids 3(3)
Unclassified 7(7)

* not reported in the genus Ferula

2.2.2. Metabolomic Profiling of F. violacea Identifies Abundant Terpenoids

The chemical composition of F. violacea was investigated by determining the relative
abundance of various biosynthetic pathways and their associated superclasses. Figure 1
shows the abundance of natural product biosynthetic pathways within F. violacea (Figure
1A), highlighting terpenoids, amino acids, and alkaloids as the most abundant metabolites
recovered in this species.
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Figure 1. Metabolite Profiles of F. violacea Samples. (A) Relative abundance of natural
product biosynthetic pathways. The intensities of metabolites within each biosynthetic
pathway were grouped and summed. Metabolites classified into more than one
biosynthetic pathway were grouped under their primary pathway classification and
labeled as hybrids. (B) Relative abundance of terpenoid superclasses. (C) Relative
abundance of amino acid and peptide superclasses. (D) Relative abundance of alkaloid
superclasses. For each superclass, the intensities of metabolites within the respective
superclass were grouped and summed. Metabolites classified into more than one
superclass were grouped under their primary superclass classification and labeled as
hybrids. NP = natural product

Within the terpenoid pathway (Figure 1B), sesquiterpenoids were the predominant
superclass, underscoring their significance in the chemosystematics and bioactivity of
Ferula species. Small peptides made up most of the metabolites from the amino acid and
peptide metabolic pathway (Figure 1C), with the amino acids tyrosine, tryptophan,
phenylalanine, and asparagine in high abundance (relative abundance > 1 %) (Table S1).
The alkaloid biosynthetic pathway in F. violacea displayed extensive metabolite richness
(Figure 1D), with tryptophan-, nicotinic acid-derived, and lysine-derived alkaloids being
the most abundant superclasses. Highly abundant alkaloid metabolites (relative
abundance > 1 %) included 3-indoleacrylic acid and 1-(6-methylpyridin-3-yl)ethanamine.
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The substantial presence of indole-based alkaloids is consistent with the observed
expansion of tryptophan-derived metabolites, suggesting a strong reliance on aromatic
amino acid metabolism for alkaloid biosynthesis.
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Figure 2. Abundance of Terpenoids Identified in F. violacea. Dendrogram and intensity
heatmap of terpenoids in F. violacea, clustered by Tanimoto dissimilarity based on
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PubChem fingerprints. Leaf labels indicate the PubChem CID of each terpenoid (if
available), with highly abundant terpenoids (relative abundance > 1 %) shown in red text.
A group of structurally similar and highly abundant daucane sesquiterpenoids is
highlighted in red. M = million

Figure 2 highlights the structural diversity and abundance of terpenoids in F. violacea.
Several compounds were identified as highly conserved and abundant across F. violacea
samples (Table 5). Among these, non-stereochemical parent compounds of nuciferol
(CID: 78409369), fervanol vanillate (CID: 75226815), fetidone B (CID:73123203), a
merosesquiterpenoid (CID: 74135949), and a group of structurally related daucane
sesquiterpenoids exhibited the highest intensities.

Table 5. Top terpenoids putatively identified in F. violacea.

Relative
Abundanc Inten-
PubChem e sity
Compound Name InChl Key NP Class CID (%) Rank

8-Daucene-2,4,6-triol,0- CHQMIQBQLGDC Daucane

! (4-Hydroxybenzoyl), 2- JJ-UHFFFAOYSA- sesquiterpeno 14396665 2.763 2

Ac* N ids
GFKDYNPOYQBR Daucane 16305217
2 Kuhistanicaol D* JC-UHFFFAOYSA- sesquiterpeno 7 2.736 3
N ids
NAYBZOUJGHGO Bisabolane
3 (Z)-Nuciferol* LI-UHFFFAOYSA- sesquiterpeno 78409369 2.735 4
N ids
ZIMLVLHAEPCX Daucane
4 Akiferidin* AJ-UHFFFAOYSA- sesquiterpeno 14563781 2.732 5
N ids
PLWGJLHNBNMIJ Daucane
5 Ferutidin* OH- sesquiterpeno 14039831 2.730 6
UHFFFAOYSA-N ids
Teferein (Ferutinol YEQVRBJRNFLO Dauce.me
6 . QJ-UHFFFAOYSA- sesquiterpeno 496288 2.729 7
Vanillate)* )
N ids
-4'- Daucan
7 fl?/ldpr}:)i;benzoylferujaese FSOJCBVIWZXKT ses:fliteipeno 16292513 2.729 8
nol* J-UHFFFAOYSA-N ids 7
WCPPMAAKIAIV Humulane
8 Fervanol vanillate* QU- sesquiterpeno 75226815 2.681 9
UHFFFAOYSA-N ids
CYSHNJQMYORN Daucane
9 Ferutinin* JI-UHFFFAOYSA- sesquiterpeno 496289 2.676 10
N ids
MGYFDYDNOJD Cuparane
10 Fetidone B* WGH- sesquiterpeno 73123203 2.657 11

UHFFFAOYSA-N ids



https://doi.org/10.1101/2025.08.24.671964
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.24.671964; this version posted August 27, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

(1R,38S,3aS,48S,78S,8aR)-
1-(acetyloxy)-3,7-
dihydroxy-3-isopropyl- MJRQFVHNBIOT Daucane

11 6,8a-dimethyl- NW- sesquiterpeno 45783161 2.630 12
1,2,3a,4,7,8- UHFFFAOYSA-N ids
hexahydroazulen-4-yl 4-
methoxybenzoate
4-Hydroxy-3-[(2E,6E)-
4-hydroxy-3,7,11- LSQRGMPMIJOCL Merosesquite
12 trimethyl-2,6,10- HX- . 74135949 2.037 15
dodecatrien-1-yljbenzoic UHFFFAOYSA-N  'Penoids
acid*
7alpha-germacra- NWWKYVMTWN Germacrane 16297953
13 1(10),4(15)-diene- UWHC- sesquiterpeno 5 1.307 23
Sbeta,6alpha-diol* UHFFFAOYSA-N ids
Salpha-3'-methoxy-4'- JYYOKKXDQOIM Daucane 16301228
14 hydroxybenzoylferujaese GH- sesquiterpeno ) 1.229 24
nol* UHFFFAOYSA-N ids
(3-hydroxy-3-isopropyl-
6,8a-dimethyl- DDEVDXKOTCTQ Daucane
15 1,2,3a,4,5,8- PW- sesquiterpeno 14396667 1.097 25
hexahydroazulen-4-yl) UHFFFAOYSA-N ids
3,4-dimethoxybenzoate
Cadinane
PGTIIOWQIJWHTJ :
16 Calamenene* J-UHFFFAOYSA-N is(flzzqul‘cerpeno 10224 1.053 26

* synonym for stereochemical variant used

Figure 3 provides a detailed structural analysis of the most abundant terpenoids
identified in F. violacea, highlighting a conserved substructure and key functional
modifications. The conserved (6-methyl-azulen-4-yl) cyclohexanecarboxylate
substructure suggests a close biosynthetic relationship among these daucane
sesquiterpenoids and may be a key determinant of their bioactivity. However, functional
group modifications at positions 2, 3, 4, 12, 13, 14, and 15 introduce variability within
the group. These modifications are likely to influence the biological activity, solubility,
and interaction of these compounds with molecular targets, contributing to their diverse
pharmacological properties. The high abundance and conservation of these compounds
across samples suggest a strong biosynthetic preference for this class of compounds in F.
violacea and potential pharmacological relevance.
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Figure 3. Structures of top terpenoids identified in F. violacea samples. (A) Common
substructure of the highly abundant daucane sesquiterpenoid group. (B) Structures of top
terpenoids (relative abundance > 1 %) generated from SMILES notation, with the
common substructure highlighted in green. Structure identities and information are
provided in Table 5.
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Figure 4. Global Analysis of Metabolites from F. violacea Samples. (A) Principal
Component Analysis (PCA) of metabolite data. (B) Venn diagram showing the
distribution of metabolites between samples.

2.3. Metabolic Differences Between F. violacea Roots and Seeds

The metabolite composition between F. violacea roots and seeds exhibited significant
differences, as demonstrated by Principal Component Analysis (PCA) (Figure 4A) and
PERMANOVA (variable: organ, R2: 35 %, p-value: 0.005). A total of 532 metabolites
were identified in root samples, with 21 being exclusive to roots, while 519 were detected
in seed samples, of which only 8 were unique to seeds (Figure 4B). The classification of
organ-specific metabolites indicates that metabolites unique to roots and seeds are
primarily associated with the shikimate and phenylpropanoid, terpenoid, and alkaloid
biosynthetic pathways (Figure 5). The majority of these compounds were detected at
relatively low abundance, with signal intensities below 1 million. In addition, metabolite
differences between organs were dependent on the sample processing method as shown
by PCA (Figure 4A) and confirmed by PERMANOVA (variable: organ+processing
method, R2: 30 %, p-value: 0.013). Notably, root-specific metabolites included a distinct
group of flavonoids and phenolic acids from the shikimate and phenylpropanoid pathway,
which were exclusively detected in root juice samples (Figure 5).
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Figure 5. Organ-Specific Metabolites in F. violacea Roots and Seeds. Dendrogram and
intensity heatmap of organ-specific metabolites clustered by Tanimoto dissimilarity
based on PubChem fingerprints. Leaf labels indicate the PubChem CID of each
metabolite (if available), with natural product biosynthetic pathway classification shown
in parentheses. Black heatmap tiles indicate metabolites that were not detected in the
respective sample (intensity < 10,000). M = million

Differential abundance analysis identified a total of 60 root-enriched and 83 seed-
enriched metabolites (log2-fold change > 1, FDR < 0.05) (Table S2). Most metabolites
with significant differences in abundance between organs (FDR < 0.05) exhibited log2-
fold changes below 5, though a few metabolites displayed log2-fold changes above 8
(Figure 6), which included the seed-enriched terpenoid farnesyl-4-hydroxybenzoesaure
(CID: 54248366). Other seed-enriched metabolites with intensities exceeding 1 million
were predominantly alkaloids and amino acids (Figure 7). This suggests that seeds
prioritize alkaloid biosynthesis, likely for chemical defense or germination-associated
metabolic functions. In contrast, root-enriched metabolites with intensities exceeding 1
million were primarily terpenoids (Figure 7). These findings suggest organ-specific
metabolic adaptation, potentially associated with root defense mechanisms or specialized
biosynthetic functions.
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Figure 6. Histogram of log2-fold changes (seed/root) in metabolite abundance between
F. violacea roots and seeds. The text on top of each bar indicates the total number of
metabolites found in each bin. Metabolites with significant differences in abundance
(FDR < 0.05) between organs are colored pink, while those with no significant
differences are colored black.
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Figure 7. Differentially Abundant Metabolites Between Roots and Seeds of F. violacea.
Dendrogram and intensity heatmap of differentially abundant metabolites (log2-fold
change > 1 and FDR < 0.05) between organs with intensities greater than 1 million. The
dendrogram was constructed using Tanimoto dissimilarity based on PubChem
fingerprints. Leaf labels indicate the PubChem CID of each metabolite (if available), with
natural product biosynthetic pathway classification shown in parentheses. Black heatmap
tiles indicate metabolites that were not detected in the respective sample (intensity <
10,000). A bar graph of log2-fold change is displayed to the right of the heatmap, with
colors representing the group in which each compound is enriched. M = million

2.4. Impact of Sample Processing Method on F. violacea Metabolite Composition

Metabolite composition was compared between juice and extract preparations to evaluate
how sample processing influenced metabolite recovery. PCA showed clear separation
between juices and extracts, with PERMANOVA also indicating that the sample
processing method significantly impacted metabolite composition (variable: processing
method, R2: 35 %, p-value: 0.009) (Figure 4A). In total, 512 metabolites were detected in
ethanol extracts, including 2 unique to extracts, whereas 538 total metabolites were
detected in juices, with 28 metabolites specific to juices (Figure 4B). This indicates that
juicing captured almost all the metabolite diversity in F. violacea. Most juice-specific
metabolites were associated with the shikimate and phenylpropanoid pathway and
terpenoids. These method-specific compounds generally exhibited low abundance, with
signal intensities below 3.0 million (Figure 8). A recurring group of structurally related
shikimate and phenylpropanoid derivatives from the flavonoid and phenolic acid
superclasses was detected exclusively in root juice samples, suggesting preferential
solubilization of these metabolites in aqueous extracts.

Differential abundance analysis identified 65 metabolites enriched in extracts and 32
enriched in juices (Table S3). Many differentially abundant metabolites between
processing methods exhibited a log2-fold change of less than 5 (Figure 9). Nearly all
highly abundant differentially enriched metabolites (intensities > 1 million) were found in
extracts (Figure 10). Notably, extracts yielded a greater number of enriched terpenoids
with intensities exceeding 1 million, highlighting the distinct chemical profiles associated
with different extraction methods. In juices, the terpenoid farnesyl-4-hydroxybenzoesaure
(CID: 54248366) was highly enriched and abundant specifically in seed juices. These
metabolic distinctions underscore the impact of sample processing methods on metabolite
composition and the specialized biosynthetic capacities of each organ, likely reflecting
their distinct physiological and ecological functions.
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Figure 8. Metabolites Specific to F. violacea Extracts and Juice. Dendrogram and
intensity heatmap of processing method-specific metabolites clustered by Tanimoto
dissimilarity based on PubChem fingerprints. Leaf labels indicate the PubChem CID of
each metabolite (if available), with natural product biosynthetic pathway classification
shown in parentheses. Black heatmap tiles indicate metabolites that were not detected in
the respective sample. (intensity < 10,000) M = million
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Figure 9. Histogram of log2-fold changes (juice/extract) in metabolite abundance
between F. violacea processing methods. The text on top of each bar indicates the total
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number of metabolites found in each bin. Metabolites with significant differences in
abundance (FDR < 0.05) between processing methods are colored pink, while those with
no significant differences are colored black.
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Figure 10. Differentially Abundant Metabolites Between F. violacea Extracts and Juices.
Dendrogram and intensity heatmap of differentially abundant metabolites (log2-fold
change > 1 and FDR < 0.05) between sample processing methods with intensities greater
than 1 million. The dendrogram was constructed using Tanimoto dissimilarity based on
PubChem fingerprints. Leaf labels indicate the PubChem CID of each metabolite (if
available), with natural product biosynthetic pathway classification shown in parentheses.
Black heatmap tiles indicate metabolites that were not detected in the respective sample
(intensity < 10,000). A bar graph of log2-fold change is displayed to the right of the
heatmap, with colors representing the group in which each compound is enriched. M =
million

3. Discussion
3.1. Bioactive metabolites in Ferula species

The medicinal properties of Ferula species are largely attributed to their oleo-gum resins,
which are harvested by cutting the stem sprout in spring and periodically collecting the
exudate. Sulfur-containing metabolites, such as (E)-1-propenyl-sec-butyl disulfide and
(Z)-1-propenyl-sec-butyl disulfide, are responsible for the pungent odor of these species
and possess antimicrobial, antifungal, and carminative properties, making them valuable
in treating gastrointestinal and respiratory disorders. Recent research also suggests their


https://doi.org/10.1101/2025.08.24.671964
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.24.671964; this version posted August 27, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

potential to modulate oxidative stress pathways (Elarabany, Hamad et al. 2023, Jiang,
Peng et al. 2024). Additional volatile compounds, including monoterpenes and
sesquiterpenes such as a-pinene, B-eudesmol, limonene, and myrcene, are found in the
essential oils of Ferula (Attarian, Kavoosi et al. 2024, Ghaforzoda, Sharopov et al. 2025).
These oils also contribute to the fragrant odors of many Ferula species and exhibit
significant antimicrobial, antifungal, and insecticidal activities, highlighting their
potential in developing sustainable pest management solutions. The widespread
occurrence of terpenoids, including diterpenes and sesquiterpenes, and their associated
antimicrobial, antifungal, and antiparasitic effects, further underscores the therapeutic
potential of this genus (Abaza 2024).

Coumarins, particularly sesquiterpene coumarins including umbelliprenin and
badrakemin, are hallmark constituents of Ferula species (Khosnutdinova, Gemejiyeva et
al. 2023). Coumarins are one of the most common organic molecules and are used in
medicine for their pharmacological effects, including anti-inflammatory, anticoagulant,
antihypertensive, anticonvulsant, antioxidant, antimicrobial, and neuroprotective (Flores-
Morales, Villasana-Ruiz et al. 2023). Isolated from species such as F. gummosa Boiss.
and F. assa-foetida, these compounds have demonstrated cytotoxic activity against
various cancer cell lines, signifying their potential in anticancer drug development (De
Luca, Salim et al. 2012, Elarabany, Hamad et al. 2023). Furthermore, sesquiterpenes and
their derivatives, including sesquiterpene phenylpropanoids and sesquiterpene
chromones, have garnered scientific interest due to their diverse chemical structures and
promising biological properties, including antioxidative, anti-inflammatory, and
antibacterial activities (Wang, Zheng et al. 2023).

Ferula species are rich in phenolic compounds. Flavonoids and phenolic acids contribute
significantly to their antioxidant capabilities and a broad spectrum of pharmacological
activities. These phenolic compounds are known for their health-promoting effects,
including anticancer, anti-inflammatory, antioxidant, antimicrobial, and anti-aging
properties (Nouioura, El Fadili et al. 2024). Studies using HPLC-DAD have identified
bioactive substances in the non-volatile fraction of F. communis, likely responsible for
these effects. The presence of flavonoids like quercetin and kaempferol in several Ferula
species supports their traditional use in managing inflammatory and cardiovascular
conditions (Sharopov and Setzer 2018). The notable bioactivity of the Ferula species
underscores the importance of comprehensive phytochemical investigations.

3.2 Expansion of Ferula metabolite diversity

The phytochemical content and bioactivity of Ferula species can vary significantly. For
example, research on F. assa-foetida has revealed differences in phenolic content,
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antioxidant activity, and essential oil profiles among populations growing at different
elevations, with higher antioxidant activity and phenolic content observed in populations
at higher altitudes (Nouioura, El Fadili et al. 2024). Continued elucidation of these
compounds through advanced analytical techniques holds promise for the discovery and
development of novel pharmaceuticals with the potential to improve human health
outcomes. In this study, the untargeted metabolomic analysis of F. violacea significantly
expanded the known chemical diversity of the Ferula genus. This study identified 540
distinct metabolites in F. violacea. Of these, 536 are reported for the first time in this
species, and 419 have not been previously reported in the genus Ferula (Table S1, Figure
1). This large number of newly reported metabolites may be attributed to the limited
number of LC-MS/MS untargeted metabolomics studies on Ferula, resulting in gaps in
these databases. This bias is demonstrated by the finding that 416 out of the 419 newly
reported metabolites can be found in other species (Table S1). Additional bias in natural
product databases can arise from their specific focus and lack of regular updates, as
evident in databases such as NPASS, which is limited to experimentally determined
bioactive natural products and was last updated in 2023. With respect to previous LC-
MS/MS untargeted metabolomics studies of Ferula, differences in sampling, extraction,
and analytical procedures may explain the discrepancies in detected metabolites, with in-
silico MS/MS fragmentation analysis (SIRIUS) in this study likely enhancing metabolite
identification.

Our results significantly increase the number of reported natural products across multiple
biosynthetic pathways. The most significant chemical expansion was observed in the
terpenoid, shikimate and phenylpropanoid, and alkaloid pathways. Among the 143 newly
identified terpenoids (Table 1), sesquiterpenoids and monoterpenoids were the most
abundant subclasses, with a particular dominance of daucane-type sesquiterpenoids
(Table 2). Sesquiterpenes are a subclass of terpenes, which are natural hydrocarbons
synthesized by plants, including the Ferula species, through the mevalonic acid pathway.
Sesquiterpenes and their derivatives have antibacterial, antifungal, and antiviral activities,
which are characteristically related to plant defense mechanisms (Wang et al., 2023).
These compounds are known for their pharmacological properties, including
antimicrobial and cytotoxic activities, suggesting that F. violacea may serve as a valuable
source of bioactive terpenoids.

Figure 3 illustrates the variety of daucane sesquiterpenoids identified in F. violacea,
demonstrating that these metabolites constitute the most abundant group of secondary
metabolites in this species (Table 5), approaching 25% in relative abundance. Similarly,
other Ferula species have been identified as major sources of naturally occurring
daucane-type sesquiterpenoids. Ferutinin, a daucane-type sesquiterpene ester, was first
described in the early 1970s from F. tenuisecta Eug. Kor. (Saidkhodzhaev and Nikonov
1973). It is a characteristic compound for the genus Ferula, identified in multiple species


https://doi.org/10.1101/2025.08.24.671964
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.24.671964; this version posted August 27, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

(Wang, Zheng et al. 2023). As demonstrated in this study, ferutinin is also a prominent
metabolite in F. violacea, reaching up to 2.7% of the relative abundance of identified
phytochemicals. Baykan and colleagues (Baykan, Aydogan et al. 2020) evaluated
Ferutinin content in the roots of 12 Ferula species growing in Turkey. They found that
the ferutinin was present in high concentrations in the n-hexane extracts compared to the
chloroform extracts and for six species (F. communis, F. huber-morathii, F. orientalis, F.
rigidula, F. szowitsiana, F. tingitana). Ferutinin was found only in the n-hexane extract
and was absent in F. lycia and F. drudeana, demonstrating its dependence on species and
extraction method. The highest concentration of the compound was found in F.
tenuissima and F. halophila n-hexane extracts (167,380 pg/g and 157,160 pg/g,
respectively) (Baykan, Aydogan et al. 2020). Daucane-type sesquiterpenes play a major
role in the bioactivity of Ferula and are responsible for the broad use of this plant’s
health-related applications. For example, ferutinin has been reported as a phytoestrogen
acting as an agonist for ER-a and an agonist/antagonist for ER-p [14,(Ikeda, Arao et al.
2002) and to have anticancer activity (Aydogan, Baykan et al. 2019).

The shikimate and phenylpropanoid pathway also experienced a substantial increase in
novel chemical diversity with F. violacea, with 83 previously unreported metabolites.
The shikimate pathway is the metabolic process responsible for the biosynthesis of the
aromatic amino acids (Shende, Bauman et al. 2024) that are common in F. violacea. This
class markedly included notable expansions in coumarins, flavonoids, and lignans, which
are widely recognized for their antioxidant and anti-inflammatory activities (Hassanein,
Althagafy et al. 2024, Younes and Mustafa 2024, Zheng, Zhang et al. 2025). It is
important to emphasize the documented anticoagulant activity of coumarins (Younes and
Mustafa 2024), a broad spectrum of cardiovascular (Ciumarnean, Milaciu et al. 2020,
Das, Keerthi et al. 2025) and neuroprotective (Bellavite 2023, Mishra 2024) properties of
flavonoids along with the estrogen-like activity of lignans (Li, Ma et al. 2023, Bagheri
and Esmailidehaj 2024). The presence of small peptides and diazotetronic acid
derivatives suggests a possible interaction between phenylpropanoid metabolism and
non-ribosomal peptide biosynthesis, further broadening the chemical landscape of F.
violacea.

A particularly noteworthy expansion was observed in alkaloids, where 56 metabolites
were previously unreported in Ferula. Alkaloids, naturally occurring compounds in a
diverse range of plant species, hold vast potential for biological, medicinal, and
pharmacological applications (Schldger and Dréger 2016, Heinrich, Mah et al. 2021). The
identification of tetramate and peptide alkaloids suggests the presence of non-ribosomal
peptide synthetase (NRPS) pathways, an uncommon feature in Ferula species that may
have biotechnological applications. Ferula plants have inhibitory effects on various
viruses, making them an attractive alternative to conventional antiviral agents. Therefore,
these plants are a natural source of valuable compounds that can help fight infectious
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diseases (Mohammadi, Forouzanfar et al. 2025). It is also important to mention the
synergistic potential of alkaloids when combined with other phytochemicals, offering
new insights into more potent, multi-compound therapeutic formulations (Letchuman,
Madhuranga et al. 2024, Das and Ruhal 2025). This may contribute to antiviral,
antibacterial, and antifungal properties recently reported for F. violacea (Satorov,
Mavlonazarova et al. 2024, Satorov, Mavlonazarova et al. 2024).

The phytochemical differences between plant roots and seeds are substantial, reflecting
their specialized functions within the plant (Arumugam, Elanchezhian et al. 2022).
Significant differences were identified between the metabolite profiles of F. violacea
roots and seeds. The root metabolome was enriched in shikimate and phenylpropanoid
derivatives, which may contribute to lignin biosynthesis and root defense mechanisms. In
contrast, seeds contained a higher abundance of alkaloids and amino acids, potentially
reflecting their role in chemical defense and germination-associated metabolism. The
organ-specific distribution of these metabolites indicates that secondary metabolism in F.
violacea is highly specialized and functionally adaptive.

The method of extraction significantly affects the availability of bioactive compounds
(Baimakhanova, Sadanov et al. 2025). It has been shown that ethanol extracts are often
particularly rich in total flavonoids, whereas aqueous extracts contain higher levels of
phenolic compounds (Sahoo, Raghava Varrier et al. 2024). The method of sample
processing significantly influenced the chemical composition of F. violacea extracts.
Juice samples were notably enriched in shikimate and phenylpropanoid metabolites,
particularly in root tissues, suggesting that these metabolites are less soluble in ethanol
extractions. In contrast, ethanol extracts contained a greater number of terpenoids and
amino acids, highlighting the role of solvent polarity in the selective recovery of
bioactive compounds (Yadav, Patel et al. 2025). Juice samples also captured nearly the
full metabolite diversity of F. violacea, containing 538 out of 540 detected metabolites,
compared to 512 found in ethanol extracts.

3.3 Broader implications

This study substantially expands the known metabolite repertoire of F. violacea and the
genus Ferula, adding 419 metabolites to its phytochemical inventory. The prevalence of
daucane sesquiterpenoids consolidates their role as chemotaxonomic markers, while the
unexpectedly broad alkaloid diversity indicates potentially novel biosynthetic pathways
and merits genetic and biochemical investigation. Organ- and method-specific patterns
underline the importance of sampling strategy in metabolomics studies.
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While our analysis was restricted to UHPLC-QTOF-MS and did not include orthogonal
confirmation by GC-MS or NMR, the integrated use of spectral libraries,
cheminformatics, and database cross-referencing provides high-confidence structural
annotations. Future targeted studies with authentic standards will be necessary to validate
structural isomers and quantify pharmacologically relevant constituents.

4. Materials and methods
4.1 Plants

Ferula violacea Korovin plants were collected on July 23, 2022, from the Maykhura
region in Tajikistan, located approximately 67 km north of Dushanbe in the Region of
Republican Subordination (Latitude: 38.48319, Longitude: 68.490523, Elevation: 1180
MASL). Plant specimens were identified utilizing herbarium sheets from Moscow
University (Seregin 2023), and subsequently verified by staff at the Botanical Garden of
the Academy of Sciences of Tajikistan. The species name has been validated and is
accepted by the World Flora Online (WFO 2024).

4.2 Sample preparation

The roots were thoroughly washed, dried, and finely chopped using a scalpel. The
prepared plant material was submerged in 70% ethanol at a ratio of 100 g of root to 100
mL of ethanol. Maceration was performed at room temperature for 24 hours. Following
maceration, the mixture was processed using a juicer (Model SPV-2, manufactured in
Kharkiv, 1984) to enhance extraction. The resulting extract was collected in Petri dishes
and dried in a vacuum oven (Drier Box DHG-9053A) at 40—45°C for 24 hours. Dried
extracts were stored in airtight vials for further analysis. In a separate process, roots were
directly juiced, and the resultant liquid was collected in Petri dishes, dried in a vacuum
oven at 40—45°C for 24 hours, and subsequently stored in airtight vials. Additionally,
roots were processed using a juicer. The juice was collected, dried in a vacuum oven at
40—45°C for 24 hours, and stored in airtight vials for subsequent use.

For seed processing, seeds were bisected and placed in glass or porcelain vessels. One
hundred grams of seeds were submerged in 100 mL of 70% ethanol and macerated at
room temperature for 24 hours. The mixture was filtered through a 1 mm sieve to remove
solids, and the filtrate was dried in a vacuum oven at 40—45°C for 24 hours. Dried
extracts were stored in airtight vials. Additionally, seeds were processed using a juicer.
The juice was collected, dried in a vacuum oven at 40—45°C for 24 hours, and stored in
airtight vials for subsequent use.
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4.3 Phytochemical analysis

Samples were diluted in a 50:50 mixture of methanol and water, followed by sonication
using a Bioruptor sonication system. Analytical measurements were performed using a
Bruker Daltonics maXis-II UHR-ESI-QqTOF mass spectrometer coupled with a Thermo
Scientific Ultimate-3000 UHPLC system. Up to 10 uL. of sample was injected onto an
Agilent Acclaim 120 C18 column (2.1 mm % 150 mm, 2.2 pm) maintained at 30 °C with
a flow rate of 150 uL/min.

The gradient elution program consisted of 2% solvent B (acetonitrile with 0.15% formic
acid) and 98% solvent A (water with 0.15% formic acid) for the first 2 minutes, followed
by a gradient increase to 40% solvent B over 20 minutes, 98% solvent B over the next 10
minutes, and held at 98% solvent B for an additional 10 minutes. Mass spectrometry data
were acquired over an m/z range of 50—1300 using positive ion mode electrospray
ionization. Raw data were processed using MetaboScape 2024b software (Bruker
Daltonics) alongside multiple metabolomics databases: the Bruker MetaboBASE
Personal Library 3.0 (), MassBank of North America (MoNA) with LipidBlast2022 (),
and COCONUT () (Chandrasekhar, Rajan et al. 2025). In-silico fragmentation analysis
was conducted using integrated MetaboScape tools and SIRIUS 6.2.2 software with
CSIL:FingerID scoring (Diihrkop, Fleischauer et al. 2019, Hoffmann, Nothias et al. 2022).

4.4 Processing of mass feature table

Data harmonization was performed on the MetaboScape mass feature table. For features
lacking InChlI notations but containing MetaboScape compound names, we retrieved
corresponding InChl key identifiers from PubChem (NIH, 2024) using PubChemPy
(version 1.0.4)(Swain 2014). Conversely, for features with InChl notations but missing
compound names, we conducted reverse searches to obtain standardized chemical
nomenclature.

Unknown molecular features were identified according to these criteria: 1) Library
matches: MoNA or MetaboBASE Personal Library matches with MS/MS scores >600; 2)
Computational predictions: COCONUT or HMDB matches with in-silico fragmentation
scores >800, and/or SIRIUS 6.2.2 analysis yielding top-confidence matches; 3. Spectral
quality: mSigma values <30 and mass accuracies within £2.5 ppm.(Diihrkop, Fleischauer
et al. 2019). Missing values were imputed by substituting 0 for absent features across all
replicates or by replacing them with the minimum intensity minus 1 for features missing
in some replicates. Noise removal excluded features present only in blank samples, those
with higher intensities in blank samples, or those with maximum intensities below
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20,000. The median intensities of blank samples were subtracted from the intensities of
experimental samples to finalize the mass feature table.

4.5 Retrieval and Annotation of Natural Products from Ferula

Natural products reported in the Ferula genus were retrieved from multiple sources,
including the Reaxys chemical database (Reaxys 2024)(accessed May 28, 2025), a
published dataset (Rutz, Bisson et al. 2023) from the LOTUS initiative (Rutz, Sorokina et
al. 2022), the NPASS database (version NPASS-2023) (Zhao, Yang et al. 2023), and the
COCONUT natural product database (accessed 2025-06-09) (Chandrasekhar, Rajan et al.
2025). Additional data were sourced from previous reports. These records were analyzed,
and InChl notations were extracted for each Ferula natural product.

InChls were converted to InChl keys and SMILES using RDKit (version 2023.9.5)
(Landrum, Tosco et al. 2023). Ferula natural products were structurally classified using
NPClassifier (Kim, Wang et al. 2021) (, accessed July 13, 2025) with SMILES notations
and ClassyFire (Djoumbou Feunang, Eisner et al. 2016) (pyclassyfire API, accessed July
13, 2025) with InChl keys. Metabolites classified into multiple biosynthetic pathways or
superclasses were referred to as “hybrids” and categorized under their primary
classification. InChl or SMILES notations were used to retrieve chemical properties
(CID, molecular formula, [IUPAC name, monoisotopic mass, xlogP, and TPSA) from
PubChem (accessed July 13, 2025) using PubChemPy (version 1.0.4) (Swain 2014). The
Biopython (version 1.82) (Cock, Antao et al. 2009) KEGG Compound package (accessed
July 13, 2025) was utilized to annotate InChls or SMILES notations with KEGG
compound IDs, KEGG map IDs, and KEGG map names. PubChem fingerprints were
generated for each natural product SMILES using the scikit-fingerprints Python package
(version 1.11.0) (Adamczyk and Ludynia 2024).

4.6 Cheminformatics, Data Analysis, and Statistics

Tanimoto similarity was calculated using the Python package scikit-fingerprints (version
1.11.0) (Adamczyk and Ludynia 2024). Chemical structures were drawn and annotated
using RDKit (version 2023.9.5) (Landrum, Tosco et al. 2023) or the RCSB Chemical
Sketch Tool (, accessed January 6, 2025).

Data wrangling, visualization, and statistical analyses were conducted using the R
programming language (version 4.3.2) and the “tidyverse” (version 2.0.0) R packages.
Principal components analysis (PCA) was performed using the R function prcomp(scaled
= TRUE) on the working mass feature table after adding 1 and log2-transforming the
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data. Permutational multivariate analysis of variance (PERMANOVA) was conducted
with the R function adonis2() from the vegan package (version 2.6-8). Venn diagrams
were created using the R package VennDiagram (version 1.6.0), and dendrograms were
generated with the ggtree package (version 3.10.1) (Yu, Smith et al. 2017). Differential
metabolite abundance analysis was performed using the R package limma (version
3.58.1) (Ritchie, Phipson et al. 2015). Differentially abundant metabolites were identified
based on a log2-fold change greater than 1 and a false discovery rate (FDR) of less than
0.05.
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