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Abstract

Plagiorhegma dubium is an underexplored member of Berberidaceae whose secondary
metabolite composition and distribution between plant organs remain poorly characterized.
Here, untargeted UHPLC-ESI-QTOF-HRMS/MS combined with feature-based molecular
networking was applied to profile and obtain putative structural annotations of major
metabolite families in the roots and aerial parts of P. dubium. The analysis revealed marked
differences between root and aerial-part metabolite profiles and enabled annotation of
14 alkaloid-related features, 61 putative triterpenoid saponins, and 17 flavonoid, hydrox-
ycinnamate, and related metabolites. Among the annotated alkaloids, magnoflorine strongly
dominated the root profile, whereas jatrorrhizine/columbamine-type protoberberines were
enriched in the aerial-part profile. LC-MS/MS data revealed an extensive family of struc-
turally diverse triterpene saponins, a metabolite class not previously reported from P. dubium.
The saponins comprised multiple aglycones, glycan, and non-carbohydrate substituent com-
binations, with C3,H,O4-type aglycones enriched in roots and the more highly oxygenated
C3HyO; family predominant in aerial parts. Flavonoid glycosides and hydroxycinnamate
derivatives were strongly enriched in the aerial parts. These findings substantially expand
the known phytochemical diversity of P. dubium and identify it as a rich source of structurally
unresolved metabolites requiring isolation and definitive structure elucidation.

Keywords: Plagiorhegma dubium; Berberidaceae; UHPLC-HRMS/MS; feature-based molecu-
lar networking; benzylisoquinoline alkaloids; triterpene glycosides (saponins); flavonoid
glycosides; hydroxycinnamate derivatives

1. Introduction

Plants produce a remarkable diversity of secondary metabolites whose occurrence
often shows taxonomic, organ, and developmental specificity. These compounds encom-
pass several major structural classes, including alkaloids, phenolic compounds, terpenes,
steroids, and their glycosides. Secondary metabolites contribute to numerous ecological and
physiological processes, including defense against herbivores and pathogens, adaptation
to abiotic stress, signaling, and interactions with other organisms [1]. Many of these com-
pounds also exhibit pronounced biological activities and constitute an important source of
lead compounds and structural scaffolds for drug discovery and development [2,3]. Their
qualitative and quantitative profiles may differ substantially among species and between
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organs or developmental stages within the same plant, reflecting tissue-specific biosynthesis,
transport, accumulation, and regulation of secondary metabolism [1,4].

The family Berberidaceae currently comprises 13 genera [5] and exhibits considerable
phytochemical diversity across several major classes of secondary metabolites. Species of
Berberis are well known for the accumulation of benzylisoquinoline alkaloids, including
berberine, palmatine, jatrorrhizine, aporphines such as magnoflorine, and bisbenzyliso-
quinoline alkaloids such as berbamine and oxyacanthine [6,7]. Phytochemical investigations
of Epimedium species have led to the isolation and identification of numerous flavonoids,
particularly prenylated flavonoids and their glycosides, including icariin, icaritin, and many
structurally related compounds [8]. Species of the Podophyllum group are particularly
rich in aryltetralin lignans, including podophyllotoxin, which serves as a precursor for the
semisynthesis of the clinically used anticancer agents etoposide and teniposide [9,10]. Other
representatives of Berberidaceae, such as Caulophyllum, accumulate abundant triterpenes
and structurally diverse triterpene saponins [11]. Thus, the family combines several major
biosynthetic directions of plant secondary metabolism and represents a valuable group
for comparative phytochemical and chemotaxonomic studies. Many of these metabolite
classes exhibit biologically relevant activities. Individual isoquinoline alkaloids occurring
in Berberis, including berberine, palmatine, jatrorrhizine, magnoflorine, and berbamine,
have been associated with antimicrobial, anti-inflammatory, antioxidant, and antiprolifera-
tive activities [7,12]. Polyphenolic constituents, including flavonoids and phenolic acids,
also contribute to the biological activity of Berberidaceae extracts. In Berberis, these com-
pounds have been associated with antioxidant, antimicrobial, and enzyme-inhibitory effects,
whereas prenylated flavonoids from Epimedium have been investigated for a range of phar-
macological activities [8,12]. Triterpene saponins isolated from Caulophyllum species have
been reported to exhibit anti-inflammatory and other pharmacological activities [13].

Plagiorhegma dubium Maxim. (syn. Jeffersonia dubia (Maxim.) Benth. & Hook.f. ex
Baker & Moore) is a perennial rhizomatous herb of the family Berberidaceae, distributed in
temperate East Asia, including the Russian Far East, northeastern China, and the Korean
Peninsula. It is a spring-flowering forest plant adapted to shaded habitats and has attracted
attention as both an ornamental and a potentially medicinal species. The species has been
used in traditional medicine for the treatment of several conditions, including diabetes,
gastrointestinal disorders, dysentery and inflammatory eye disorders [14,15]. Despite
extensive phytochemical and pharmacological studies of several other representatives of
Berberidaceae, the chemical composition of P. dubium remains poorly investigated. Early
phytochemical studies of P. dubium were largely focused on alkaloids. Arens et al. isolated
the protoberberine alkaloid jatrorrhizine together with two lignan glycosides from cultured
cells [16]. Jeong and Sivanesan confirmed the presence of berberine by HPLC and demon-
strated differences in its content among in vitro-grown shoots, callus cultures, and leaves
of field-grown plants [17]. More recently, Sun et al. analyzed a methanolic extract of the
underground parts of P. dubium by UHPLC-ESI MS and reported 41 compounds, 38 of
which were putatively assigned as alkaloids, with magnoflorine, berberrubine, and betaine
reported as the major constituents [14]. Thus, previous studies focused either on cultured
material, targeted analysis of individual alkaloids, or the underground organs of the plant,
whereas the broader secondary metabolite composition and organ-dependent distribution
of metabolites in P. dubium remain insufficiently characterized.

The limited phytochemical information available for P. dubium is particularly notable
in comparison with other representatives of Berberidaceae, for which modern LC-MS
approaches have revealed highly complex metabolite profiles. Recent UHPLC-MS studies of
Berberis species have revealed chemically diverse profiles comprising isoquinoline alkaloids,
phenolic acids, flavonoids, lignans, and other metabolites [12,18]. LC-MS profiling of
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Caulophyllum has enabled characterization of structurally diverse triterpene saponins [19].
These studies illustrate that information based on a limited number of previously isolated
compounds may substantially underestimate the phytochemical diversity of a plant.

Traditional phytochemical studies rely on isolation of individual compounds followed
by structure elucidation using NMR, MS, and complementary spectroscopic methods. Al-
though essential for unambiguous characterization of novel structures, these approaches
are labor-intensive, require substantial amounts of material, and may overlook minor
constituents. LC-HRMS/MS has therefore become a major tool for comprehensive phyto-
chemical profiling [20,21]. Accurate mass measurements, isotopic patterns, and MS/MS
fragmentation support elemental composition assignment and structural annotation, while
comparison with authentic standards, spectral libraries, and literature data facilitates derepli-
cation of known compounds. Feature-based molecular networking further facilitates orga-
nization of complex LC-MS/MS datasets into groups of spectrally related features while
retaining chromatographic and quantitative information, thereby supporting recognition
and annotation of structurally related metabolite families [22]. This approach is particularly
suitable for untargeted analysis of poorly characterized plant species and for comparison of
metabolite profiles. However, positional and stereochemical isomers and glycosidic linkage
positions often cannot be resolved by MS/MS alone; therefore, annotations made without
authentic standards remain putative [23].

In the present study, untargeted UHPLC-ESI-QTOF-HRMS/MS combined with
feature-based molecular networking was applied to compare the metabolite profiles of
the roots and aerial parts of P. dubium. This study aimed to comprehensively profile sec-
ondary metabolites in the roots and aerial parts of P. dubium, organize structurally related
features using molecular networking, obtain putative structural annotations for the major
metabolite families, and characterize differences in their relative distribution between the
two organs. The resulting data provide a basis for targeted isolation and definitive structure
elucidation of structurally distinctive metabolites and for future comparative phytochemical
studies within Berberidaceae.

2. Materials and Methods
2.1. Chemicals and Reagents

MS-grade acetonitrile and methanol were purchased from EvaScience (Saint Peters-
burg, Russia). Dichloromethane was purchased from Merck (Darmstadt, Germany). Ultra-
pure water was produced using an aquaMAX Ultra 370 Series water purification system
(YoungIn Chromass, Anyang, Republic of Korea). MS-grade formic acid was purchased
from neoFroxx (Einhausen, Germany).

2.2. Plant Materials

Ten mature individuals of Plagiorhegma dubium Maxim. (syns. Jeffersonia dubia (Maxim..)
Benth & Hook.f. ex Baker & Moore and Jeffersonia manchuriensis Hance) were collected in
September 2025 from a forest site in the Lazurnaya River valley near Vladivostok, Primorsky
Krai, Russia. The plant material was identified by Elena V. Novozhilova and Roman V.
Dudkin. A voucher specimen (ID 142627/1983) was deposited in the Herbarium of the
Botanical Garden-Institute, Vladivostok, Russia.

2.3. Sample Preparation and Extraction

The collected plants were separated into roots and aerial parts (leaves and petioles),
and the corresponding organs from the ten individuals were pooled separately to obtain
one composite root sample and one composite aerial-part sample. The plant material was
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cleaned, air-dried in a cool, well-ventilated place, and subsequently dried in an oven at
45 °C for 30 h. The dried root and aerial-part materials were ground separately to a powder.

Previous phytochemical studies of P. dubium primarily employed methanol-based ex-
traction. Arens et al. [16] investigated a methanolic extract of cultured plant cells, whereas
Sun et al. [14] compared water, methanol, and ethanol extracts of underground plant
parts and selected methanol for subsequent LC-MS analysis based on extraction yield
and total alkaloid content. In contrast, the present study aimed to obtain broad cover-
age of secondary metabolites with different polarities. Therefore, preliminary extraction
experiments were performed using ethanol, methanol, aqueous methanol mixtures, chlo-
roform, and dichloromethane. Among the tested approaches, sequential extraction with
dichloromethane followed by methanol yielded the broadest detectable LC-MS profile, with
the largest number of chromatographic peaks and generally higher signal intensities in both
positive- and negative-ion modes. Accordingly, the dichloromethane and methanol extracts
were combined for subsequent untargeted LC-MS/MS profiling.

One extract was prepared from each pooled plant sample (roots and aerial parts).
A 1.0 g portion of each powdered sample was extracted by maceration with 8 mL of
dichloromethane at room temperature for 12 h, with occasional manual shaking. After
centrifugation for 5 min at 1000 rpm (~200x g), the supernatant was collected, and the
remaining plant residue was extracted with 7 mL of methanol at room temperature for 6 h.
After centrifugation under the same conditions, the methanolic extract was collected and
the residue was subjected to a second extraction with 7 mL of methanol for 6 h. The three
extracts obtained from each sample were combined, filtered, and evaporated to dryness
under a stream of nitrogen. The dried residues were weighed, yielding 207.0 mg from the
root sample and 148.9 mg from the aerial-part sample. Each dry extract was reconstituted
in 10 mL of acetonitrile/methanol/water (4:4:2, v/v/v). Prior to UHPLC-MS analysis, an
aliquot of each reconstituted extract was filtered through a 0.2 um PVDF microcentrifugal
filter (cat. no. F2517-5; Thermo Fisher Scientific, Waltham, MA, USA).

2.4. UHPLC-HRMS /MS Analysis

UHPLC-HRMS/MS analysis was performed using a Bruker Elute UHPLC system
(Bruker Daltonics, Bremen, Germany) comprising an Elute Pump HPG 1300, an Elute
Autosampler UHPLC, and an Elute Column Oven, coupled to an Impact II QTOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an electrospray ioniza-
tion (ESI) source. Chromatographic separation was performed using an Acquity UPLC
HSS T3 column (150 x 2.1 mm, 1.8 ym, 100 A; Waters Corporation, Milford, MA, USA)
equipped with an Acquity UPLC HSS T3 VanGuard pre-column (5 x 2.1 mm, 1.8 pm, 100 A;
Waters Corporation, Milford, MA, USA). The mobile phases were 0.1% (v/v) formic acid in
water (eluent A) and 0.1% (v/v) formic acid in acetonitrile (eluent B). The gradient was
programmed as follows: 5-20% B (0-2 min), 20-80% B (2-22 min), 80-100% B (22-24 min),
isocratic at 100% B (24-27 min), then reduced to 5% B (27.0-27.2 min). The column was re-
equilibrated for 3.8 min before the next injection. The flow rate was 0.4 mL/min, the column
temperature was 45 °C and the injection volume was 4 pL in the partial loop injection mode.

Mass spectrometric detection was performed using ESI in separate positive- and
negative-ion runs. Optimized ionization parameters were set as follows: a capillary voltage
of 4.0 kV in negative-ion mode and 4.5 kV in positive-ion mode; nebulizer gas (N,), 2.0 bar;
dry gas (N,), 8 L/min; dry gas temperature, 210 °C. Mass spectra were acquired in the
m/z range of 80-1700 at 2 Hz. Collision-induced dissociation (CID) product-ion spectra
were recorded in the autoMS/MS mode at 3 Hz, with the two most intense precursor ions
selected from each survey scan and an isolation width of 4 Th. The nominal collision energy
was varied as a function of precursor m/z: 15 eV at m/z 100, 35 eV at m/z 200, 50 eV at
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m/z 400, 95 eV at m/z 800, and 120 eV at m/z 1000. Collision energy Stepping option was
applied, acquiring 50% of each MS/MS scan at 60% of the set collision energy, in order
to obtain the most informative fragmentation spectra. Active exclusion was enabled after
two MS/MS spectra had been acquired for a given precursor ion. The instrument was cali-
brated using the ESI-L Low Concentration Tuning Mix (Agilent Technologies, Santa Clara,
CA, USA). The mass spectrometer was operated using otofControl (ver. 4.1, Bruker Dalton-
ics, Bremen, Germany). The DataAnalysis software (ver. 4.3, Bruker Daltonics, Bremen,
Germany) was used for analyzing the MS data and for generation of molecular formulas
using the SmartFormula module with a 10-ppm error window. Each extract was analyzed
in triplicate in both positive- and negative-ion modes. Peak areas obtained from the three
technical replicate injections were averaged, and the resulting mean values were used for
comparisons between the root and aerial-part extracts. Blank samples were analyzed to
evaluate background signals, contaminants, and sample carryover. Features corresponding
to background contaminants, including phthalate-related signals, were manually identified
by comparison with blank chromatograms and excluded from the final feature lists. No
detectable carryover was observed.

The LC-MS raw data files were converted to the open mzML format using ProteoWizard
MSConvert (ver. 3.0.23009, ProteoWizard, Palo Alto, CA, USA) [24]. The mzML files were
processed separately for positive- and negative-ion datasets using MZmine 2.53 [25] for
feature detection, chromatographic alignment, and MS/MS data export. Detailed MZmine
processing parameters are provided in Supplementary Table S4. For each ionization mode,
an aligned feature quantification table (.csv) and an MS/MS spectral summary file (.mgf)
were exported for subsequent analysis. Separate molecular networks for the positive-
and negative-ion datasets were generated using the Feature-Based Molecular Networking
(FBMN) workflow [22] (version release_28.2) on the GNPS platform [26]. The precursor-
ion and fragment-ion mass tolerances were set to 0.01 and 0.02 Da, respectively. Network
edges were retained when the cosine similarity score exceeded 0.7 and at least five fragment
ions were matched. An edge was retained only when each connected node occurred among
the ten most similar spectra of the other node. The maximum molecular family size was
set to 100 nodes; for larger families, the lowest-scoring edges were sequentially removed
until the number of nodes was below this threshold. The resulting molecular networks
were visualized using Cytoscape (version 3.9.1) [27]. The GNPS jobs for the positive- and
negative-ion datasets can be accessed at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?
task=323d8eb2al4b4b04907b0eee55ddad24 (accessed on 1 September 2026) and https://
gnps.ucsd.edu/ProteoSAFe/status.jsp?task=041{9892f911410087ae0efe713a6680 (accessed
on 1 September 2026), respectively.

In this study, an LC-MS feature refers to a chromatographic signal characterized by a
specific retention time and m/z ratio. Features for which sufficient spectral evidence was
available were assigned putative metabolite annotations. Metabolite annotation confidence
was assessed according to the Metabolomics Standards Initiative (MSI) guidelines. Putative
annotations of specific compounds supported by accurate-mass measurements, characteris-
tic MS/MS fragmentation patterns, and comparison with published reference spectra in
MS/MS databases and related articles were classified as MSI Level 2. Features for which
the available evidence supported only a compound class, structural family, or a group of
possible isomers were classified as MSI Level 3.

3. Results

LC-MS analysis revealed complex and markedly different profiles for the root and aerial-
part extracts of P. dubium (Figure S1). In negative-ion mode, the base-peak chromatograms
of both roots and aerial parts contained numerous partially overlapping peaks, reflecting
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the high complexity of the negative-ion LC-MS profiles. Despite their similarly complex
appearance, the two profiles differed markedly. In positive-ion mode, the difference was
even more apparent: the root profile was dominated by a single major peak accompanied
by numerous substantially less intense signals, whereas the aerial-part profile contained
several prominent peaks of comparable intensity.

To examine the structural relationships among the detected components, feature-based
molecular networks were generated independently for the positive- and negative-ion LC-
MS/MS datasets (Figures S2 and S3, respectively). The positive-ion network comprised
six molecular families with at least four nodes; the two largest families contained 55 and
14 features, respectively. The negative-ion dataset showed a more extensive clustering
pattern, with 13 molecular families containing at least four nodes; the two largest molecular
families comprised 88 and 28 features, respectively. In addition to these families, both
networks contained numerous smaller clusters, pairs, and singleton features, indicating
substantial spectral heterogeneity within both datasets. Several positive-ion molecular fam-
ilies contained features putatively annotated as isoquinoline alkaloids, whereas the major
annotated families in the negative-ion network were associated with putative triterpene
saponins, flavonoid glycosides, and hydroxycinnamate-related metabolites. The relative
peak-area contributions of the root and aerial-part extracts varied markedly both within
and among molecular families, indicating substantial differences in the distribution of
structurally related features between the two plant parts. Features belonging to the major
metabolite families were subsequently subjected to structural annotation based on accurate-
mass measurements, MS/MS fragmentation patterns, spectral similarity, and comparison
with available reference data, as described below. This workflow resulted in the putative an-
notation of 92 LC-MS features, including 14 alkaloid-related, 61 triterpene saponin-related,
and 17 flavonoid-, hydroxycinnamate-, and related features. All annotations were based
on accurate-mass measurements, MS/MS fragmentation patterns, and comparison with
available reference data.

3.1. Alkaloids

In total, 14 alkaloid-related LC-MS features were putatively annotated in the positive-
ion data. Eleven of these were distributed among three alkaloid-associated molecular fami-
lies (P5, P10, and P11), whereas three occurred as singleton nodes (Figures 1, 54 and S5,
Tables 1 and S1). The annotations encompassed several structural classes of benzylisoqui-
noline-derived alkaloids, including monomeric and putative dimeric protoberberines, apor-
phines, and benzyltetrahydroisoquinoline alkaloids. Feature A5 (/2 342.17, Rt = 3.61 min),
the dominant alkaloid-related feature in the root extract accounting for >82% of the summed
LC-MS signal of the annotated alkaloid-related features in the root extract, was assigned to
molecular cluster P11 together with two related nodes interpreted as a dimeric ion and an
in-source fragment. Its MS/MS spectrum closely matched published MS/MS data for mag-
noflorine and exhibited the characteristic fragmentation behavior of a quaternary aporphine
alkaloid. The dominant product ion at m/z 297.11 resulted from a neutral loss of 45.06 Da,
consistent with C,H;N. This dissociation pathway has been reported for magnoflorine and
related N,N-dimethyl-substituted aporphine alkaloids [28,29]. Subsequent elimination
of CH;OH produced the abundant product ion at m/z 265.09, followed by loss of CO to
yield the ion at m/z 237.09. This sequential CH;OH/CO elimination is consistent with
the vicinal hydroxy/methoxy substitution pattern of the aporphine aromatic system. The
product ion at m/z 282.09 was consistent with secondary loss of a methyl radical from the
m/z 297.11, whereas additional ions at m/z 247.07, 222.07, and 165.07 were attributed to
further dissociation of the aporphine framework. Taken together, the accurate precursor
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Figure 1. Feature-based molecular network of alkaloid-related features detected in the roots and

aerial parts of P. dubium by positive-ion LC-ESI-MS/MS. Nodes represent individual features, whereas

edges connect features exhibiting similar MS/MS fragmentation patterns. Pie-chart sectors show the

relative distribution of the LC-MS signal between root (blue) and aerial-part (green) extracts, and

node size is proportional to the summed signal of the corresponding feature. Annotated features are

labeled according to the IDs given in Table 1; additional nodes represent unannotated or ion-related

features. Structures are shown for representative or putatively annotated metabolites.

Table 1. Putatively annotated alkaloids detected in the roots and aerial parts of P. dubium ®.

ID Measured m/z Rt (min)  Ion Formula Putative Annotation
Al 462.2139 2.73 [CoyH3oNOg | * 7-Methoxy-2-methylhigenamine-type O-hexoside
A2 490.2081 3.25 [CysH3,NOg | * Boldine/corytuberine-type aporphine O-hexoside

4 Dihydroxyjatrorrhizine/dihydroxycolumbamine-
A3 370.1291 333 [CyHyNO,] type profoberbering

Hydroxyjatrorrhizine /hydroxycolumbamine-

A4 354.1339 352 [ChH,NOs]* yAroxy) type protobirbergl .
A5 342.1712 3.61 [CooHpuNO, T Magnoflorine
A6 330.1692 378  [CyH,NO,]* Reticuline
A7 500.1923 4.08 [CysH3NOg | * Jatrorrhizine/columbamine-type O-hexoside
A8 354.1341 441 [CyoHyoNOs5]* 13-Hydroxyjatrorrhizine/13-hydroxycolumbamine
A9 534.2132 5.77 [C3oH3NOg | * Jatrorrhizine/columbamine-type C;,H;,0, conjugate
A10 338.1395 5.96 [CyoHyNO, |t Jatrorrhizine/columbamine isomer I
A11 338.1395 6.11 [CyoHyoNO, T Jatrorrhizine/columbamine isomer II
A12 337.1324 6.59 [CyH3sN,Og]?*  Bisjatrorrhizine-type dimeric protoberberine, isomer I
A13 337.1324 7.06 [C4HasN,Og]?*  Bisjatrorrhizine-type dimeric protoberberine, isomer II
Al4 352.1550 721 [CyH,NO,J* Palmatine

a2 The annotations of features A5, A6, A8, A10, A11, and A14 were classified as MSI Level 2, whereas
all remaining annotations were classified as MSI Level 3.
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Molecular family P5 contained eight putatively annotated alkaloids, several of which
showed higher relative LC-MS signals in either the roots or aerial parts. Among the features
enriched in the aerial parts were two chromatographically resolved isomers, compounds
A10 and A11, detected as molecular cations at m/z 338.14 (Rt = 5.96 and 6.11 min, re-
spectively). Both compounds exhibited nearly identical MS/MS spectra characteristic of
methoxylated quaternary protoberberine alkaloids. Fragmentation involved the radical
loss of CH;* to yield the product ion at m/z 323.12, whereas the competing neutral loss
of CH, generated the ion at m/z 322.11. Further fragmentation produced the ion at m/z
307.08, consistent with combined losses of CH, and CH;*, while elimination of CO from
the m/z 322.11 ion yielded the product ion at m1/z 294.11. The related ions at m/z 308.09 and
307.08 underwent further CO loss to give the paired product ions at m/z 280.09 and 279.09,
respectively, and subsequent radical loss of CH;* from the 11/z 280.09 ion generated the prod-
uct ion at m/z 265.07. The predominance of CH;*, CH,, and CO eliminations is consistent
with the well-established fragmentation behavior of methoxylated quaternary protoberber-
ine alkaloids [30]. Accordingly, compounds A10 and A11 were tentatively annotated as
jatrorrhizine/columbamine isomers based on their elemental composition, characteristic
fragmentation, and chemotaxonomic plausibility. These compounds are positional isomers
that differ only in the arrangement of the hydroxy- and methoxy-substituents at C-2 and C-3
of ring A; therefore, their individual assignments could not be established unambiguously
from the MS/MS data in the absence of authentic standards.

The closest structural analogues of compounds A10 and A11 within molecular clus-
ter P5 were features A14 and A8. Feature A14 was detected as a molecular cation at
m/z 352.16 (Rt = 7.21 min). Its elemental composition differed from that of the jatror-
rhizine/columbamine isomers by CH,, a compositional shift consistent with methylation of
the remaining phenolic hydroxyl group and formation of a tetramethoxy-substituted proto-
berberinium alkaloid. The MS/MS spectrum of A14 closely resembled those of compounds
A10 and A11, but the corresponding product-ion series was shifted in accordance with
the additional methyl substituent. Radical loss of CH;* and neutral loss of CH, from the
molecular cation generated product ions at m/z 337.13 and 336.12, respectively. Subsequent
fragmentation produced ions at m/z 322.11, 320.09, 308.13, 294.11, and 292.09 through
sequential losses involving CH;*, CH,, and CO. This fragmentation pattern closely matched
published MS/MS data for palmatine, in which the same product-ion series has been
reported, and was consistent with the characteristic dissociation behavior of methoxy-
lated quaternary protoberberine alkaloids [29,31,32]. Accordingly, compound A14 was
putatively annotated as palmatine on the basis of its accurate mass, characteristic MS/MS
spectrum, and close spectral relationship to the jatrorrhizine/columbamine isomers within
molecular cluster P5.

Compound A8, another close analogue of compounds A10 and A11 within molecular
family P5, was detected as a molecular cation at m/z 354.13 (Rt = 4.41 min). Its elemental
composition contained one additional oxygen atom relative to the jatrorrhizine/colum-
bamine isomers, while its shorter retention time was consistent with increased polarity
associated with the additional oxygenation. The MS/MS spectrum retained the characteris-
tic fragmentation pattern of a methoxylated quaternary protoberberine alkaloid. Radical
loss of CH;* and neutral loss of CH, from the molecular cation generated product ions at
m/z 339.11 and 338.10, respectively. Additional product ions were observed at m/z 324.08,
306.08, 296.09, and 278.08. This fragmentation pattern closely matched that reported for
13-hydroxycolumbamine/13-hydroxyjatrorrhizine [32,33]. Accordingly, the elemental com-
position, chromatographic behavior, characteristic MS/MS fragmentation, and close spectral
relationship to compounds A10 and A11 supported annotation of A8 as a hydroxylated

https://doi.org/10.3390/separations13110323


https://doi.org/10.3390/separations13110323

Separations 2026, 13, 323

9 of 29

jatrorrhizine/columbamine analogue, with 13-hydroxylated structures representing plausi-
ble candidates.

Features A3, A4, A7, and A9 were preferentially detected in the root extract. Feature
A4 was observed as a molecular cation at 1/z 354.13 (Rt = 3.52 min), corresponding to the
elemental composition [C, H,yNO;]* and thus representing an isomer of A8. Despite their
identical elemental compositions, the two features differ substantially in retention time and
fragmentation patterns. The MS/MS spectrum of A4 was dominated by the fragment at m/z
339.11, corresponding to radical loss of CH;* from the precursor, together with prominent
ions at m/z 296.09 and 268.09. The mass difference between the ions at m/z 339.11 and
296.09 was consistent with combined loss of CH3* and CO, whereas the difference between
the ions at m/z 296.09 and 268.09 was consistent with an additional CO loss. The identical
elemental compositions, related fragmentation behavior, and co-clustering of features A4
and A8 within molecular cluster P5 supported their assignment as isomeric oxygenated
protoberberine alkaloids related to jatrorrhizine/columbamine. Their markedly different re-
tention times and relative fragment ion abundances suggested differences in the substitution
pattern, potentially involving the position of the additional hydroxyl group and/or the ar-
rangement of hydroxy- and methoxy-substituents on the protoberberine scaffold. Feature A4
was therefore tentatively annotated as a hydroxyjatrorrhizine /hydroxycolumbamine isomer.

Feature A7 was detected as a molecular cation at m/z 500.20 (Rt = 4.08 min), cor-
responding to the elemental composition [ CysHzNOy]*. Collision-induced dissociation
generated a prominent product ion at m/z 338.14 through loss of 162.05 Da, while the
spectrum additionally contained the characteristic jatrorrhizine/columbamine-derived ions
atm/z 323/322, 308/307, 294, 280/279, and 265. The mass difference between the precur-
sor and the product ion at m/z 338.14 was 162.05 Da, corresponding to the composition
CH;(O5 and consistent with loss of a hexose residue. Together with its substantially shorter
retention time relative to compounds A10 and A11, this fragmentation behavior supported
assignment of feature A7 as an O-hexoside of a jatrorrhizine/columbamine-type protober-
berine alkaloid. The identity of the hexose and the position of glycosylation could not be
determined from the MS/MS data; therefore, feature A7 was conservatively annotated as a
jatrorrhizine/columbamine O-hexoside. Feature A9 was detected as a molecular cation at
m/z 534.2130 (Rt = 5.77 min), corresponding to the elemental composition [C3yH;,NOg]*.
CID generated a prominent product ion at m/z 338.14, which subsequently exhibited the
characteristic fragmentation pattern of the jatrorrhizine/columbamine-type core. The mass
difference between the precursor and the m/z 338.14 ion was 196.07 Da, corresponding
to the neutral loss of C;(H;,0,. Thus, feature A9 was interpreted as a modified jatror-
rhizine/columbamine-type protoberberine bearing a C;yH;,0,-derived substituent.

Feature A3 was detected as a molecular cation at m/z 370.13, corresponding to the
elemental composition [C,yH, NOg]*. Its composition contained one additional oxygen
atom relative to features A4 and A8 and two additional oxygen atoms relative to the ja-
trorrhizine/columbamine isomers. Notably, its major product ions at m/z 355.11, 312.09,
and 284.09 were shifted by 16 Da relative to the corresponding ions at m/z 339.11, 296.09,
and 268.09 in the spectrum of A4, indicating retention of the additional oxygen atom
throughout this fragmentation series and strongly supporting a close structural relation-
ship between the two metabolites. This closely homologous fragmentation behavior in-
dicated that feature A3 represented an additionally oxygenated analogue of the hydrox-
yjatrorrhizine /hydroxycolumbamine-type alkaloid represented by A4. Dihydroxyjatror-
rhizine/dihydroxycolumbamine-type protoberberines with the same elemental composition
have previously been reported from Phellodendron species [34]. Feature A3 was therefore
tentatively annotated as dihydroxyjatrorrhizine/dihydroxycolumbamine.
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Isomeric features A12 and A13, constituting molecular cluster P10, were detected at
comparable relative abundances in both the root and aerial-part extracts. Both metabolites
were observed as intrinsically doubly charged molecular cations at m/z 337.13, consistent
with the ion formula [C4H3sN,Og]?*. CID produced an extensive series of doubly charged
product ions arising from losses of CH;*, CH,, CH;OH, CH, + CO and 2CH;* + CO. This
dissociation pattern was consistent with the characteristic fragmentation behavior of highly
conjugated methoxylated quaternary protoberberine systems. The elemental composition
corresponds formally to two jatrorrhizine/columbamine-type molecular cations joined
with the net loss of 2H. Accordingly, features A12 and A13 were tentatively annotated as
bisjatrorrhizine-type dimeric quaternary protoberberine alkaloids rather than bisbenzyliso-
quinoline alkaloids. The occurrence of two chromatographically resolved isomers may
reflect alternative coupling regiochemistry and/or different combinations of jatrorrhizine-
and columbamine-type subunits.

Several additional isoquinoline alkaloids occurred as singleton nodes. Feature A6 (m/z
330.17, Rt = 3.78 min) was tentatively annotated as reticuline. Its MS/MS spectrum was
dominated by the diagnostic product ions at 7/z 192.10 and 137.06, arising from cleavage
of the benzylisoquinoline skeleton, together with the fragment at 11/z 299.13 corresponding
to loss of CH3NH,. This fragmentation pattern closely matched that reported for reticu-
line [30]. Feature A1 (m/z 462.21, Rt = 2.73 min) was tentatively assigned to a glycosylated
benzyltetrahydroisoquinoline alkaloid. CID generated a prominent product ion at m/z
300.16 through neutral loss of a CH;(O5 unit, consistent with cleavage of an O-linked hexose
residue. Further fragmentation yielded the fragment at m1/z 269.12, corresponding to loss of
CH;NH,, a characteristic dissociation pathway of N-methylated benzyltetrahydroisoquino-
line alkaloids [30]. Additional product ions at m/z 237.09, 209.10, 197.10, and 107.05 further
supported a methoxylated benzyltetrahydroisoquinoline aglycone. Notably, an alkaloid
exhibiting the same precursor ion and closely corresponding fragmentation series has previ-
ously been annotated as 7-methoxy-2-methylhigenamine-4'-O-glucoside/6-O-glucoside [35].
Feature A1 was therefore tentatively annotated as a 7-methoxy-2-methylhigenamine O-
hexoside; however, related positional isomers cannot be excluded. Feature A2 (m/z 490.2067,
Rt = 3.25 min) was tentatively assigned to a glycosylated aporphine alkaloid. Tandem MS
initially produced the ion at m/z 459.17 through elimination of methylamine, followed by
loss of a hexose residue to yield the abundant product ion at m/z 297.11. Further dissocia-
tion generated the characteristic series through successive losses of CH;OH and CO. This
fragmentation closely resembles that reported for N-methylated aporphine alkaloids such as
boldine [28]. Although compounds with the same precursor composition have previously
been annotated as 11-O-glucosyl-norisocorydine isomers, these metabolites predominantly
underwent direct loss of hexose to form the protonated norisocorydine aglycone at m/z
328.15 [36]. The absence of this ion and the prominent methylamine loss observed for
feature A2 instead supports an N-methylated aporphine aglycone. Feature A2 was therefore
annotated as an O-hexoside of an N-methylated boldine/corytuberine-type aporphine.

In total, 14 alkaloid-related features were putatively annotated, encompassing sev-
eral major structural branches of benzylisoquinoline alkaloid metabolism. The largest
group comprised eight monomeric protoberberine-related metabolites, including jatror-
rhizine/columbamine isomers, palmatine, their oxygenated and glycosylated derivatives,
and a putative C;yH;,0,-conjugated analogue. Two additional features were assigned
to bisjatrorrhizine-type dimeric protoberberines, whereas the remaining metabolites in-
cluded two aporphine alkaloids, represented by magnoflorine and a boldine/corytuberine-
type O-hexoside, and two benzylisoquinoline-type alkaloids, reticuline and a 7-methoxy-2-
methylhigenamine-type O-hexoside. Thus, the annotated alkaloid profile comprised not
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only the abundant classical quaternary protoberberines but also oxygenated, glycosylated,
conjugated, and dimeric derivatives.

The relative distribution of the annotated alkaloids revealed marked differences be-
tween the root and aerial-part extracts of P. dubium. The summed LC-MS signal of the
annotated alkaloid features was approximately 2.7-fold higher in the root extract; how-
ever, this difference was largely attributable to magnoflorine (A5), which accounted for
approximately 83% of the summed alkaloid-related LC-MS signal in roots. In contrast, the
summed signal of the annotated alkaloid-related features in the aerial-part extract was
dominated by the two jatrorrhizine/columbamine isomers (A10 and A11), which together
represented approximately 67% of the summed alkaloid signal in aerial parts. Several
related metabolites were also strongly enriched in the aerial parts, including palmatine
(A14), 13-hydroxyjatrorrhizine/13-hydroxycolumbamine (A8), and reticuline (A6). Con-
versely, oxygenated and conjugated protoberberine derivatives A3, A4, A7, A9, and the
boldine/corytuberine-type O-hexoside A2 showed higher LC-MS signals in the root extract.
The two bisjatrorrhizine-type dimeric protoberberines (A12 and A13) showed comparable
LC-MS signals in the two parts, indicating substantially similar relative signals in the two
extracts. At the structural-class level, the two organs exhibited contrasting alkaloid profiles.
Aporphine-type alkaloids accounted for approximately 82.7% of the summed alkaloid signal
in the roots but only 4.3% in the aerial parts, primarily because of the strong accumulation
of magnoflorine. Conversely, monomeric protoberberine-related metabolites represented
approximately 72.2% of the alkaloid signal in the aerial parts but only 9.1% in the roots.

3.2. Triterpene Glycosides

Feature-based molecular networking of the negative-ion MS/MS data revealed a promi-
nent molecular family dominated by features tentatively assigned as triterpene glycosides
(saponins). Molecular cluster N5 comprised 88 interconnected nodes, consistent with
extensive structural diversity within this metabolite class (Figure 2). The relative LC-MS
signals of individual features differed markedly between roots and aerial parts, indicating
marked differences in saponin profiles between the two extracts.

Table 2. Putative structural composition of triterpene saponins detected in P. dubium by LC-
HRMS/MS 2.

M + Neutral . . Neutral
ID Rt, min HéOO]‘ Molecular Assigned R Putative R, Glyca.n. Aglycone
Neutral Loss  Neutral Loss Composition

Meas., m/z Formula Formula
G1 7.33 1121.5343 C5,HgyOps CsHgO Pent-Hex-Hex- C3oHy04
G2 7.48 1121.5344 C5,HgyOps CsHgO Pent-Hex-Hex- C30Hy04
G3 8.13 1091.5228 C51Hg,05, C;HgO Pent-Hex-Pent- C3pHy504
G4 8.29 1091.5236 C5Hg, Oy C;HgO Pent-Hex-Pent- C3oHyg05
G5 9.22 1179.5382 Cs4HgOys5 C,H,,0, Pent-Hex-Hex- C30HyO;
G6 9.99 1221.5857 Cs5;Hg,Op5 CsHgO CsHyO; Pent-Hex-Hex- C3HyO;
G7 10.17 1149.5291 Cs3Hgy Oy C,;H;,0, Pent-Hex-Pent- C3yHyO5
G8 10.25 1221.5855 Cs;Hg, Oy Cs;HgO CsH,00; Pent-Hex-Hex- C30Hy Oy
G9 10.85 1191.5759 Cs6HgO0y C;HgO CsH,,0; Pent-Hex-Pent- C30HyO5
G10 11.36 1191.6119 Cs5;HgyOp3 CsHO CsH,0, Pent-Hex-Hex- C30Hy504
G11 11.41 1207.5711 Cs6HggOos5 CoH;cO, Pent-Hex-Hex- C3HyO;
G12 11.56 1249.5822 Cs5Hg, Oy CsHgO C,;H;,0, Pent-Hex-Hex- CyoHy, 05
G13 11.82 1249.5812 CssHgy Oy CsHgO CeH;oO4 Pent-Hex-Hex- C30HyO5
G14 12.09 1191.5771 Cs¢HggOyy4 CyH;(O, Pent-Hex-Hex- C3Hy04
G15 12.18 1233.5868 CssHg, Oy C;HgO CeH;,0,4 Pent-Hex-Hex- C3Hy04
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M + Neutral . . Neutral
ID Rt, min H([ZOO]‘ Molecular Assigned R Putative R, Glyca.n‘ Aglycone
Neutral Loss  Neutral Loss Composition

Meas., m/z Formula Formula
G16 12.33 1177.5608 Cs5HggOyy CoH,,0, Pent-Hex-Pent- C30HyO;
G17 12.34 1219.5714 CsyHgyOys5 CsHgO C,H,,0, Pent-Hex-Pent- CyoHyy Oy
G18 12.45 1263.5975 Cs9Hoy Oy CsHgO C,H;,0, Pent-Hex-Hex- C30HyO;
G19 12.50 1175.5810 Cs6HogOys CsHgO C,HgO, Pent-Hex-Hex- C30HyO6
G20 12.57 1219.5713 CsyHgOss5 CsHgO CeH, Oy Pent-Hex-Pent- C50Hy O,
G21 12.63 1205.5917 CsyHgpyOyy CsHgO CsH,,0, Pent-Hex-Hex- C30HyO7
G22 12.75 1263.5975 Cs9Hgy Oy CsHgO C,H,,0, Pent-Hex-Hex- C30HyO;
G23 12.98 1263.5962 Cs9Hoy Oy CsHgO C,H,,0, Pent-Hex-Hex- C3oHyO;
G24 13.14 1247.6032 Cs9HoyOys5 CsHgO C,H,0, Pent-Hex-Hex- C30HyO6
G25 13.23 1233.5871 Cs55HgyOy5 CsHgO C,H,,0, Pent-Hex-Pent- C50HyO;
G26 13.29 1189.5973 CsyHgp Oy C;HgO CsH,,0, Pent-Hex-Hex- C30HyO6
G27 13.42 1247.6023 Cs9HgyOy5 CsHgO C,H,,0, Pent-Hex-Hex- C30HyO6
G28 13.45 1175.5819 Cs56HggOys3 CsHgO CsH,,0, Pent-Hex-Pent- C3oHyO;
G29 13.48 1189.5970 Cs5yHgpOys CsHgO CsH,,0, Pent-Hex-Hex- C30HyO06
G30 13.54 1233.5868 CssHg,Oys5 CsHgO C,H,,0, Pent-Hex-Pent- C30HyO;
G31 13.71 1115.5617 Cs,HgOpq CsHgO C,H,,0, Hex-Hex- C30HyO06
G32 13.75 1101.5457 Cs3Hg, Oy CsHgO C,H,,0, Hex-Pent- C30HyO7
G33 13.85 1277.6123 CeoHoOop CsHgO CoH,,0, Pent-Hex-Hex- CyoHyy Oy
G34 13.94 1115.5616 Cs,HggOyy CsHgO C,H,,0, Hex-Hex- C30HyO6
G35 14.02 1233.5856 CsgHgpOys CsHgO C,H;,0, Pent-Hex-Pent- C3oHyO;
G36 14.08 1101.5461 Cs3Hgy Oy C;HgO C,H,,0, Hex-Pent- C30HyO5
G37 14.21 1277.6127 CooHoOng CsHgO CgH,,0, Pent-Hex-Hex- C30HyO7
G38 14.58 1261.6187 CeoHoOys5 CsHgO CgH,,0, Pent-Hex-Hex- C30HyO6
G39 14.67 1247.6023 Cs9HoyOys5 CsHgO CoH,,0, Pent-Hex-Pent- CyoHy Oy
G40 14.75 1291.6281 Cg1HogOyg CsHgO CoH,,0, Pent-Hex-Hex- C3oHyO;
G41 14.86 1261.6188 CyoHogOos5 C;HgO CgH,,04 Pent-Hex-Hex- C50Hy06
G42 14.97 1247.6032 Cs9HgyOys5 CsHgO CgH,,0, Pent-Hex-Pent- C30HyOy
G43 15.13 1291.6277 Cg1HogOyf CsHgO CoH,,0, Pent-Hex-Hex- C30HyO;
G44 15.29 1115.5623 Cs,HgOpy CsHgO CgH,,0, Hex-Pent- C3oHyO;
G45 15.43 1129.5773 Cs5HggOyy CsHgO CgH,,0, Hex-Hex- C30HyO¢
G46 15.47 1275.6348 C1HogOys CsHgO CyH;0, Pent-Hex-Hex- C30HyO06
G47 15.56 1261.6189 Cs0HoOos5 C;HgO CoH ;04 Pent-Hex-Pent- C30Hy 07
G48 15.59 1115.5615 Cs,HgOpy CsHgO CgH,,0, Hex-Pent- C30HyOy
G49 15.64 1275.6339 Cg1HogOys5 CsHgO CoH,,0, Pent-Hex-Hex- C30HyO6
G50 15.75 1305.6440 CsoHig9O0o6 CsHgO CioH150, Pent-Hex-Hex- C3oHyO;
G51 15.83 1275.6344 Cg1HogOys5 CsHgO CoH;40, Pent-Hex-Hex- C30HyO¢
G52 15.94 1261.6176 CyoHogOos5 CsHgO CoH ;504 Pent-Hex-Pent- C50HyO;
G53 16.10 1305.6438 CoHi00O026 CsHgO CioH150, Pent-Hex-Hex- C30HyO7
G54 16.10 1261.6176 CeoHoOys5 CsHgO CoH,,0, Pent-Hex-Pent- C30HyO;
G55 16.17 1129.5769 Cs5HggOyy CsHgO CoH,,0, Hex-Pent- C3oHyO7
G56 16.32 1129.5767 Cs5HggOyy CsHgO CoH;,0, Hex-Pent- C3oHyO;
G57 16.57 1129.5769 Cs5HggOyy C;HgO CyH,,0, Hex-Pent- C30HyO5
G58 16.57 1275.6338 Cg1HogOys CsHgO CioH150, Pent-Hex-Pent- C30HyO5
G59 16.65 1289.6497 CoHi09O05 CsHgO CioH150, Pent-Hex-Hex- C30HyO6
G60 16.85 1289.6497 CsoHig9Oos5 CsHgO CioH150, Pent-Hex-Hex- C30HyO6
Go61 16.92 1275.6335 Cg1HogOys5 CsHgO CioH1530, Pent-Hex-Pent- C3oHyO;

2 All saponin annotations were classified as MSI Level 3.
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Figure 2. MS/MS fragmentation and molecular-network context of representative triterpene glycoside
G15 from P. dubium. (A) Negative-ion MS/MS spectrum of G15. (B) Proposed fragmentation
pathway of G15 showing the major product ions. (C) Feature-based molecular network of molecular
cluster N5, comprising structurally related saponins. Nodes represent individual LC-MS/MS features,
edges indicate spectral similarity, and pie-chart sectors show the relative contribution of roots (blue)
and aerial parts (green) to the corresponding feature signal. Labeled nodes correspond to retained
saponin-related features listed in Tables 2 and S2; unlabeled nodes represent additional spectrally
related features not included in the detailed annotation.

Structural annotation of the saponins was based on accurate-mass measurements
and characteristic fragmentation patterns observed in positive- and negative-ion MS/MS
spectra. The detected product ions and neutral losses were used to infer the elemental
compositions of glycan moieties, aglycone-related fragments, and additional substituents.
However, the available MS/MS data do not allow unambiguous determination of individual
monosaccharide identities, glycosidic linkages, aglycone carbon skeletons, or substitution
positions. Therefore, the structural assignments discussed below should be regarded as
tentative, and the proposed structures represent possible interpretations of the experimental
data supported by literature evidence.

Most features within this cluster exhibited precursor ions in the m/z 1050-1250 range
and were detected predominantly as formate adducts, [M + HCOO]~. Formation of formate-
or acetate-adducted anions is well documented for neutral oligosaccharides and triterpene
saponins and provides an efficient pathway for their detection by negative-mode ESI when
direct deprotonation is unfavorable [37,38]. The predominance of [M + HCOO]~ ions over
[M — H]~ ions may suggest a relatively low tendency of these glycosides to undergo direct
deprotonation under the applied ionization conditions. This observation is consistent with
the hypothesis that the major saponins lack free carboxyl groups or contain carboxyl groups
involved in ester linkages. However, formate adduct formation is also influenced by the
molecular structure and ionization conditions and cannot be used alone to establish the
presence, absence, or esterification state of carboxyl groups. Therefore, the proposed neutral
character of these glycosides should be regarded as a tentative structural interpretation rather
than a definitive conclusion. Although the negative-ion product ion spectra were generally
of low intensity and contained a relatively limited number of diagnostic ions, their combined
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interpretation with the corresponding positive-ion spectra supported tentative structural
annotation. Sequential glycosidic cleavages and the resulting neutral losses provided
information on the number and nominal composition of monosaccharide residues, whereas
complementary product-ion series facilitated assignment of the elemental compositions of
the aglycone-related and non-carbohydrate substituent fragments [37,39].

For example, the product ion spectrum of feature G15, one of the most abundant puta-
tive saponin-related components in the root extract (CsgHg,O,5, m1/2 1233.58 [M + HCOO],
Rt 12.18 min), exhibited a characteristic fragmentation pattern in the negative-ion mode.
The product-ion spectrum contained a prominent ion at m/z 1041.52 formed by initial
elimination of formic acid from the [M + HCOO]~ precursor followed by a neutral loss of
146.06 Da (CgH;(O,). The occurrence of the same CsH;,0O, moiety was further supported by
an abundant low-mass product ion at m/z 145.05 [C;{HgO,4] ™. In the product ion spectrum
of the corresponding [M + H]* ion at m/z 1189.60, aglycone-related ions were observed at
m/z 631.39 [C3Hs509 ]t and 485.33 [C3yH,505] 1. Their elemental compositions differed
by C¢H,(O,, indicating that this moiety was retained in an aglycone-containing fragment,
supporting its association with the triterpene aglycone. The negative fragment ion at m/z
1041.52 subsequently generated a series of Y-type product ions [40] at m/z 909.48 [M — H
— C¢H,(O, — Pent]~, 74743 [M — H — C;H;,0O, — Pent — Hex]~, and 585.38 [M — H —
C¢H;9O, — Pent — 2Hex|]~. The complementary B- and Y-type product-ion series supported
a glycan composition of Pent 4+ 2Hex. The observed fragmentation was consistent with a
linear Pent-Hex-Hex sequence containing a terminal pentose residue. This assignment was
independently supported by a complementary series of carbohydrate-retaining B-type ions
atm/z 131.03 [Pent]~, 293.09 [Pent + Hex]~, and 455.14 [Pent + 2Hex]".

The aglycone-related product ion at m/z 585.38 [C35H5;0, ], generated after elim-
ination of the oligosaccharide chain and the C4H;,O, substituent, subsequently yielded
a low-abundance ion at m/z 501.32 [C3,H;504 ]~ through a neutral loss of CsHgO. The
elemental compositions and accurate masses of these products were consistent with a
highly oxygenated Cj triterpene aglycone having the molecular formula C3yH;504. Com-
plementary evidence for the Cs-derived substituent was obtained in the positive product
ion spectrum of [M + H]* precursor. Two related aglycone-derived series were observed
at m/z 587.39, 569.38, and 551.37, differing by successive losses of H,O, and at m/z 485.33,
467.32, and 449.31. The transition from m/z 587.39 to m/z 485.33 corresponded to a neutral
loss of 102.07 Da (C5H,(O,). Notably, the latter product is consistent with the dehydrated
protonated form of the same C;,H,;cO¢ aglycone inferred from the negative-ion spectrum.
Losses of C5H; 7O, have previously been associated with cleavage of Cs-acyl substituents, in-
cluding methylbutyryl- and isovaleryl-derived groups, in acylated triterpene saponins [41].
Taken together, the complementary fragmentation pathways strongly support the pres-
ence of a Cs-acyl substituent derived from a saturated CsH;,O, monocarboxylic acid and
contributing a net elemental increment of C;HgO upon esterification of the aglycone.

Furthermore, an additional prominent fragmentation pathway was observed for com-
pound G15. Following dissociation of the formate adduct, a neutral loss of 132.08 Da
(C¢H1,03) generated the product ion at 71/z 1055.50. The elemental composition CgH;,05
can formally be expressed as CsHgO + H,0O + CH,O and may therefore arise from a com-
posite fragmentation process involving the Cs-acylated aglycone rather than from cleavage
of an independently attached CsH;,0; substituent. This interpretation was further sup-
ported by the fragmentation behavior across the molecular family: compounds lacking the
characteristic CcH;,0O; loss also lacked the C;5 aglycone-related product ions associated
with the Cs-acylated aglycone. Thus, within this saponin family, the recurrent C4H;,0;
loss appears to be specifically associated with fragmentation of the Cs-acylated aglycone
motif. Subsequent loss of a pentose residue from the [M — H — C¢H;,0;]~ generated the
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product ion at m/z 923.46. This ion underwent two competing fragmentation pathways.
Elimination of the C¢H,,O, moiety yielded the product ion at m/z 777.40, which subse-
quently generated m/z 615.35 through loss of hexose residue. Alternatively, direct loss of
Hex from m/z 923.46 produced the ion at m/z 761.41. Taken together, the complementary
negative- and positive-ion tandem MS data support the assignment of compound G15 as a
highly oxygenated Csy-triterpene saponin. The fragmentation patterns are consistent with
an oligosaccharide moiety composed of one pentose and two hexose residues. They also
suggest the presence of two aglycone-associated structural motifs corresponding to the
elemental compositions C4H;,O, and CsHgO. Although the overall structural model was
supported by the combined MS/MS evidence, the exact attachment sites and the detailed
fragmentation mechanism remain tentative.

An alternative interpretation of the C4H;,0O,4 neutral loss should also be considered.
This elemental composition corresponds to a 6-deoxyhexose residue, such as rhamnose or
fucose, and the product ion at m/z 145.05 [CHyO, ]~ is compatible with a deoxyhexose-
derived fragment. Furthermore, retention of the C¢H;yO, unit in aglycone-containing
product ions does not exclude its attachment as a separate glycosidic substituent, potentially
through an ester linkage. Therefore, the available MS/MS data do not allow an unambiguous
distinction between a deoxyhexose residue and a non-carbohydrate substituent for G15 and
related features.

Isotope- and adduct-related nodes, in-source fragments, and features lacking sufficient
structural information were excluded from detailed annotation. The remaining 61 LC-
MS features were putatively annotated as triterpene saponins (Tables 2 and S2). These
components corresponded to 26 distinct molecular formulas and 38 distinct combinations of
the assigned aglycone, carbohydrate moiety, and non-carbohydrate substituents. Eighteen
of these structural combinations were represented by two or more chromatographically
resolved isomers, indicating considerable positional and/or stereochemical diversity within
detected saponins. Despite this structural heterogeneity, the annotated saponins could be
accommodated within a common framework comprising a triterpene aglycone, a di- or
trisaccharide moiety, and a variable oxygenated substituent; most components additionally
contained a recurrent Cs-derived residue with the net elemental composition CsHgO.

Five aglycone elemental compositions were inferred from the MS/MS data: C3,H 4Oy,
C30HyO7, C30HygOg, CooHyyOy, and C30HyO4. The two predominant compositions,
C30HyO4 and C30HyO;, are consistent with highly oxygenated pentacyclic triterpenoid
aglycones and differ by a single oxygen atom. Although several structurally distinct sa-
pogenins may correspond to these elemental compositions, the available MS/MS data do not
allow their individual carbon skeletons or functional group arrangements to be determined.
Considering the observed predominance of formate adducts and structural precedents
among triterpene saponins from other representatives of Berberidaceae, we considered a
hypothetical oleanane-type model without free carboxyl groups as one possible structural
interpretation (Figure 3). This model is compatible with the observed elemental composi-
tions and fragmentation behavior but is not uniquely supported by the present data. The
minor CyyH,40O; family may represent a nortriterpenoid analogue of the C3yH,,0; series,
whereas C3)H 30y differs from C;HcOg by two hydrogen atoms and may represent a
more reduced analogue. The R- and R;-associated moieties underwent relatively facile and
largely independent losses from aglycone-derived ions. A recurrent composite neutral loss
corresponding to CsHgO + H,O + CH,O was also observed. Together, these fragmenta-
tion patterns may be compatible with a proximal arrangement of the substituents on the
triterpenoid scaffold. A vicinal placement at C-21 and C-22 is therefore proposed as one
plausible structural model, although these positions cannot be established unambiguously
from the present data. The additional oxygen atom distinguishing the C3yH O, family
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from C;yH;cOg may correspond to an additional hydroxy group; in the proposed model,
this functionality is tentatively placed at C-16 on the basis of structural precedents among
hydroxylated oleanane sapogenins in Berberidaceae [42]. Likewise, the positions of the
carbonyl functionality and the R and R, substituents shown in Figure 3 should be regarded
as hypothetical and require confirmation by isolation and NMR analysis. The carbohydrate
moieties were tentatively assigned as Pent-Hex—Hex in 33 metabolites, Pent-Hex—Pent in
18 metabolites, Hex—Pent in seven metabolites, and Hex—Hex in three metabolites.

29 30

Sugar chain R = H or Cs-acyl group

23 ‘/’(23?-|20H 2; : \li'acr)i;agla moiety

Figure 3. Hypothetical oleanane-type structural model illustrating a possible arrangement of the
major structural elements of C;H,,O and C;,H O, aglycones of triterpene glycosides detected
in P. dubium.

The variable R; moiety represented one of the major sources of structural diversity
within the detected saponin family. Most components belonged to a homologous series char-
acterized by neutral losses with elemental compositions ranging from C4H;,0, to C;oH;50;.
Other features exhibited losses corresponding to shorter R;-related moieties, including
C,HgO,, CsH;(O,, and C5H,,O;, which occurred less frequently. The most numerous
groups were those containing C;H;,0, and CoH;40,, each comprising 16 chromatographic
components, followed by CgH;,0, with seven components, and C;yH;30, with six compo-
nents (Tables 2 and S2). Collectively, the C¢H,,O4—~C;yH;30, homologous series accounted
for 48 of the 61 annotated saponins and approximately 90% of the summed saponin signal
in both plant organs. Notably, the compositions C¢H;,O,, C;H;,0,4, CgH;,0,, CoH;,0,, and
CypH130, follow the general formula C H,,_,0, and differ successively by CH,. Retention
of the R; moiety in aglycone-containing product ions indicates that these substituents are
directly associated with the non-carbohydrate portion of the saponins. The lower members
of the series also admit carbohydrate-based interpretations: C¢H;,O, corresponds to a
deoxyhexose residue, whereas C;H;,0, is compatible with an O-methylated deoxyhexose
residue. Although the extended homologous series up to C;yH;3O, may favor a common
non-carbohydrate structural motif, it does not provide definitive evidence for this assign-
ment. Accordingly, the chemical identities, the mode and site of attachment could not be
established from the present MS/MS data.

A Cs-derived acyl modification represented another recurrent structural feature
of this saponin family. Fifty-six of the 61 annotated components contained the cor-
responding CsHgO residue, whereas the remaining five lacked this modification and
were assigned as putative non-Cs-acylated counterparts. The notation CsHgO refers
to the net elemental increment introduced upon esterification of a saponin hydroxyl
group with a saturated CsH;;O, monocarboxylic acid. Several constitutional isomers
are compatible with the inferred precursor-acid composition CsH,(O,, including pen-
tanoic, 2-methylbutanoic, 3-methylbutanoic, and 2,2-dimethylpropanoic acids. Among
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these possibilities, 2-methylbutanoyl and 3-methylbutanoyl (isovaleryl) substituents have
direct precedents among structurally characterized triterpene saponins [43—45].

Semi-quantitative analysis revealed pronounced differences in the triterpene saponin
profiles of the pooled root and aerial-part extracts. Despite the broadly comparable total gly-
coside signal in the roots and aerial parts, the relative contributions of individual structural
families differed markedly between the two organs. Thirty of the 61 components showed
higher LC-MS signals in the roots, whereas 31 were more abundant in the aerial parts.
The most pronounced difference was associated with the assigned aglycone composition.
Saponins assigned to the C3,H,;cO¢ aglycone family accounted for approximately 53% of
the summed glycoside signal in the roots but only 7% in the aerial parts. In contrast, the
more highly oxygenated C3yH,;50; family constituted 80% of the total glycoside signal in the
aerial parts compared with 42% in the roots. Consequently, the C3,H ;07 /C30H6O4 signal
ratio increased from approximately 0.8 in the roots to 12.1 in the aerial parts. The minor
CyoHyO; and C3yH 504 families also showed higher relative LC-MS signals in the aerial
organs, whereas the single C3,H,30¢-containing component was strongly root-enriched.

The composition of the carbohydrate moiety showed an equally clear relationship
with organ distribution. Pent-Hex-Hex-containing saponins represented 66.2% of the
summed saponin signal in the roots and 46.1% in the aerial parts, whereas Pent-Hex—Pent-
containing compounds showed the opposite tendency, accounting for 27.0 and 53.7% of
the respective profiles. The biggest difference was observed for the shorter disaccharide-
containing saponins. Hex—Pent compounds contributed approximately 6% of the root
saponin signal but less than 0.1% of that in the aerial parts. Hex-Hex-containing compounds
were likewise root-enriched, although they represented only a minor fraction of the total
profile. The variable R; moiety provided a further level of organ-dependent differentiation,
although its effect was strongly dependent on the accompanying aglycone and carbohydrate
structures. The two quantitatively predominant R; groups, C;H;,0, and CoH;40,, occurred
at high abundance in both organs and accounted together for approximately 61% and 70%
of the total glycoside signal in the roots and aerial parts, respectively. In contrast, the
CgH,40O,-containing series displayed substantially higher relative signal in the root extract:
its seven components represented approximately 15% of the total root saponin signal but
less than 0.2% of the aerial-part signal. The opposite pattern was observed for the less
common CsH,,O3-containing group, which was approximately 9.8-fold more abundant in
the aerial parts than in the roots. The recurrent Cs-derived acyl modification was abundant
in both organs. The 56 components containing the CsHgO residue accounted for 97.4% of
the summed glycoside signal in the roots and 93.2% in the aerial parts, indicating that Cs-
acylation is a general characteristic of the major saponin pool rather than an organ-specific
modification. The five putatively deacylated analogues made a greater relative contribution
in the aerial parts (6.8%) than in the roots (2.6%) and collectively showed an approximately
threefold higher signal in aerial parts.

In addition to the major molecular family N5, several smaller molecular families
were observed whose components were tentatively attributed to triterpene glycosides.
Molecular families N6 (17 features), N12 (6 features), and N15 (4 features) contained
deprotonated molecular ions, [M — H]~, predominantly in the m/z 800-1100 range. The
MS/MS spectra of most features showed neutral losses consistent with pentose and hexose
residues, supporting the presence of glycosylated structures. However, the generally low
precursor-ion intensities and poorly informative fragmentation patterns precluded more
detailed structural interpretation of the components within these molecular families.
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3.3. Flavonoids and Hydroxycinnamate-Related Metabolites

Seventeen features were putatively annotated in the negative-ion data, including
six flavonoid glycosides, ten hydroxycinnamate derivatives, and quinic acid (Figure 4;
Tables 3 and S3). Molecular cluster N10 was associated predominantly with flavonoid gly-
cosides, six of which could be structurally annotated based on accurate-mass measurements
and characteristic negative-ion fragmentation. Five components (features F15, F9, F17, F11,
and F13) were assigned to kaempferol glycosides. Their MS/MS spectra contained the
characteristic kaempferol-derived ions at m/z 285.04/284.03, 255.03, and 227.03 [46]. In most
of these spectra, the radical aglycone ion [Y, — H]™* at m/z 284.03 was more abundant than
the conventional deprotonated aglycone ion Y at m/z 285.04. Homolytic cleavage of the
O-glycosidic bond with formation of a radical aglycone anion has previously been shown
to be particularly favored for flavonol 3-O-glycosides in negative-ion CID, whereas corre-
sponding glycosides substituted at other positions generally show a greater contribution
from heterolytic cleavage yielding Y, [47,48]. Thus, the predominance of m/z 284 over m/z
285 was considered consistent with 3-O-glycosylation, although the glycosylation position
was regarded as tentative in the absence of authentic standards.

mydroxycinnamic acid Caffeic acid hexoside
hexoside isomer | and Il
| O OH
. Quercetin 3-O-hexoside
® F5 OH
RO, - 4 O -
T ! O OH
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Figure 4. Feature-based molecular networks of flavonoid- and hydroxycinnamate-related features

detected in the roots and aerial parts of P. dubium by negative-ion LC-MS/MS. Nodes represent
individual LC-MS features, whereas edges connect features exhibiting similar MS/MS fragmentation
patterns. Pie-chart sectors indicate the relative distribution of the LC-MS signal between root (blue)
and aerial-part (green) extracts, and node size is proportional to the summed signal of the correspond-
ing feature. Molecular cluster N3 comprises predominantly hydroxycinnamate-related metabolites,
including mono- and dicaffeoylquinic acids, whereas cluster N10 is associated with flavonoid glyco-
sides. Annotated features are labeled according to the IDs given in Table 3; additional nodes represent
unannotated or ion-related features. CQA, caffeoylquinic acid; diCQA, dicaffeoylquinic acid; QA,
quinic acid; Hex, hexose residue; Pent, pentose residue.
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Table 3. Putatively annotated flavonoid, hydroxycinnamate, and related metabolites detected in
P. dubium by negative-ion LC-HRMS/MS 2.

ID Measured m/z Rt (min) Ion Formula Putative Annotation
F1 191.0557 0.96 [C,H106] Quinic acid
F2 353.0867 2.72 [CisH1700]™ 3-O-Caffeoylquinic acid
F3 341.0864 3.09 [Ci5H17,00]~ Caffeic acid hexoside, isomer I
F4 353.0865 3.18 [Ci6H1709 ] 4-O-Caffeoylquinic acid
_ Hydroxycinnamic acid hexoside
F5 3250915 3.25 [C15H170] (putatively p-coumaric acid hexoside)
Fe 341.0864 3.49 [Ci5H17,00]~ Caffeic acid hexoside, isomer II
F7 353.0866 3.55 [Ci6H1700]~ 5-O-Caffeoylquinic acid
F8 335.0761 3.75 [CiH1505] Caffeoylshikimic acid
_ Kaempferol 3-O-dihexoside
9 609.1438 4.07 [CarHas0s6] (putatively kaempferol 3-O-sophoroside)
_ Quercetin 3-O-hexoside
F10 463.0867 461 [Ca1F190r2] (putatively isoquercitrin or hyperoside)
_ Kaempferol O-(pentosylhexoside)
Fil 579.1331 476 [CoHz7O15] putatively kaempferol 3-O-sambubioside
F12 515.1177 492 [CysHy301,] 3,4-Di-O-caffeoylquinic acid
- Kaempferol 3-O-hexoside
F13 447.0915 503 [Ca1H190n] putatively astragalin or trifolin
F14 515.1181 5.18 [CosHy301, ] 3,5-Di-O-caffeoylquinic acid
_ Kaempferol 3-O-hexoside
F15 447.0923 524 [CH190n ] putatively astragalin or trifolin
F16 515.1185 5.51 [CosHy3040 ] 4,5-Di-O-caffeoylquinic acid
F17 417.0814 5.69 [CooH 170101 Kaempferol 3-O-pentoside

@ The annotations of features F1, F2, F4, F7, F8, F9, F12, F14, F16 were classified as MSI Level 2, whereas
all remaining annotations were classified as MSI Level 3.

The composition of the glycosyl moieties was inferred from the accurate masses of
the precursor and product ions and from characteristic neutral losses. Isomeric features
F13 and F15 exhibited a neutral loss of 162.05 Da, corresponding to a hexose residue,
and were therefore annotated as putative kaempferol 3-O-hexosides. Their occurrence
as two chromatographically resolved isomers is consistent with the presence of different
hexose epimers; accordingly, kaempferol 3-O-glucoside (astragalin) and kaempferol 3-
O-galactoside (trifolin) represent plausible candidate structures. Feature F17 showed
a corresponding neutral loss of 132.04 Da, characteristic of a pentose residue, and was
annotated as putative kaempferol 3-O-pentoside. Components F9 and F11 showed a series
of Y ions indicating the detachment of two monosaccharide residues—two hexoses in
the case of F9 and a pentose and a hexose in the case of F11. Feature F9 was therefore
annotated as kaempferol 3-O-dihexoside, with kaempferol 3-O-sophoroside considered
the most plausible candidate structure. Feature F11 underwent an overall neutral loss of
294.09 Da, corresponding to a combined pentose and hexose moiety, to yield the kaempferol
aglycone at m/z 285.038. This component was consequently assigned as kaempferol 3-O-
pentosylhexoside, with kaempferol O-sambubioside as a possible candidate.

The remaining annotated member of molecular family N10, feature F10, was assigned
to a quercetin glycoside. Its [M — H]~ precursor generated the aglycone-related ions at m/z
301.03 and 300.03 following a neutral loss of 162.05 Da, consistent with cleavage of a hexose
residue. Subsequent fragmentation produced ions at m/z 271.02, 255.03, 243.03, 227.03,
215.03, 199.04, and 187.04, consistent with the fragmentation behavior of the quercetin
aglycone [46]. As observed for kaempferol glycosides, the radical aglycone ion at m/z
300 was more intense than the even-electron ion at m/z 301, supporting a flavonol 3-O-
glycoside structure [47,48]. Feature F10 was therefore annotated as putative quercetin
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3-O-hexoside, with quercetin 3-O-glucoside or quercetin 3-O-galactoside (hyperoside)
representing possible candidate structures.

Molecular family N3 was dominated by hydroxycinnamic acid derivatives. Feature F1
was annotated as quinic acid (QA) based on its accurate mass and characteristic negative
ion fragmentation. Three chromatographically resolved isomeric metabolites, features F2,
F4, and F7, had the elemental composition C;cH;3O9 and exhibited fragmentation patterns
characteristic of mono-caffeoylquinic acids. Their probable regioisomeric structures showed
MS/MS patterns consistent with the diagnostic fragmentation hierarchy established for
caffeoylquinic acid regioisomers [49]. The MS/MS spectrum of feature F7 was strongly
dominated by the quinic acid ion at m/z 191, formed upon cleavage of the caffeoyl residue,
whereas the other ions were absent or of very low abundance. Feature F2 also generated
m/z 191 as the base peak; however, an abundant product ion at m/z 179, corresponding to
deprotonated caffeic acid, was additionally observed. In contrast, the MS/MS spectrum of
feature F4 was dominated by m/z 173, assigned to [Quinic acid — H — H,O]~, while the ions
at m/z 191 and 179 each reached approximately 60% relative intensity. These fragmentation
patterns are consistent with the established behavior of caffeoylquinic acid regioisomers:
3- and 5-O-caffeoylquinic acids predominantly yield m1/z 191, with a substantially greater
contribution of m/z 179 for 3-CQA, whereas 4-acyl substitution favors formation of the
diagnostic dehydrated quinic acid ion at m/z 173 [49]. Accordingly, features F7, F4, and
F2 were putatively annotated as 5-O-caffeoylquinic acid (5-CQA), 4-O-caffeoylquinic acid
(4-CQA), and 3-O-caffeoylquinic acid (3-CQA), respectively. The observed elution order
of the putatively annotated mono-caffeoylquinic acid isomers differs from the sequence
commonly reported for conventional reversed-phase C18 chromatography (3-CQA, 5-CQA,
and 4-CQA). However, previous studies have demonstrated that the relative retention of
4-CQA and 5-CQA depends on stationary-phase selectivity, and that their elution order
may be reversed under certain chromatographic conditions [50]. A related series of three
metabolites features F12, F14, and F16, which showed [M — H]~ ions and fragmentation
patterns characteristic of dicaffeoylquinic acids. Their MS/MS spectra showed diagnostic
differences consistent with the established fragmentation hierarchy for caffeoylquinic acid
regioisomers [51]. Feature F14 was characterized by predominant formation of the m/z
191 ion and only minor contribution from m/z 173, supporting its annotation as 3,5-di-O-
caffeoylquinic acid (3,5-diCQA). In contrast, features F12 and F16 exhibited intense m/z
173 ions, indicating the presence of a 4-O-caffeoyl substituent. These two isomers were
further distinguished by the dehydrated caffeoylquinic acid product at m/z 335, which was
appreciable for feature F12 but negligible for feature F16. The compounds were therefore
annotated as 3,4-di-O-caffeoylquinic (3,4-diCQA) acid and 4,5-di-O-caffeoylquinic acid
(4,5-diCQA), respectively.

Several additional hydroxycinnamate conjugates were associated with the same molec-
ular family. Features F3 and F6 underwent a neutral loss of 162.05 Da to yield the caffeate
ion at m/z 179, followed by its characteristic decarboxylation product at 1/z 135, and were
therefore annotated as isomeric caffeic acid hexosides. Feature F5 showed loss of 162.05 Da
to yield the ion at m/z 163.04, consistent with deprotonated p-coumaric acid; the abundant
product at m/z 119.05 corresponded to its subsequent decarboxylation; it was consequently
assigned as a hydroxycinnamic acid hexoside, putatively a p-coumaric acid hexoside. Finally,
feature F8 was annotated as caffeoylshikimic acid based on its [M — H]~ ion at m/z 335 and
the characteristic formation of the caffeate-derived ions at m/z 179, 161, and 135.

4. Discussion

Previous phytochemical studies of P. dubium have focused predominantly on alkaloids,
particularly those occurring in cultured material or underground organs, and have reported
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magnoflorine, jatrorrhizine, berberine, and related isoquinoline alkaloids [14,16,17]. The
present untargeted analysis substantially broadens this phytochemical composition. In
addition to a structurally diverse set of benzylisoquinoline-derived alkaloids, the metabo-
lite profile contained an extensive family of triterpene saponins together with flavonoid
glycosides and hydroxycinnamate-related metabolites. These findings indicate that the
metabolite profile of P. dubium is considerably more diverse than suggested by earlier studies.
The alkaloid-related profiles showed marked differences between the root and aerial-part
extracts. Magnoflorine was the dominant annotated alkaloid-related feature in the roots,
consistent with a previous LC-MS study of the underground parts of P. dubium in which
magnoflorine was reported among the major constituents [14]. In contrast, the aerial-part
profile was dominated by two jatrorrhizine/columbamine isomers. Jatrorrhizine has pre-
viously been isolated from cultured cells of P. dubium [16], whereas both jatrorrhizine
and columbamine were subsequently detected by LC-MS in the underground parts of
this species [14]. These alkaloids are also well-established constituents of protoberberine-
producing Berberidaceae, including species of Berberis [12]. Notably, berberine, previously
reported from P. dubium, and berberrubine, reported as a major constituent of the under-
ground parts, were not detected among the annotated features under the present analytical
conditions [14,17]. Differences in geographic origin, collection season, and developmental
state may contribute to these discrepancies.

The annotated alkaloid-related features encompassed several branches of benzylisoqui-
noline-derived metabolism, including aporphines, monomeric and putative dimeric proto-
berberines, and benzyltetrahydroisoquinoline derivatives. Reticuline is a central intermedi-
ate in benzylisoquinoline alkaloid biosynthesis and is converted by berberine bridge enzyme
to (S)-scoulerine, a precursor of tetrahydroprotoberberine and protoberberine alkaloids [7].
Its occurrence together with jatrorrhizine/columbamine-type metabolites and palmatine
is therefore consistent with the established biosynthetic relationships among these alka-
loid classes. The additional occurrence of oxygenated, glycosylated, and other modified
protoberberine-related features indicates substantial diversification of this metabolite pool.
Feature A9 was particularly unusual because its MS/MS spectrum was consistent with a
jatrorrhizine/columbamine-type core exhibiting a neutral loss corresponding to C;yH;,0,.
Rare phenylpropanoid-conjugated protoberberines provide a structural precedent: decumi-
corine A and epi-decumicorine A from Corydalis decumbens contain a jatrorrhizine core
conjugated with a phenylpropanoid-derived moiety [52]. The C,,H;,0, composition in-
ferred for A9 contains two more hydrogen atoms than ferulic acid (C;yH;70,), suggesting
a potentially related, more reduced motif. However, this remains only a structural analogy
because neither the identity nor the attachment mode of the C;,H;,0, moiety in A9 can be
established from the present MS/MS data. The bisjatrorrhizine-type features A12 and A13
represent another unusual component of the alkaloid profile. Their elemental composition
is identical to that reported for bisjatrorrhizine, a naturally occurring dimeric protoberberine
originally isolated from Jatrorrhiza palmata [53]. Oxidative coupling provides a plausible
biochemical precedent, as enzymatic formation of 4,4'-bisjatrorrhizine from jatrorrhizine
has been demonstrated using a peroxidase from Berberis stolonifera cell cultures [54].

Taken together, the alkaloid-related profiles of the two analyzed plant parts differed
not only in overall signal intensity but also in the relative contributions of distinct structural
groups. The root profile was strongly dominated by magnoflorine and showed greater
contributions from several oxygenated, glycosylated, and other modified alkaloid-related
features, whereas the aerial-part profile was characterized by a larger relative contribution
from jatrorrhizine/columbamine-type protoberberines and related compounds.

The glycoside profile of P. dubium showed substantial compositional diversity. The
inferred aglycone compositions are not unique to a particular triterpenoid structure and

https://doi.org/10.3390/separations13110323


https://doi.org/10.3390/separations13110323

Separations 2026, 13, 323

22 0f 29

may correspond to different combinations of oxygen-containing functional groups. Sev-
eral structurally characterized sapogenins with these elemental compositions have been
reported in the literature, including compounds containing one or two carboxyl groups.
These examples are discussed to illustrate the structural diversity associated with the
proposed molecular formulas rather than to suggest that the same aglycones occur in
P. dubium. In the present study, the predominance of [M + HCOO]~ ions may favor
structural models lacking readily ionizable free carboxyl groups, although this interpre-
tation is not conclusive. Among the five inferred aglycone families, the C3)H,cO, was
predominant and comprised 35 chromatographic components containing Pent-Hex—Hex
(14 components), Pent-Hex—Pent (14 components), or Hex—Pent (7 components) car-
bohydrate moieties. Several structurally characterized pentacyclic sapogenins with the
same elemental composition have been reported. These include zanhic acid [55], presene-
genin [56], bartogenic acid [57], 20(S)-3B,19x,24-trihydroxyurs-12-ene-23,28-dioic acid [58],
and corosin [59]. Although differing in carbon skeleton and substitution pattern, these com-
pounds share a common degree of oxidation and are characterized by three hydroxyl groups
and two carboxyl groups. Thus, the C3yH,;,O, composition observed in the present dataset
is compatible with a highly oxygenated dicarboxylic oleanane- or ursane-type sapogenin.
Seventeen components were assigned to the C3yH Oy aglycone family. This elemental
composition is likewise represented by several structurally distinct pentacyclic sapogenins.
Examples containing two carboxyl and two hydroxyl groups include medicagenic acid [60],
16a-hydroxygypsogenic acid [61], dianic acid [62], and myriaboric acid [63]. Alterna-
tively, the same molecular formula can arise from sapogenins containing three hydroxyl
groups, one carboxyl group, and an additional ketone function, as exemplified by bellisonic
acid [64] and 11-oxo-caulophyllogenin. Notably, 11-oxo-caulophyllogenin-derived saponins
have previously been characterized in Caulophyllum robustum by LC-QTOF MS, providing
a chemotaxonomically relevant precedent for the occurrence of highly oxygenated oxo-
substituted triterpene aglycones within the Berberidaceae. The highly similar product-ion
patterns observed for the C3yH Og4- and C3yH 4O;-containing saponins suggest that these
aglycone families are structurally closely related. In particular, the C3yH,,O, sapogenin may
represent an additionally oxygenated, possibly hydroxylated, analogue of the C3yH 4O4
aglycone. Considering the observed ionization behavior and structural precedents among
saponins from related Berberidaceae species, an oleanane-type model containing hydroxyl
and carbonyl functionalities, but no free carboxyl groups, was proposed as one possible
structural interpretation (Figure 3). An oxo functionality at C-11 was included as a plausible
structural hypothesis based on the occurrence of 11-oxo-substituted sapogenins, including
11-oxo-caulophyllogenin derivatives, in the closely related Berberidaceae genus Caulophyl-
lum [19]. However, localization of the oxidation at C-11 remains tentative and requires
isolation and NMR characterization.

Four components were assigned to an aglycone composition of C,gH,,O;. The loss of
one carbon atom relative to the predominant Csj-aglycones is compatible with a nortriter-
pene sapogenin; however, its precise carbon skeleton and the position of carbon loss could
not be established. Finally, a single component was associated with the C3,H 304 aglycone
family, indicating the presence of a minor, more highly hydrogenated C;,-sapogenin type
within the glycoside profile.

Di- and trisaccharide moieties containing combinations of pentose and hexose residues
are well documented among pentacyclic triterpene saponins, although the specific linear ar-
rangement with a terminal pentose residue is less common. For example, saponins isolated
from Bongardia chrysogonum (Berberidaceae) contain a linear p-D-Glc-(1 — 4)-B-D-Glc-(1
— 4)-a-L-Ara- chain [65], corresponding to the same overall Pent + 2Hex composition
observed for the major group in the present study, although with the pentose directly
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attached to the aglycone rather than occupying the non-reducing terminus. The carbo-
hydrate moieties of triterpene saponins most frequently comprise arabinose and glucose
residues, although xylose, galactose, and other monosaccharides may also be present. Gly-
cosylation most commonly involves the C-3 hydroxyl group of the aglycone, while saponins
possessing a C-28 carboxyl group may additionally or alternatively form a glycosyl ester at
this position. Both 3-O-monodesmosidic and 3,28-bidesmosidic architectures are widely
represented among oleanane-type saponins. Less common glycosylation patterns involving
other hydroxylated positions have also been structurally characterized, including C-16, C-21,
and C-22 [66]. The shorter Hex-Pent and Hex—Hex carbohydrate moieties are composi-
tionally related to the corresponding Pent-Hex—Pent and Pent-Hex—Hex trisaccharides,
respectively, through the absence of a terminal pentose residue. These compounds may
therefore represent biosynthetic intermediates or products of enzymatic deglycosylation of
the corresponding trisaccharides following removal of a terminal pentose unit.

The variable non-carbohydrate R; moiety represented another distinctive feature of
the saponin family. The assigned R; compositions C4H;,0,~C;yH;30, form a homologous
series differing successively by CH, and are compositionally consistent with saturated
aliphatic dicarboxylic acids among other possible oxygenated structural motifs. Dicarboxylic
acid-containing structural motifs have previously been reported in triterpene saponins,
including unusual dicarboxylic acid-substituted oleanane saponins from Bassia indica and
sugar beet [67,68]. The recurrent Cs-derived acyl modification also has structural precedents
among triterpene saponins. For example, 2-methylbutanoyl groups have been identified
at aglycone hydroxy groups in saponins from Camellia sinensis and Maesa japonica [43,44],
whereas isovaleryl groups occur on barringtogenol C derivatives from Foetidia africana [45].

Overall, the semi-quantitative data revealed marked differences in the relative LC-MS
signals of saponin-related features between the two extracts of P. dubium. The summed
saponin-related LC-MS signals were broadly comparable between the two organs, but
primarily in the relative contribution of distinct sapogenin, oligosaccharide, and non-
carbohydrate substituent families. Aerial tissues were strongly enriched in the more highly
oxygenated C;3,H 40O, sapogenin family and Pent-Hex—Pent-containing glycosides, whereas
roots contained a substantially greater contribution of C;,H,O4-derived and shorter-chain
saponins. In contrast, the recurrent Cs-derived acyl modification was abundant in both
organs and therefore appears to represent a general structural characteristic of the major
saponin pool rather than an organ-specific modification. The coordinated differences in
aglycone formula, glycan composition, and R1 composition suggest that the contrasting
profiles do not arise from changes in a single modification step. Rather, several late-stage
processes, including aglycone oxidation, glycosylation, and addition of non-carbohydrate
moieties, may contribute to the observed divergence between the two extracts.

To the best of our knowledge, triterpene saponins have not previously been reported
from P. dubium. None of the major saponin features could be assigned unambiguously
to previously characterized compounds on the basis of available spectral and literature
data. The extensive structural diversity observed here therefore suggests that P. dubium
may represent a rich source of previously uncharacterized triterpene glycosides. Isolation
of the major components followed by NMR and complementary spectroscopic analyses will
be required to establish their complete structures.

The strong aerial enrichment of flavonoid glycosides and hydroxycinnamate deriva-
tives contrasted with the root enrichment observed for several alkaloid-related features.
The summed LC-MS signal of the flavonoid molecular family was substantially higher in
the aerial parts, and several kaempferol glycosides were detected exclusively or almost
exclusively in these tissues. Hydroxycinnamate derivatives showed a similar, although
less extreme, tendency, with all annotated mono- and dicaffeoylquinic acids displaying
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substantially higher signals in the aerial parts. In contrast, the comparatively weak root
profile was dominated by quinic acid and 4-O-caffeoylquinic acid.

An important limitation of the present study is the use of pooled plant material. Roots
and aerial parts collected from ten individuals were combined into two composite samples,
and individual plants were not analyzed separately. Consequently, the observed differences
in LC-MS profiles describe the relative distribution of metabolite-related signals between the
two pooled extracts but do not provide information on inter-individual variability or the sta-
tistical significance of organ-associated differences. Further studies involving independent
biological replicates will be necessary to evaluate the reproducibility of these differences
and establish whether they reflect consistent organ-dependent patterns of metabolite accu-
mulation. It should also be acknowledged that the drying and extraction procedures may
have affected the stability of certain metabolites. Therefore, some differences between the
detected metabolite profiles and the native phytochemical composition of the plant material
may be attributable to sample preparation.

The contrasting metabolite profiles of the roots and aerial parts may also have func-
tional significance. The strong enrichment of flavonoid glycosides and hydroxycinnamate
derivatives in the aerial tissues is consistent with the well-established roles of these metabo-
lite classes in photoprotection, attenuation of UV radiation, and responses to oxidative
and herbivore-associated stress in photosynthetically active organs [69,70]. In contrast,
the pronounced accumulation of magnoflorine and several oxygenated, glycosylated, and
conjugated alkaloid derivatives in the roots may reflect a greater contribution of benzyliso-
quinoline alkaloids to chemical defense or storage in belowground tissues. Such differences
could arise from organ-specific regulation of biosynthesis, inter-organ transport, or differ-
ences in metabolite turnover.

5. Conclusions

Untargeted LC-HRMS/MS profiling combined with feature-based molecular network-
ing provided a broad overview of the secondary metabolite composition of the roots and
aerial parts of P. dubium. The analysis revealed marked differences between the root and
aerial-part metabolite profiles and enabled putative annotation of structurally diverse iso-
quinoline alkaloids, triterpene saponins, flavonoid glycosides, and hydroxycinnamic acid
derivatives. Particularly notable was the extensive family of triterpene saponins, comprising
numerous combinations of highly oxygenated aglycones, oligosaccharide moieties, and
non-carbohydrate substituents, many of which could not be matched to previously charac-
terized compounds. The results therefore indicate that P. dubium contains a substantially
greater chemical diversity than suggested by previous phytochemical studies and may rep-
resent a rich source of previously uncharacterized natural products. At the same time, the
structural information obtainable from LC-MS/MS remains insufficient for unambiguous
determination of carbon skeletons, substitution positions, monosaccharide identities, and
stereochemistry. Isolation of the major and structurally distinctive metabolites followed by
NMR and complementary spectroscopic analyses will therefore be essential to establish
their complete structures and confirm whether they represent new natural products.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/separations13110323/s1, Figure S1. Base-peak chromatograms
of root and aerial-part extracts of Plagiorhegma dubium obtained by LC-MS/MS in negative- and
positive-ion modes. (A) Roots, negative-ion mode; (B) aerial parts, negative-ion mode; (C) roots,
positive-ion mode; (D) aerial parts, positive-ion mode; Figure S2. Feature-based molecular network
of metabolites detected in the roots and aerial parts of P. dubium by positive-ion LC-MS/MS. Nodes
represent individual features, whereas edges connect features with similar MS/MS fragmentation
patterns. Pie-chart sectors indicate the relative contribution of root (blue) and aerial-part (green)
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extracts to the corresponding feature signal, and node size is proportional to the summed LC-MS
signal; Figure S3. Feature-based molecular network of metabolites detected in the roots and aerial
parts of P. dubium by negative-ion LC-MS/MS. Nodes represent individual features, whereas edges
connect features with similar MS/MS fragmentation patterns. Pie-chart sectors indicate the relative
contribution of root (blue) and aerial-part (green) extracts to the corresponding feature signal,
and node size is proportional to the summed LC-MS signal; Table S1. LC-MS/MS characteristics
and relative abundances of putatively annotated alkaloids detected in the roots and aerial parts of
P. dubium in positive-ion mode; Figure S4. Positive-ion MS/MS spectra of the putatively annotated
alkaloid-related features detected in the roots and aerial parts of P. dubium. Feature IDs (A1-A7)
correspond to those listed in Table S1; Figure S5. Positive-ion MS/MS spectra of the putatively
annotated alkaloid-related features detected in the roots and aerial parts of Plagiorhegma dubium.
Feature IDs (A8-A14) correspond to those listed in Table S1; Table S2. LC-HRMS/MS characteristics,
putative compositional assignments, and peak-area distributions of triterpenoid saponin-related
features in root and aerial-part extracts of P. dubium; Table S3. LC-MS/MS characteristics and relative
signals of putatively annotated flavonoid, hydroxycinnamate, and related metabolites detected in
the roots and aerial parts of P. dubium in negative-ion mode; Table S4. Parameters used for data
preprocessing in MZmine.
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Abbreviations

The following abbreviations are used in this manuscript:

CID Collision-induced dissociation

CQA Caffeoylquinic acid

ESI Electrospray ionization

FBMN Feature-based molecular networking

GNPS Global Natural Products Social Molecular Networking
Hex Hexose residue

HPLC High-performance liquid chromatography
HRMS/MS High-resolution tandem mass spectrometry

LC Liquid chromatography

MS Mass spectrometry

MS/MS Tandem mass spectrometry

NMR Nuclear magnetic resonance

Pent Pentose residue

QA Quinic acid

QTOF Quadrupole time-of-flight

Rt Retention time

UHPLC Ultra-high-performance liquid chromatography
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