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Abstract

Argemone ochroleuca and Argemone mexicana are widespread weed species known for be-
ing rich in various secondary metabolites. However, a comprehensive understanding of
their chemical diversity remains limited. Insufficient information exists on metabolite
variation between plant parts and the influence of solvent polarity on metabolite recovery.
Therefore, this study aimed to characterize the metabolomic profiles of the shoots and root
extracts of both species using solvents of varying polarity to evaluate plant part-specific
metabolite distribution and solvent effects on metabolome coverage. Untargeted ultra-
high-performance liquid chromatography–quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MS)-based metabolomics and molecular networking were employed for
metabolite analysis. Principal component analysis (PCA) did not reveal clear clustering
of A. ochroleuca and A. mexicana, suggesting similarities in their metabolomic profiles. A
total of 15 and 13 metabolite classes, yielding 59 and 54 metabolites, were identified in
A. ochroleuca and A. mexicana, respectively, including flavonoids, terpenoids, phenolic com-
pounds, fatty acids, and monoterpenoids. Argemone ochroleuca exhibited higher metabolite
abundance, particularly in methanol and acetone extracts, and with shoots showing higher
abundance than roots, with flavonoids being the dominant class. The findings show that
LC-MS metabolomics, molecular networking, and careful solvent selection are effective for
identifying key metabolites with potential applications in crop protection.

Keywords: Argemone; LC-MS; metabolites; metabolomics; molecular network

1. Introduction
Argemone ochroleuca and Argemone mexicana are two major weed species of the Pa-

paveraceae family. These two species have been reported to have a variety of chemical
compounds with biologically active properties [1–3]. As reported by Reyes-Luna et al. [4]
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and Vardeman et al. [5], metabolomic profiling on A. ochroleuca and A. mexicana extracts re-
vealed that the extracts are rich in alkaloids such as berberine, allocryptopine and protopine.
Other studies have also identified several secondary metabolites, including oxyberber-
ine; 1,3-bis (3-phenoxyphenoxy)-; atropine; argemexicin; argemonin; pentanoic acid; and
pentanoic acid, 5-hydroxy-, 2,4-di-t-butylphenyl esters [6–9]. Although extensive research
has been conducted to characterize the compounds in these two plants using GC-MS or
isolation methods [1,4,9,10] and to evaluate their biological activities, many of the specific
phytochemicals responsible for these effects have not yet been thoroughly elucidated [11].

The limited literature which exists on metabolite extraction in A. ochroleuca and A.
mexicana uses different solvent systems and other methods like LC-MS to assess their
metabolomic profiles. Most studies rely on a single extraction solvent, which may not
capture the full chemical diversity of these plants [10,12]. The effect of solvent polarity on
the extraction of metabolites from plant materials therefore remains inadequately explored.
In order to improve metabolomic analyses and optimize extraction procedures, it is critical
to address this gap. Since bioactive compounds differ in polarity and solubility, the choice of
solvent directly affects the range of metabolites extracted [13,14]. Untargeted metabolomics
allows for the characterization, quantification, and optimization of active metabolites of
plant crude extracts using various solvents with different polarities, without the need
for isolation techniques, allowing for a thorough examination of a complex mixture of
molecules with potential use in biological activity tests and assays [14].

The plant metabolome is essentially complex due to the large number of structurally
diverse metabolites that exhibit a broad spectrum of physicochemical characteristics [15].
The production and accumulation of metabolites are highly plant part-specific, driven by
diverse gene expression, subcellular compartmentalization and other factors [16]. This
complexity is a fundamental problem in metabolomics, because no single analytical or
extraction approach can capture the whole metabolome [15,17,18]. Metabolomics research
should use diverse solvent systems and tissue-specific extraction procedures to address
selective detection [15].

The identification of metabolites is the most crucial and difficult process during the
metabolomics pipeline [19]. Metabolomic profiling has been developed to be a strong
analytical method, providing unparalleled insights into the intricate metabolic networks
and biochemical contents of plant extracts [17,20]. However, the immense phytochemical
variety inherent in the plant chemical space poses both an incredible opportunity and a
difficult problem for scientists striving to harness these metabolites efficiently [17]. Even
though molecular networking allows for the visualization of several classes of secondary
metabolites in plants, compound annotation is currently restricted to the most widely
researched molecules [19]. Currently, most work in chemical characterization is conducted
using traditional methods of chemical identification, in which collected mass spectrometry
(MS) signals are compared to those of previously known metabolites reported elsewhere in
the literature [21]. This approach, however, has important limitations due to the limited
information available for some uncharacterized metabolites [21]. However, molecular
networking enables the grouping of unknown compounds into molecular families based on
spectral similarity, allowing for deeper investigation and the potential discovery of novel
metabolites [22]. These approaches can similarly be applied to the metabolomic profiling
of plants such as A. ochroleuca and A. mexicana.

There are still more metabolites within A. ochroleuca and A. mexicana that have cur-
rently not been identified or reported in the existing literature due to the limitations of
the current metabolomic profiling techniques, which leaves a huge gap in the chemical
constituents of the plants. Therefore, the current study aimed to use LC-MS-based untar-
geted metabolomics to investigate the metabolomic profiles of extracts of A. ochroleuca and
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A. mexicana obtained using solvents of varying polarities: water, methanol, acetone and
dichloromethane on the shoots and roots. This study will provide new scientific evidence
for the potential use of A. ochroleuca and A. mexicana as crop protective agents, establishing
the groundwork for future research into the active metabolites.

2. Results
A comprehensive LC-MS analysis was conducted on A. ochroleuca and A. mexicana

shoot and root extracts. PCA was carried out to evaluate the overall metabolomic variation
and clustering among the plant species and the extracts. The PCA score plot revealed no
clear separation between the two plant species (Figure 1), as the sample groups (A. mex-
icana (AM) (red) and A. ochroleuca (AO) (green)) overlapped substantially. This could
indicate similar shared metabolic profiles; however, some samples were observed to cluster
separately demonstrating considerable underlying metabolic variations.

Figure 1. PCA score scatterplot of Argemone ochroleuca (AO) and Argemone mexicana (AM) extracts
extracted with water, methanol, acetone and dichloromethane. The different samples are represented
by different colors as shown in the legend above. Different sample groups are represented by the
distinct colors: green—Argemone ochroleuca (AO)—and red—Argemone mexicana (AM). The generated
two-component model explained 57.1% of the total variance.

As there was no clear separation between the plant species, PCA was performed sepa-
rately to evaluate metabolomic profiles of shoot and root extracts of A. ochroleuca (Figure 2)
and A. mexicana (Figure 3) prepared using different solvents (water, methanol, acetone
and dichloromethane), to assess the similarities and differences in metabolite composition
among the analyzed samples. The PCA score plot revealed distinct clustering of root and
shoot extracts of A. ochroleuca (AOR and AOS). The generated models explained 87.8%
of the variation for water (a), 85.4% for methanol (b), 94.1% for acetone (c) and 73.9% for
dichloromethane (d). A similar pattern of distinct group separation for A. mexicana (AMR
and AMS) was observed. The models explained 90.2% of the variance for water (a), 90.5%
for methanol (b), 85.3% for acetone (c), and 92.8% for dichloromethane. The different
grouping may be due to their metabolic profiles, showing variations in metabolite compo-
sition among A. ochroleuca and A. mexicana samples. Samples with comparable metabolic
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compositions grouped closely together, while samples with different metabolic profiles
were split along the principal component axes.

Figure 2. PCA score scatterplots of Argemone ochroleuca shoot and root (a) water, (b) methanol,
(c) acetone and (d) dichloromethane extracts. The different samples are represented by different
colors as shown in the legend above: green, Argemone ochroleuca shoot (AOS), and red, Argemone
ochroleuca root (AOR).

The S-plots were used to identify the metabolic features that contributed most to
the differentiation between the shoot and root extracts of A. ochroleuca obtained using
water, methanol, acetone and dichloromethane extracts (Figure 4). Metabolic features
with p[1] scores ≥ 0.05 in the S-plot were selected, leading to the annotation of 14 key
metabolites associated with solvent type and plant part in A. ochroleuca extracts (Table 1):
one from water, six from methanol, 12 from acetone, and eight from dichloromethane.
Metabolites such as 6-gingerol; 4-Decylbenzenesulfonic acid; 5,6,2′-trimethoxyflavone;
feruloyltyramine; 1-[2-(1,3-benzodioxol-5-yl)-3-methyl-1-benzofuran-5-yl]propane-1,2-diol;
9,12,13-trihydroxyoctadec-10-enoic acid; canrenone; isocorydine; santin; neochlorogenic
acid; (±)-6-acetonyldihydrochelerythrine; and (10E,15E)-9,12,13-trihydroxyoctadeca-10,15-
dienoic acid showed moderate to low log2fold values. Methanol extracts showed fewer
key solvent- and plant part-associated metabolites including 4-decylbenzenesulfonic acid;
5,6,2′-trimethoxyflavone; canrenone; and neochlorogenic acid, while dichloromethane
extracts showed even fewer metabolites such as 4-decylbenzenesulfonic acid, (-)-scoulerine,
canrenone and quillaic acid. Only 5,6,2′-trimethoxyflavone was identified from water
extracts. 4-decylbenzenesulfonic acid, isocorydine and santin (acetone extracts) showed
the highest log2fold values of 9.53, 7.83 and 7.31, respectively.
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Figure 3. PCA score scatterplots of Argemone mexicana shoot and root (a) water, (b) methanol,
(c) acetone and (d) dichloromethane extracts. The different samples are represented by different
colors as shown in the legend above: green, Argemone mexicana shoot (AMS) and red, Argemone
mexicana root (AMR).

Fourteen (14) metabolites were identified in A. mexicana extracts as extrapolated from
S-plots Figure 5. Methanol extracts had the highest number of key metabolites with nine
different metabolites such as feruloyltyramine, angoline and kaempferol-3-O-glucoside.
Acetone extracts had eight metabolites including 4-decylbenzenesulfonic acid; feruloyltyra-
mine; 5,6,2′-trimethoxyflavone; 9,12,13-trihydroxyoctadec-10-enoic acid; and isocorydine
while dichloromethane extracts had five compounds, including 4-decylbenzenesulfonic
acid, canrenone, and other metabolites. Water extracts had the lowest number of solvent and
plant part-associated metabolites (2) such as gossypol and 9,12,13-trihydroxyoctadec-10-
enoic acid (Table 2). Metabolites such as 9,12,13-trihydroxyoctadec-10-enoic acid, eleuthero-
side e1 and kaempferol-3-O-glucoside had the highest log2fold values of 5.16, 4.67 and
4.61, respectively.

Molecular networking analysis based on GNPS spectral matching revealed complex
metabolite patterns in the extracts of A. ochroleuca and A. mexicana. Metabolites were
computed into 461, 965, 885 and 655 nodes, where 352, 738, 627 and 480 metabolite nodes
clustered into 36, 90, 78 and 64 molecular families for water (Figure 6), methanol (Figure 7),
acetone (Figure 8) and dichloromethane (Figure 9) extracts, respectively. To be considered
a molecular network metabolites need to be connected by two nodes at a minimum.
However, 109, 227, 258 and 175 nodes were not grouped into a molecular family and were
displayed as independent nodes at the base of the networks for water, methanol, acetone
and dichloromethane extracts, respectively.
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Figure 4. OPLS-DA-based S-plots showing differential distribution of key metabolic features (top right quadrant) in Argemone ochroleuca shoot and root water
(a), methanol (b), acetone (c) and dichloromethane (d) extracts. Features located at the extremes of the plot (top right quadrant highlighted in red) represent key
metabolic features with a strong contribution to the model.
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Table 1. Argemone ochroleuca key metabolites identified from S-plot loadings of shoot and root extracts obtained using water, methanol, acetone, and dichloromethane
along with their log2fold changes.

Metabolite Class Precursor
m/z

Molecular
Formula RT (min) Fragment Ions Water Methanol Acetone Dichloromethane

6-Gingerol Phenolic
compounds 293.175 C17H26O4 8.66 99.08

293.18 ND ND 4.05 ND

4-decylbenzenesulfonic acid Polyketides 297.152 C16H26O3S 7.98 297.15
298.15 ND 1.07 9.53 1.29

5,6,2′-Trimethoxyflavone Flavonoids 311.089 C18H16O5 5.24 183.01
311.17 0.89 0.81 3.73 1.36

Feruloyltyramine Diarylheptanoids 312.123 C18H19NO4 5.48
147.04
148.05
178.05

ND ND 5.90 1.87

1-[2-(1,3-benzodioxol-5-yl)-3-methyl-
1-benzofuran-5-yl]propane-1,2-diol Lignans 325.096 C19H18O5 8.74 183.01

197.03 ND 0.65 2.36 1.40

(-)-scoulerine Alkaloids 327.574 C19H21NO4 6.48 327.22
328.22 ND ND ND 2.00

9,12,13-trihydroxyoctadec-
10-enoic acid Fatty acids 329.232 C18H34O5 6.71

171.10
211.13
329.23

ND 1.01 4.77 ND

Canrenone Terpenoids 339.199 C22H28O3 9.10 183.01
33.02 ND 0.83 2.44 1.70

Isocorydine Alkaloids 341.232 C20H23NO4 5.66 341.20
342.20 ND ND 7.83 ND

Santin Flavonoids 343.081 C18H16O7 7.27 270.02 ND ND 7.31 ND

Neochlorogenic acid Phenylpropanoids 353.087 C16H18O9 1.95 191.06 ND 1.60 5.13 ND

(±)-6-Acetonyldihydrochelerythrine Alkaloids 405.248 C24H23NO5 5.44 405.25 ND ND 6.25 ND

Quillaic acid Terpenoids 485.326 C30H46O5 7.72 485.33 ND ND ND 2.11

(10E,15E)-9,12,13-trihydroxyoctadeca-
10,15-dienoic acid Fatty acids 677.423 C18H32O5 6.53

171.10
183.14
233.12
327.22

ND ND 2.14 3.95

ND: not detected. RT: retention time. The criteria used for log2fold values were: very high, >4; high, 3–4; moderate, 1–2. Bolded log2fold values represent the highest values.
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Figure 5. OPLS-DA-based S-plots showing differential distribution of key metabolic features (top right quadrant) in Argemone mexicana shoot and root water (a),
methanol (b), acetone (c) and dichloromethane (d) extracts. Features located at the extremes of the plot (top right quadrant highlighted in red) represent key
metabolic features with a strong contribution to the model.
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Figure 6. Molecular network of MS/MS spectra created in GNPS providing metabolome coverage from water extracts of Argemone ochroleuca shoot and root and
Argemone mexicana shoot and root extract. Argemone ochroleuca shoot (red), Argemone ochroleuca root (blue), Argemone mexicana shoot (green) and Argemone mexicana
root (orange) extracts including a zoomed-in solvent molecular network. Nodes from the chosen molecular class are identified with precursor mass and shown as
pie charts depicting the ion intensities of Argemone ochroleuca and Argemone mexicana shoots and roots. Each depicted node represents a metabolite.
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Figure 7. Molecular network of MS/MS spectra created in GNPS providing metabolome coverage from methanol extracts of Argemone ochroleuca shoot and root and
Argemone mexicana shoot and root extract. Argemone ochroleuca shoot (red), Argemone ochroleuca root (blue), Argemone mexicana shoot (green) and Argemone mexicana
root (orange) extracts including a zoomed-in solvent molecular network. Nodes from the chosen molecular class are identified with precursor mass and shown as
pie charts depicting the ion intensities of Argemone ochroleuca and Argemone mexicana shoots and roots. Each depicted node represents a metabolite.
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Figure 8. Molecular network of MS/MS spectra created in GNPS providing metabolome coverage from acetone extracts of Argemone ochroleuca shoot and root and
Argemone mexicana shoot and root extract. Argemone ochroleuca shoot (red), Argemone ochroleuca root (blue), Argemone mexicana shoot (green) and Argemone mexicana
root (orange) extracts including a zoomed-in solvent molecular network. Nodes from the chosen molecular class are identified with precursor mass and shown as
pie charts depicting the ion intensities of Argemone ochroleuca and Argemone mexicana shoots and roots. Each depicted node represents a metabolite.
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Figure 9. Molecular network of MS/MS spectra created in GNPS providing metabolome coverage from dichloromethane extracts of Argemone ochroleuca shoot and
root and Argemone mexicana shoot and root extract. Argemone ochroleuca shoot (red), Argemone ochroleuca root (blue), Argemone mexicana shoot (green) and Argemone
mexicana root (orange) extracts including a zoomed-in solvent molecular network. Nodes from the chosen molecular class are identified with precursor mass and
shown as pie charts depicting the ion intensities of Argemone ochroleuca and Argemone mexicana shoots and roots. Each depicted node represents a metabolite.
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Table 2. Argemone mexicana key metabolites identified from S-plot loadings of shoot and root extracts obtained using water, methanol, acetone, and dichloromethane
along with their log2fold changes.

Metabolite Class Precursor
m/z

Molecular
Formula RT (min) Fragment Ions Water Methanol Acetone Dichloromethane

9-hydroxy-10,12-octadecadienoic acid Fatty acids 295.227 C18H32O3 8.25

171.10
277.22
295.23
296.23

ND 2.57 ND ND

4-decylbenzenesulfonic acid Polyketides 297.152 C16H26O3S 7.98 297.15
298.15 ND ND 4.47 1.37

5,6,2′-Trimethoxyflavone Flavonoids 311.089 C18H16O5 5.24 183.01
311.17 ND 0.84 0.31 1.22

Feruloyltyramine Diarylheptanoids 312.123 C18H19NO4 5.48
147.04
148.05
178.05

ND 1.92 2.54 1.73

1-[2-(1,3-benzodioxol-5-yl)-3-methyl-
1-benzofuran-5-yl]propane-1,2-diol Lignans 325.096 C19H18O5 8.74 183.01

197.03 ND ND 0.38 1.21

4-dodecylbenzenesulfonic acid Polyketides 325.184 C18H30O3S 8.75 325.18 ND 0.85 ND ND

9,12,13-trihydroxyoctadec-10-enoic
acid Fatty acids 329.232 C18H34O5 6.71

171.10
211.13
329.23

5.16 1.32 1.51 ND

Canrenone Terpenoids 339.199 C22H28O3 9.10 183.01
33.02 ND 0.97 0.60 1.79

Isocorydine Alkaloids 341.232 C20H23NO4 5.66 341.20
342.20 ND ND 1.28 ND

Angoline Alkaloids 379.171 C22H21NO5 1.32 379.08 ND 2.05 ND ND

Kaempferol-3-O-glucoside Flavonoids 447.092 C21H20O11 5.49
227.03
255.03
284.03

ND 4.61 ND ND

Gossypol Terpenoids 517.185 C30H30O8 9.05

259.10
471.18
489.19
499.18
517.19

3.83 ND ND ND
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Table 2. Cont.

Metabolite Class Precursor
m/z

Molecular
Formula RT (min) Fragment Ions Water Methanol Acetone Dichloromethane

Eleutheroside e1 Lignans 579.208 C28H36O13 5.45
181.05
402.12
417.15

ND 4.67 ND ND

(10E,15E)-9,12,13-trihydroxyoctadeca-
10,15-dienoic acid Fatty acids 677.423 C18H32O5 6.53

171.10
183.14
233.12
327.22

ND ND 1.17 ND

ND: not detected. RT: retention time. The criteria used for log2fold values were: very high, >4; high, 3–4; moderate, 1–2. Bolded log2fold values represent the highest values.
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To evaluate the effect of different solvents on molecular networks and molecular fami-
lies, certain molecular networks were studied (Figures 6–9). In the flavonoid family, 5,6,2′-
Trimethoxyflavone at m/z of 311.089 and derrustone at m/z 325.073 were detected in both
plant species. This family also included structurally related metabolites belonging to differ-
ent chemical classes, including fatty alcohol derivatives such as 2,4-dihydroxyheptadec-
16-ynyl acetate (m/z 325.235), terpenoids derivatives such as canrenone (m/z 339.199),
lignans such as Compound NP-012925 (m/z 325.1), and flavonoids such as 5-hydroxy-6,7-
dimethoxyflavone (m/z 297.075). Additionally, a macrolide-like metabolite compound
NP-008285 at m/z 325.142 clustered into the same molecular family, suggesting structural
relatedness among these metabolites.

Isorhamnetin flavonoids and structurally similar metabolites were clustered into the
same molecular family (Figure 7). These included isorhamnetin-3-glucoside-4′-glucoside
(m/z 639.156), isorhamnetin-3-O-rutinoside (m/z 623.204), isorhamnetin-3-O-galactoside-
6′′-rhamnoside (m/z 623.161), kaempferol-3-O-glucoside (m/z 447.092), isorhamnetin 3-O-
robinoside (m/z 669.166) and kaempferol 3-O-(2,6-di-O-.alpha.-L-rhamnopyranosyl)-.beta.-
D-galactopyranoside (m/z 739.209) together with several related spectral nodes.

Lipid-derived metabolites also formed distinct molecular families. For example,
Glc-glc-octadecatrienoyl-sn-glycerol (m/z 721.364), detected in methanol, acetone and
dichloromethane extracts, clustered with the structurally related metabolite panaxcerol B
(m/z 559.311) (Figure 8). Several additional nodes within this molecular family (m/z 383.243,
425.253, 537.326, 579.337, 725.394) could not be annotated using GNPS spectral library,
suggesting the presence of potentially uncharacterized metabolites. Overall, molecular
networking revealed chemically diverse metabolite profiles in both Argemone species, with
flavonoids, lipid derivatives, terpenoids and lignans forming prominent molecular families
across the different solvent extracts.

To further characterize the metabolites represented within the molecular networks,
annotation tools and spectral libraries within GNPS were used for putative metabolite
identification. Based on the spectral library matching, a total of 59 and 54 metabolites
were putatively annotated from the extracts of A. ochroleuca extracts (Table 3) and A.
mexicana (Table 4), respectively. The highest numbers of metabolites were identified from
methanol extracts with 26 and 18 metabolites annotated from the shoots and roots of
A. ochroleuca and 22 and 17 metabolites from A. mexicana shoots and roots, followed by
acetone extracts with 24 and 16 metabolites identified from A. ochroleuca shoots and roots
and 20 and 15 metabolites from A. mexicana shoots and roots. Water extracts yielded
14 and 12 metabolites from A. ochroleuca shoots and roots and 13 and 11 metabolites from
A. mexicana shoots and roots and dichloromethane extracts had the lowest number of
metabolites identified from both plants with 12 and 10 metabolites annotated from A.
ochroleuca and 14 and 12 from A. mexicana shoots and roots, respectively. As evidenced by
the number of annotated metabolites, shoot extracts had a higher diversity of metabolites
identified from both species in comparison to root extracts across all solvents.

The similarities in metabolite composition are from the presence of common metabo-
lites in both plants; however, there are a few metabolites that were unique to each
plant species. It was also observed that 4-decylbenzenesulfonic acid (m/z 297.152) and
4-dodecylbenzenesulfonic acid (m/z 325.184) were present in all water, acetone, methanol
and dichloromethane of A. ochroleuca and A. mexicana extracts, respectively. The re-
sults also revealed that the plant species are rich in flavonoids, among which were
rutin (m/z 609.145) and luteolin (m/z 285.04) observed in both A. ochroleuca and
A. mexicana extracts.

Although a similar metabolomic profile was observed between A. ochroleuca and
A. mexicana water, methanol, acetone and dichloromethane plant extracts, there were
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metabolites that were identified from either plant species such as abscisic acid m/z
263.128 identified from A. ochroleuca methanol and acetone shoot extracts and eriodictyol
m/z 287.055 and isorhamnetin m/z 315.05 identified from A. mexicana methanol shoot
extracts. Other metabolites were santin at m/z 343.081 identified from A. ochroleuca acetone
shoot extract and tsangane L 3-glucoside at m/z 395.204 A. ochroleuca water (root) and
acetone (shoot) extracts. The differences in metabolite distribution across the two plant
species, different solvents and plant parts could be attributed to different factors like the
environment where they were growing and the phytochemical differences between the
two plant species. Other metabolites were identified from both plant species, however
differed across the different solvents and plant parts. For example, 4-Decylbenzenesulfonic
acid identified from all A. ochroleuca extracts across all different solvents and plant parts;
however, in A. mexicana, the same metabolite was identified in the other extracts except for
water shoot and root and dichloromethane shoot extract. This distribution points to the
fact that metabolites are plant part- and solvent-specific.

Different metabolite classes were identified from A. ochroleuca and A. mexicana wa-
ter, methanol, acetone and dichloromethane extracts. It was observed that these plant
species contain 15 and 13 different metabolite classes for both A. ochroleuca and A. mexicana.
Flavonoids were the most abundant class in all extracts, followed by fatty acids, terpenoids,
alkaloids, and phenylpropanoids, while other groups such as lignans, lipids, macrolides,
and peptides were less abundant. Different chemical classes such as terpenoids (canrenone),
flavonoids (5,6,2′-Trimethoxyflavone), amino acids (n-fructosyl pyroglutamate), phenolic
compounds (6-gingerol), polyketides (4-Decylbenzenesulfonic acid), fatty acids (9,12,13-
trihydroxyoctadec-10-enoic acid), macrolides (pyrenophorol), diarylheptanoids (feruloyl-
tyramine), lignans (1-[2-(1,3-benzodioxol-5-yl)-3-methyl-1-benzofuran-5-yl]propane-1,2-
diol), fatty alcohols (2,4-dihydroxyheptadec-16-ynyl acetate), alkaloids [(-)-scoulerine],
phenylpropanoids (neochlorogenic acid), alycosides (tsangane L 3-glucoside), lipids (1-
oleoyl-L-.alpha.-lysophosphatidic acid) and peptides (eleutherazine B) were identified from
A. ochroleuca extracts (Figure 10a). Similarly, flavonoids (kaempferol-3-O-glucoside), phe-
nolic compounds (6-gingerol), fatty acids (9-hydroxy-10,12-octadecadienoic acid), polyke-
tides (4-dodecylbenzenesulfonic acid), terpenoids (gossypol), macrolides (compound NP-
008285), diarylheptanoids (feruloyltyramine), lignans (1-[2-(1,3-benzodioxol-5-yl)-3-methyl-
1-benzofuran-5-yl]propane-1,2-diol), fatty alcohols (2,4-dihydroxyheptadec-16-ynyl ac-
etate), fatty acyls (docosanol), alkaloids (isocorydine), glycerophospholipids, anthocyanin
chlorides (cyanidin-3,5-di-O-glucoside chloride) and lipids [1-Hexadecanoyl-sn-glycero-3-
phospho-(1′-myo-inositol)] were identified from A. mexicana (Figure 10b).
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Terpenoids Flavonoids Amino acids Phenolic compounds

Polyketides Fatty acids Macrolides Diarylheptanoids

Lignans Fatty alcohol Alkaloids Phenylpropanoids

Alycoside Lipids Peptide

(a)

Flavonoids Phenolic compounds Fatty acids

Polyketides Macrolides Diarylheptanoids

Lignans Fatty alcohol Fatty acyls

Alkaloids Terpenoids Lipids

Anthocyanin chlorides

(b)

Figure 10. Argemone ochroleuca (a) and Argemone mexicana (b) compound classes of the identified metabolites.
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Table 3. Putatively annotated metabolites detected in Argemone ochroleuca extracts.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

1 Abscisic acid Terpenoids 263.128 [M − H]− C15H20O4 5.76
122.04
136.05
203.11

− − + − + − − −

2 Apigenin Flavonoids 269.045 [M − H]− C15H10O5 4.04 117.03
269.04 − − + − − − − −

3 Luteolin Flavonoids 285.04 [M − H]− C15H10O6 5.93
133.03
151.00
285.04

− − + − − − − −

4 2-(3,4-Dihydroxyphenyl)-5,7-
Dihydroxy-4h-Chromen-4-One Flavonoids 285.04 [M − H]− C15H10O6 5.97 133.03 − − − − + − − −

5 N-Fructosyl pyroglutamate Amino acids 290.088 [M − H]− C11H17NO8 0.93

128.04
200.06
201.06
212.06
290.09

− − + − − − − −

6 6-Gingerol Phenolic
compounds 293.175 [M − H]− C17H26O4 8.66 99.08

293.18 − − + − − − − −

7 5-hydroxy-6,7-
dimethoxyflavone Flavonoids 297.087 [M − H]− C17H14O5 8.06 183.01

239.03 − − − + + − − +

8 4-Decylbenzenesulfonic acid Polyketides 297.152 [M − H]− C16H26O3S 7.98 297.15
298.15 + + + + + + + +

9 5,6,2′-Trimethoxyflavone Flavonoids 311.089 [M − H]− C18H16O5 5.24 183.01
311.17 + + − + + + − +

10 Thymol-beta-D-glucoside Terpenoids 311.168 [M − H]− C16H24O6 8.40

149.10
183.01
197.03
311.17

+ + + + − + − −

11 Pyrenophorol Macrolides 311.169 [M − H]− C16H24O6 8.06 183.01
197.03 − − − − + − + +
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Table 3. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

12 Feruloyltyramine Diarylheptanoids 312.123 [M − H]− C18H19NO4 5.48
147.04
148.05
178.05

− − + + + + + +

13 Derrustone Flavonoids 325.073 [M − H]− C18H14O6 3.90
183.01
311.17
325.18

+ + − − − + − −

14
1-[2-(1,3-benzodioxol-5-yl)-3-
methyl-1-benzofuran-5-
yl]propane-1,2-diol

Lignans 325.096 [M − H]− C19H18O5 8.74 183.01
197.03 + + + + + + + +

15 Compound NP-008285 Macrolides 325.142 [M − H]− C16H22O7 8.75 183.01 + + + − − − − −
16 4-dodecylbenzenesulfonic acid Polyketides 325.184 [M − H]− C18H30O3S 8.75 325.18 + + + + + + + −

17 9-E1t-PhytoP Fatty acids 325.20 [M − H]− C18H30O5 6.20
289.18
307.19
325.20

− − − − + − − −

18 2,4-dihydroxyheptadec-16-ynyl
acetate Fatty alcohol 325.258 [M − H]− C19H34O4 8.75 79.96

183.01 − − − − + + − +

19 9-epi-9-F1t-PhytoP Fatty acids 327.217 [M − H]− C18H32O5 6.55 171.10
327.22 − − − − + − − +

20 9,12,13-trihydroxyoctadeca-
10,15-dienoic acid Fatty acids 327.217 [M − H]− C18H32O5 6.54

211.13
229.15
327.22

− − − + − − − +

21 16-epi-16-F1t-PhytoP Fatty acids 327.22 [M − H]− C18H32O5 5.98 283.19
327.22 − − − − − + − −

22 (-)-scoulerine Alkaloids 327.574 - C19H21NO4 6.48 327.22
328.22 + + + + + − + −

23 9,12,13-trihydroxyoctadec-10-
enoic acid Fatty acids 329.232 [M − H]− C18H34O5 6.71

171.10
211.13
329.23

− − + + + + − −

24
[5-acetyloxy-3-(hydroxymethyl)-
2-oxo-6-propan-2-ylcyclohex-3-
en-1-yl] 3-methylpentanoate

Terpenoids 339.165 [M − H]− C18H28O6 7.01 183.01 − − − − + − − −
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Table 3. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

25 Canrenone Terpenoids 339.199 [M − H]− C22H28O3 9.10 183.01
33.02 + + + + + + + +

26 Isocorydine Alkaloids 341.232 - C20H23NO4 5.66 341.20
342.20 + − − − + + + +

27 Santin Flavonoids 343.081 [M − H]− C18H16O7 7.27 270.02 − − − − + − − −
28 Neochlorogenic acid Phenylpropanoids 353.087 [M − H]− C16H18O9 1.95 191.06 + + − + − + − −

29 4-Caffeoylquinic acid Phenylpropanoids 353.12 [M − H]− C16H18O9 5.40

135.05
173.03
179.04
191.06
218.97
353.10

− − + − − + − −

30 Tsangane L 3-glucoside Alycoside 395.204 M+Na-2H C19H34O7 6.54

171.10
193.08
233.11
327.22

− + + − − − − −

31 Angoline Alkaloids 379.171 - C22H21NO5 1.32 379.08 − + + − − − + −

32 1-O-β-D-glucopyranosyl
sinapate Phenylpropanoids 385.114 [M − H]− C17H22O10 4.62

175.00
193.03
205.05
223.06
385.11

− − − − + − − −

33 (±)-6-
Acetonyldihydrochelerythrine Alkaloids 405.248 - C24H23NO5 5.44 405.25 − − − − + + + +

34 1-Oleoyl-L-.alpha.-
lysophosphatidic acid Lipids 435.249 [M − H]− C21H41O7P 9.33 153.00

435.26 − − − − − − − +

35 Kaempferol-3-O-glucoside Flavonoids 447.092 [M − H]− C21H20O11 5.49
227.03
255.03
284.03

− − + − + − − −

36 Lysophosphatidylglycerol Lipids 483.272 [M − H]− C22H44O9P− 9.23 255.22
483.37 − − + − − − − −
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Table 3. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

37 Eleutherazine B Peptides 451.256 [M − H]− C22H36N4O6 4.52

108.04
155.12
165.10
227.15
309.19
339.20
391.23
421.25

+ − + − + − − −

38 Isorhamnetin 3-galactoside Flavonoids 477.103 [M − H]− C22H22O12 5.62

243.03
271.02
285.04
314.04
477.10

− − + − + − − −

39 Quillaic acid Terpenoids 485.326 [M − H]− C30H46O5 7.72 485.33 − − − − − − − +

40 Gossypol Terpenoids 517.185 [M − H]− C30H30O8 9.05

259.10
471.18
489.19
499.18
517.19

+ + − − − − − −

41 D-glucopyranosyl}oxy)-3-
methoxyphenyl]acrylic acid Phenylpropanoids 533.13 M+FA-H C21H28O13 3.79 193.05

487.15 + − − − − − − −

42 Panaxcerol B Lipids 559.311 M+FA-H C27H46O9 7.31
277.12
559.33
512.66

− − − − + − + −

43 1-Hexadecanoyl-sn-glycero-3-
phospho-(1′-myo-inositol) Lipid 571.288 [M − H]− C25H49O12P 9.13

153.00
255.23
571.29

− − + + − − − +

44 Eleutheroside e1 Lignans 579.208 [M − H]− C28H36O13 5.45
181.05
402.12
417.15

− − − − + − − −

45 Kaempferol 7-neohesperidoside Flavonoids 593.15 [M − H]− C27H30O15 5.52 284.03
593.15 − − + − − − − −
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Table 3. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

46 Kaempferol-3-O-rutinoside Flavonoids 593.151 [M − H]− C27H30O15 5.52 593.15
594.15 − − + − + − − −

47 Vicenin-2 Flavonoids 593.151 [M − H]− C27H30O15 4.69

353.06
383.07
473.10
503.11
593.14

− − + − + − − −

48 6,8-Di-C-
glucopyranosylnaringenin Flavonoids 595.166 [M − H]− C27H32O15 4.27

313.07
355.08
385.09
475.12
595.16

+ − + − − − − −

49 Rutin Flavonoids 609.147 [M − H]− C27H30O16 5.27 609.13 − − + − + − − −

50 Compound NP-000390 Flavonoids 623.161 [M − H]− C28H32O16 5.62 314.04
315.05 − − − − + − − −

51 Isorhamnetin-3-O-rutinoside Flavonoids 623.204 [M + H]− C28H32O16 5.63 315.06
623.17 − − + − − − − −

52 Tataramide B Lignans 623.239 [M − H]− C36H36N2O8 6.16 460.18
623.24 − − − + + + − +

53
Isorhamnetin-3-glucoside-4′-
glucoside (Isorhamnetin
3,4′-diglucoside)

Flavonoids 639.156 [M − H]− C28H32O17 4.79 315.05
639.18 − − − − + − − −

54
(10E,15E)-9,12,13-
trihydroxyoctadeca-10,15-
dienoic acid

Fatty acids 677.423 2M-
2H+Na C18H32O5 6.53

171.10
183.14
233.12
327.22

− + + + + + + +

55

(1R,2S)-7-hydroxy-1-(4-hydroxy-
3,5-dimethoxyphenyl)-2-N,3-N-
bis[2-(4-hydroxyphenyl)ethyl]-
6,8-dimethoxy-1,2-
dihydronaphthalene-2,3-
dicarboxamide

Lignans 683.26 [M − H]− C38H40N2O10 5.83
352.12
520.20
683.26

− − + − + − − −
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Table 3. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

56 Glc-glc-octadecatrienoyl-sn-
glycerol Lipids 721.364 [M − H]− 8.35

235.08
277.22
397.13

− − + − + + + −

57

Kaempferol
3-O-(2,6-di-O-.alpha.-L-
rhamnopyranosyl)-.beta.-
D-galactopyranoside

Flavonoids 739.209 [M − H]− C33H40O19 5.18 284.03
285.04 − − + − − − − −

58 Manghaslin Flavonoids 755.203 [M − H]− C33H40O20 5.01 300.02
301.03 − − + − − − − −

59 Kaempferol
3-rutinoside-4′-glucoside Flavonoids 755.203 [M − H]− C33H40O20 5.01

285.04
447.09
593.15

− − + − − − − −

+ Present; − Absent. RT: retention time.

Table 4. Putatively annotated metabolites detected in Argemone mexicana extracts.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

1 Apigenin Flavonoids 269.045 [M − H]− C15H10O5 4.04 117.03
269.04 − − + − − − − −

2 Luteolin Flavonoids 285.04 [M − H]− C15H10O6 5.93
133.03
151.00
285.04

− − + − − − − −

3 Eriodictyol Flavonoids 287.055 [M − H]− C15H12O6 5.58 135.04
151.00 − − + − − − − −

4 6-Gingerol Phenolic
compounds 293.175 [M − H]− C17H26O4 8.66 99.08

293.18 − − − − − + − +

5 9-hydroxy-10,12-
octadecadienoic acid Fatty acids 295.227 [M − H]− C18H32O3 8.25

171.10
277.22
295.23
296.23

− − − + − − − +
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Table 4. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

6 5-hydroxy-6,7-
dimethoxyflavone Flavonoids 297.087 [M − H]− C17H14O5 8.06 183.01

239.03 − − − − + + − +

7 4-Decylbenzenesulfonic acid Polyketides 297.152 [M − H]− C16H26O3S 7.98 297.15
298.15 − − + + + + − +

8

Methyl
(2E,4E,8E)-7,13-dihydroxy-
4,8,12-trimethyltetradeca-2,4,8-
trienoate

Polyketides 309.21 [M − H]− C18H30O4 7.96 183.01 − − − − + − − −

9 5,6,2′-Trimethoxyflavone Flavonoids 311.089 [M − H]− C18H16O5 5.24 183.01
311.17 + + − + + + − +

10 Thymol-beta-D-glucoside Terpenoids 311.168 [M − H]− C16H24O6 8.40

149.10
183.01
197.03
311.17

+ + − + − − + −

11 Pyrenophorol Macrolides 311.169 [M − H]− C16H24O6 8.06 183.01
197.03 − − + − + + − +

12 Feruloyltyramine Diarylheptanoids 312.123 [M − H]− C18H19NO4 5.48
147.04
148.05
178.05

− − + + + + − +

13 Isorhamnetin Flavonoids 315.05 [M − H]− C16H12O7 6.34
151.00
300.02
315.06

− − + − − − − −

14 Derrustone Flavonoids 325.073 [M − H]− C18H14O6 3.90
183.01
311.17
325.18

+ + − − − − − +

15 Compound NP-012925 Lignans 325.096 [M − H]− C19H18O5 8.74 183.01
197.03 + + + + + + − +

16 Compound NP-008285 Macrolides 325.142 [M − H]− C16H22O7 8.75 183.01 + + − + − + − +

17 4-dodecylbenzenesulfonic acid Polyketides 325.184 [M − H]− C18H30O3S 8.75 325.18 + + + + + + + +
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Table 4. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

18 2,4-dihydroxyheptadec-16-ynyl
acetate Fatty alcohol 325.258 [M − H]− C19H34O4 8.75 79.96

183.01 − − − − + + − +

19 Docosanol Fatty acyls 325.346 [M − H]− C22H46O 8.74 183.01
325.18 − + − − − + − −

20 9-epi-9-F1t-PhytoP Fatty acids 327.217 [M − H]− C18H32O5 6.55 171.10
327.22 − − − − + − + −

21 9,12,13-trihydroxyoctadeca-
10,15-dienoic acid Fatty acids 327.217 [M − H]− C18H32O5 6.54

211.13
229.15
327.22

− − − + − + − +

22 (-)-scoulerine Alkaloids 327.574 - C19H21NO4 6.48 327.22
328.22 − + + + + − + −

23 9,12,13-trihydroxyoctadec-10-
enoic acid Fatty acids 329.232 [M − H]− C18H34O5 6.71

171.10
211.13
329.23

− + + + + + + +

24 Compound NP-006769 Terpenoids 339.165 C18H28O6 7.01 183.01 − − − − − + − −

25 Canrenone Terpenoids 339.199 [M − H]− C22H28O3 9.10 183.01
33.02 + + − + + + + +

26 Isocorydine Alkaloids 341.232 - C20H23NO4 5.66 341.20
342.20 − + + − + + − +

27 Angoline Alkaloids 379.171 - C22H21NO5 1.32 379.08 − + + − − − + −

28 (±)-6-
Acetonyldihydrochelerythrine Alkaloids 405.248 - C24H23NO5 5.44 405.25 − − − − + + + +

29 Kaempferol-3-O-glucoside Flavonoids 447.092 [M − H]− C21H20O11 5.49
227.03
255.03
284.03

− − + − − − − −
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Table 4. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

30 Kaempferol-3-beta-D-
glucopyranoside Flavonoids 447.092 [M − H]− C21H20O11 5.53

227.03
255.03
284.03
285.04
447.09

− − − − + − − −

31 Isorhamnetin 3-galactoside Flavonoids 477.103 [M − H]− C22H22O12 5.62

243.03
271.02
285.04
314.04
477.10

− − + − + − + −

32 Gossypol Terpenoids 517.185 [M − H]− C30H30O8 9.05

259.10
471.18
489.19
499.18
517.19

− + + + + − + +

33 Panaxcerol B Lipids 559.311 M+FA-H C27H46O9 7.31
277.12
559.33
512.66

− − − − + − + −

34 1-Hexadecanoyl-sn-glycero-3-
phospho-(1′-myo-inositol) Lipids 571.288 [M − H]− C25H49O12P 9.13

153.00
255.23
571.29

− − + + − − + −

35 Eleutheroside e1 Lignans 579.208 [M − H]− C28H36O13 5.45
181.05
402.12
417.15

− − + − + − − −

36 Kaempferol
7-O-neohesperidoside Flavonoids 593.15 [M − H]− C27H30O15 5.18 284.03

593.15 − − − − + − − −

37 Kaempferol-3-O-rutinoside Flavonoids 593.151 [M − H]− C27H30O15 5.52 593.15
594.15 − − + − − − − −
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Table 4. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

38 Vicenin-2 Flavonoids 593.151 [M − H]− C27H30O15 4.69

353.06
383.07
473.10
503.11
593.14

− − + − − − − −

39 1-(9Z-Octadecenoyl)-sn-glycero-
3-phospho-(1′-myo-inositol) Lipids 597.303 [M − H]− C27H51O12P 9.34

153.00
241.01
281.25
315.07
597.31

− − + − − − − −

40 Cyanidin-3,5-di-O-glucoside
chloride

Anthocyanin
chlorides 609.145 [M + H]− C27H31ClO16 5.27

285.04
446.09
447.09

− − + − − − − −

41 Rutin Flavonoids 609.147 [M − H]− C27H30O16 5.27 609.13 − − + − + − − −

42 Compound NP-000390 Flavonoids 623.161 [M − H]− C28H32O16 5.62 314.04
315.05 − − + − + − − −

43 Isorhamnetin-3-O-galactoside-
6′′-rhamnoside Flavonoids 623.161 [M − H]− C28H32O16 5.62

300.02
314.04
315.05
623.16

− − + − − − − −

44 Isorhamnetin-3-O-rutinoside Flavonoids 623.204 [M + H]− C28H32O16 5.63 315.06
623.17 − − + − + − − −

45 Tataramide B Lignans 623.239 [M − H]− C36H36N2O8 6.16 460.18
623.24 − − − + − + − −

46
Isorhamnetin-3-glucoside-4′-
glucoside (Isorhamnetin
3,4′-diglucoside)

Flavonoids 639.156 [M − H]− C28H32O17 4.79 315.05
639.18 − − + − − − − −

47 Isorhamnetin 3-O-robinoside Flavonoids 669.166 M+FA-H C28H32O16 5.60 315.05
623.16 − − + − + − − −
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Table 4. Cont.

S/NO. Metabolite Class
Precursor
m/z Adduct Molecular

Formula
RT
(min)

Fragment
Ions

Water Methanol Acetone Dichloromethane

Shoot Root Shoot Root Shoot Root Shoot Root

48
(10E,15E)-9,12,13-
trihydroxyoctadeca-10,15-
dienoic acid

Fatty acids 677.423 2M-
2H+Na C18H32O5 6.53

171.10
183.14
233.12
327.22

− + + + + + − −

49 Glc-glc-octadecatrienoyl-sn-
glycerol Lipidss 721.364 [M − H]− C33H56O14 8.35

235.08
277.22
397.13

− − + + + − + −

50
Kaempferol 3-O-(2,6-di-O-
.alpha.-L-rhamnopyranosyl)-
.beta.-D-galactopyranoside

Flavonoids 739.209 [M − H]− C33H40O19 5.18 284.03
285.04 − − + − − − − −

51 Quercetin
3-(2R-apiosylrutinoside) Flavonoids 741.188 [M − H]− C32H38O20 4.98

255.03
271.02
300.03
741.19

− − + − − − − −

52 Manghaslin Flavonoids 755.203 [M − H]− C33H40O20 5.01 300.02
301.03 − − + − − − − −

53 Compound NP-012184 Flavonoids 771.20 [M − H]− C33H40O21 4.13 301.04
463.09 − − + − − − − −

54 Isorhamnetin-3-O-glucoside Flavonoids 955.2 [M + H]− C22H22O12 5.57 477.10 − − + − − − − −
+ Present; − Absent. RT: retention time.
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3. Discussion
Untargeted LC-MS-based metabolomics coupled with molecular networking enabled

the characterization of the metabolite profiles of root and shoot extracts of A. ochroleuca
and A. mexicana. This approach proved effective for metabolite profiling, as multivariate
data analysis can pinpoint metabolites responsible for observed bioactivity without first
requiring prior compound isolation [8,23–25]. The integration of LC-MS/MS data with
molecular networking in this study further facilitated metabolite annotation by grouping
compounds with similar fragmentation patterns, thereby improving the identification of
structurally related metabolites [21]. The application of this integrated approach revealed
substantial variation in metabolite composition between the two Argemone species, as well
as differences associated with plant part and extraction solvent.

Species of the genus Argemone are well known for their rich secondary metabolites.
In agreement with this, Argemone ochroleuca displayed a more diverse metabolite profile
than A. mexicana, as shown by the larger number of metabolites identified across numer-
ous classes. Such differences are not unexpected, as metabolomic studies have shown
that metabolic profiles are often taxon-dependent, reflecting species-specific biosynthetic
pathways and regulatory mechanisms [26]. Plants within the same family may produce
similar classes of metabolites due to shared biosynthetic routes and regulatory enzymes.
However, differences in the abundance and diversity of these compounds can occur among
species [27]. Metabolite composition also varied according to extraction solvent and plant
part. Methanol and acetone extracts had a higher number of metabolites compared to water
and dichloromethane extracts, suggesting that polar solvents are more efficient in extracting
diverse metabolites from A. ochroleuca and A. mexicana. Furthermore, most metabolites were
detected in shoot extracts. Variations in metabolite distribution among plant parts have
been widely reported and are often attributed to tissue-specific biosynthesis, developmental
regulation, and the specialized ecological functions of secondary metabolites [28,29]. These
compounds frequently accumulate in particular tissues where they contribute to defence,
stress responses, or interactions with pollinators and other organisms [30]. Different classes
of secondary metabolites including flavonoids, fatty acids, terpenoids, alkaloids and others
from different plant parts were observed in this study.

Flavonoids were identified as the main classes for both A. ochroleuca and A. mexicana
extracts in this study. Khan and Bhadauria [10] reported a wide range of flavonoid content,
phenolic content, and fatty acids in A. mexicana extracts. In exploring the metabolomic pro-
file of A. mexicana leaf extracts using LC-MS, various metabolites belonging to alkaloid and
flavonoid classes were identified from aqueous, acetone, hexane and ethanolic extracts [8].
These metabolites have been associated with diverse biological activities. Flavonoids such
as rutin [31–33], quercetin [34] and luteolin have been reported to have antibacterial ac-
tivity [24]. Kaempferol, kaempferol-3-O-rutinoside, luteolin, apigenin, quercetin, rutin,
isorhamnetin and other flavonoids were reported in the roots and shoots of these two plant
species and have shown significant antibacterial activity on phytopathogenic bacteria [35].

Alkaloids were also identified from both A. ochroleuca and A. mexicana extracts.
Reyes-Luna et al. [4] profiled Argemone ochroleuca extracts using gas chromatography–
mass spectrometry (GC-MS) and observed that the extracts were rich in alkaloids, ter-
penes and phenolic compounds. Alkaloids such as (-)-scoulerine, isocorydine and
(±)-6-acetonyldihydrochelerythrine were reported from A. mexicana extracts [36,37], with
some having antifungal activity on phytopathogens [38–40]. Other chemical classes such
as terpenoids, amino acids, polyketides, fatty acids, lignans, fatty alcohols, and lipids were
amongst others identified from the extracts. Terpenoids such as quillaic acid, canrenone and
gossypol were identified as key metabolites in this study, whereas previous studies have
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attributed these phytochemicals to the antibacterial activity observed on Gram-positive
and Gram-negative bacteria [41–44].

Phytochemicals identified in the current study have previously been reported to
demonstrate antifungal activity against phytopathogens such as Fusarium oxysporum and
Sclerotinia sclerotiorum [6,9,45], as well as antibacterial, anti-inflammatory, antifungal and
antimycotic activities, highlighting the potential pharmacological relevance of these plant
extracts [10,45,46]. In addition to the annotated metabolites, several spectral features could
not be confidently matched to existing databases, indicating that A. ochroleuca and A. mex-
icana may contain additional, yet-to-be-characterized compounds. Consistent with the
principles of molecular networking, some clusters may contain structurally related but
unannotated metabolites, while other nodes occurred as singletons, suggesting further
chemical complexity within these species, as suggested by Ndou et al. [21]. Future improve-
ments in spectral databases and the availability of reference standards may facilitate the
annotation of these currently unidentified metabolites.

Collectively, the metabolic profiles of A. ochroleuca and A. mexicana demonstrate remark-
able biochemical diversity and provide a foundation for future functional and comparative
studies. The abundance of flavonoids, alkaloids, terpenoids and other bio-active metabo-
lites further highlights the potential of these species as valuable sources of natural products
for agricultural, medicinal and biotechnological applications. Although no bioassays were
reported in this study, LC-MS profiling provides a foundation for future investigations into
possible applications of these metabolites.

4. Materials and Methods
4.1. Collection of Plant Material

Argemone ochroleuca Sweet and Argemone mexicana Linn were collected from Mpumalanga
Province in South Africa. Argemone ochroleuca was collected from the Agricultural Research
Council (ARC), Mbombela (25.4518◦ S, 30.9697◦ E), whereas A. mexicana was collected at
Bushbuckridge, Mkhuhlu (24.96646◦ S, 31.26544◦ E). These plants were authenticated at the
H.G.W.J. Schweickerdt Herbarium (PRU), University of Pretoria, and assigned accession
numbers 132731 for A. ochroleuca and 132732 for A. mexicana.

4.2. Preparation of Plant Extracts

Dried shoots and roots of A. ochroleuca and A. mexicana were extracted with solvents
of different polarity: distilled water, acetone, methanol or dichloromethane. The extracts
were prepared by extracting 20 g of A. ochroleuca and A. mexicana shoot and root plant
material separately with 200 mL of distilled water, acetone, methanol or dichloromethane.
The resultant mixtures were then shaken in an orbital shaker at 130 rpm for 24 h. A
Buchner funnel lined with Whatman filter No. 1 paper was used to filter the extracts [47].
The collected organic extracts were concentrated using a rotary evaporator (Bϋchi, Flawil,
Switzerland) and further air-dried in a fume hood to obtain the crude extracts. Aqueous
extracts were freeze-dried using a freeze drier (Alpha 1-2 Ldplus (Lasec SA (Pty) Ltd., Cape
Town, South Africa) until they were completely dried, resulting in 16 different extracts. The
extracts were stored in a refrigerator at −4 ◦C until they were used.

4.3. Metabolite Extraction

Metabolite extraction was carried out on the prepared 16 plant extracts from the roots
and shoots of A. ochroleuca and A. mexicana extracted using water, acetone, methanol and
dichloromethane. Samples were prepared following a modified method by Ramabulana
et al. [48]. Briefly, 50 mg of the crude extracts was weighed into 1.5 mL Eppendorf tubes and
mixed with 1.5 mL of 80% cold methanol (LC-MS grade) mixed with 20% sterile distilled
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water. The samples were dissolved using a sonicator for 1 h at 25 (±2) ◦C. The samples
were then centrifuged for 5 min at 4000 rpm. The supernatants were filtered using nylon
filters (0.22µm) (Thermo Fisher, Johannesburg, South Africa) to remove debris and the
filtered extracts were put into glass vials for chromatography analysis that had 500 µL
inserts and sealed. The samples were kept at 4 ◦C until they could be analyzed further.

4.4. LC-QTOF-MS Analysis

Metabolite separation and identification were performed using a liquid chromato-
graphy–quadrupole time-of-flight tandem mass spectrometry system (LCMS-9030 qTOF,
Shimadzu Corporation, Kyoto, Japan) at the University of Venda, Centre of Excellence
in Mass Spectrometry for Southern Africa (CEMSSA), following the method detailed by
Ramabulana et al. [48]. The chromatographic separation was achieved using a Evosphere
C18 column (100 × 2.1 mm, 1.7 µm particle size), maintained at 55 ◦C. The samples were
injected twice at a volume of 3 µL using a binary solvent system made up of solvent A
(Milli-Q water with 0.1% formic acid, HPLC grade, Merck, Darmstadt, Germany) and
solvent B (methanol with 0.1% formic acid, UHPLC grade, Romil SpS, Cambridge, UK),
pumped at a flow rate of 0.4 mL/min. The 13 min gradient technique began at 5% B, was
held isocratically for 3 min, and then returned to 5% B over 2 min before reaching 95%
B in 7 min, maintaining it for 4 min, and then returning to 5% B in 2 min, followed by a
2 min re-equilibration period. The detection was carried out utilizing qTOF mass spec-
trometry in negative electrospray ionization mode with data-dependent acquisition (DDA).
The key operating settings were a 4.0 kV interface voltage, 300 ◦C interface temperature,
3 L/min gas flow, 400 ◦C heat block, 280 ◦C DL temperature, 1.8 kV detector voltage, and
42 ◦C flight tube temperature. Ion fragmentation was carried out using argon gas using
collision-induced dissociation (CID) at 30 eV with a 5 eV spread.

4.5. Data Pre-Processing and Multivariate Data Analysis

The obtained raw LC-MS data included retention times, mass spectra and peak inten-
sities. The MzML files were pre-processed using XCMS online (https://xcmsonline.scripps.
edu, accessed 3 March 2025), with UPLC/UHD Q-TOF negative mode parameters using the
centWave technique for feature detection according to a method detailed in Ramabulana
et al. [48] and Makhubu et al. [49]. The maximal tolerated m/z deviation in consecutive
scans was set at 15 ppm, the signal-to-noise ratio was set at 6, the prefilters peak was set
at 3 and the intensity was set at 700. Retention time correction was performed using the
obiwarp technique with a profStep of 1. Peak alignment was performed using a minimum
fraction of 0.5 across all samples and an mzwid grouping width of 0.025. Following a post
hoc analysis and a Kruskal–Wallis non-parametric statistical test, the data were normalized
using the median fold change.

The feature files obtained from XCMS online included a total of 11,651 features from
the comparison between A. ochroleuca and A. mexicana. For A. ochroleuca extracts, the follow-
ing feature list was detected: 2992 (water AOS vs. AOR), 4644 (methanol AOS vs. AOR),
5073 (acetone AOS vs. AOR) and 3613 (dichloromethane AOS vs. AOR) features for A.
ochroleuca extracts; similarly, 1871 (water AMS vs. AMR), 5637 (methanol AMS vs. AMR),
4467 (acetone AMS vs. AMR) and 2490 (dichloromethane AMS vs. AMR) features were
detected for A. mexicana extracts. MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/
(accessed on 9 March 2025)) was used for chemometric analysis. Data processing in-
cluded sample normalization, log transformation, median normalization, data integrity
checks, missing value estimates, and Pareto scaling of databases. Following data pro-
cessing and standardization, principal component analysis (PCA) was used to evaluate
the data. Soft Independent Modeling of Class Analogy (Simca® 18) software (Sartorius,
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Johannesburg, South Africa) was used to generate an Orthogonal Partial Least Squares—
Discriminant Analysis (OPLS-DA) loading S-plot showing the differential distribution of
metabolites. These were annotated by comparing their retention times and spectral features
with databases, which led to their probable identification.

4.6. Metabolite Annotation

The acquired raw datasets obtained from the Shimadzu LCMS-9030-qTOF-MS were
converted to open-source format (mzML) files which were then imported to the Global
Natural Products Social Molecular Networking (GNPS) online platform for Feature-Based
Molecular Networking (FBMN) via WinSCP 6.5.3 software to determine the distinctive
molecular networks of metabolites based on their MS/MS spectra and metabolite annota-
tion [50]. The computation parameters for FBMN were set as: precursor ion mass tolerance
and fragment ion mass tolerance of 0.02 Da for both aspects. To analyze spectral similarity,
a minimum pairs cosine of 0.6, minimum matched fragment ions of 4 and network TopK of
50 was set. A library minimum search match of 4 was also set. To visualize and analyze
the computed networks, the Cytoscape network visualization software (version 3.10.3)
was used. Manual annotations were performed using the existing published literature on
the phytochemical analysis of the plants and retention times. Annotations were validated
and confirmed using PubChem (https://pubchem.ncbi.nlm.nih.gov/) and against the
existing literature.

5. Conclusions
The present study offers insight into the metabolomic profiles of A. ochroleuca and

A. mexicana across water, methanol, acetone, and dichloromethane extracts. Overall, A.
ochroleuca had the highest metabolite abundance, particularly in methanol and acetone
extracts and in shoot extracts. Metabolomic profiling revealed a diverse range of metabolites
in both species, including flavonoids, alkaloids, terpenoids, phenolic compounds, fatty
acids, polyketides and monoterpenoids, with flavonoids representing the dominant class.
Representative compounds identified in this study include alkaloids such as scoulerine
and isocorydine, terpenoids such as quillaic acid, canrenone, and gossypol, and flavonoids
such as quercetin, rutin, luteolin, kaempferol-3-O-glucoside, and apigenin. Several of these
compounds belong to widely distributed plant metabolite classes and have been previously
associated with antibacterial and antifungal activities, supporting the biological relevance
of the metabolite profiles observed in this study.

These findings demonstrate that the integration of LC-MS-based metabolomics and
molecular networking, together with solvent- and plant part-specific extraction methods,
enhances the characterization of chemically diverse metabolites in A. ochroleuca and A.
mexicana. Due to the use of negative ionization mode only, the present analysis may not
fully capture the complete metabolite profile of these species. Future studies incorporating
positive ionization mode and complementary techniques such as GC-MS may therefore
provide broader metabolite coverage. Furthermore, the majority of the detected metabolites
have not previously been reported from these two species, highlighting their chemical
novelty and supporting their value as underexplored sources of bioactive compounds.
This study therefore provides a foundation for future work aimed at investigating the
individual and combined biological activities of these metabolites for potential agricultural
and pharmaceutical applications.
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Ultra-high-performance liquid chromatography–quadrupole
time-of-flight mass spectrometry

PCA Principal component analysis
OPLS-DA Orthogonal Partial Least Squares—Discriminant Analysis
Simca Soft Independent Modeling of Class Analogy
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AM Argemone mexicana
AO Argemone ochroleuca
AOS Argemone ochroleuca shoots
AOR Argemone ochroleuca roots
AMS Argemone mexicana shoots
AMR Argemone mexicana roots
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