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Abstract: Allelopathic plants release phytotoxic compounds that contribute to their invasiveness by suppressing nearby
species. However, it remains unclear which exact mode of action (MOA) underlies the allelopathy. This study explores
the allelopathic mechanisms of Turnera subulata on the recipient indicator plant choy sum using a metabolomics
approach. Briefly, T subulata leaf aqueous extracts (LAEs) at different concentrations (0.0, 0.1, 1.0, 10.0, 50.0, and
100.0 mg/mL) were sprayed at 100 mL/m? on choy sum seedlings at the two to three leaf stage. After 21 days, the Soil
Plant Analysis Development (SPAD) values and photosynthetic pigments of the exposed choy sum were measured, and
their metabolites were subjected to a gas chromatography-mass spectrometer (GC-MS) analysis. The results revealed
a 25% decrease in the SPAD, a reduction of 65% (ch! a) and 71% (chl b), and a 45% reduction in the stomatal length at
100 mg/mL. A total of 15 significant metabolites (P < 0.05) with variables important for the projection score exceeding 1
(VIP > 1) were selected as the important biomarkers. These metabolites were identified as amino acids, carbohydrates,
and fatty acids. The findings reveal the allelopathic potential of T. subulata and provide insights into the response of
choy sum in response to the allelopathic activity of T. subulata LAEs.
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Biotic and abiotic stresses pose significant chal-
lenges to crop production, reducing the annual
crop yield (Oshunsanya et al. 2019). These stresses
impact the enzyme activity, polynucleotides, and
nutrient transport systems, which hinder plant
growth and metabolism (Katiyar et al. 2022).
To adapt to this stress, plants incorporate metabo-
lomics, transcriptomics, proteomics, and genom-
es, either separately or in combination (Anzano

et al. 2022). Specifically, analytical techniques like
liquid chromatography-mass spectrometry (LC-
MS), gas chromatography-mass spectrometry
(GC-MS), or Fourier-transform infrared (FTIR)
spectroscopy are used to study the metabolomics
profile of plants under stress. These methods help
to identify the phytochemicals that plants pro-
duce in response to various environmental stimuli
(Wishart et al. 2022; Mashabela et al. 2023).
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Allelopathy is the chemical interaction between
plants, where one plant releases allelochemicals
that can inhibit or stimulate the growth of near-
by plants through leaching, root exudation, vola-
tilisation, or residue decomposition. Allelopathic
effects have been well-documented in Jatropha
gossypiifolia, Chrysopogon zizanioides (L.) Rob-
erty, and Euphorbia jolkinii, helping to elucidate
the mode of action (MOA) of allelochemicals at the
metabolic pathway level (de Almeida et al. 2024;
Sahrir et al. 2024; Xiao et al. 2025). Metabolomics
has identified allelochemicals and understanding
stress-induced metabolic shifts. For instance, GC-
MS-based metabolomic studies have elucidated
the allelopathic responses in Arabidopsis thaliana
exposed to Ageratina adenophora, and in Lactuca
sativa treated with Tagetes minuta extracts, high-
lighting changes in the phenylpropanoid, amino
acid, and sugar metabolism. These studies reinforce
the significance of metabolomics in unravelling al-
lelopathic MOA.

Turnera subulata is a medium-sized perennial
shrub commonly called the white buttercup, sulfur
alder, dark-eyed Turnera, and white alder under
the Passifloraceae family (Henning et al. 2023). It is
native to Central and South America, but has also
naturalised in tropical and subtropical regions in-
cluding Malaysia, where it often grows along road-
sides, disturbed habitats, and in ornamental gar-
dens (Saravanan et al. 2018; Andrade-Pinheiro et al.
2023). Traditionally, it has been used in folk medi-
cine for its antibacterial, anti-inflammatory, and
antioxidant properties (Chai & Wong 2012; Sara-
vanan et al. 2018). This rich phytochemical profile
is indicative of having high allelopathic potential,
as many of these compounds have been associat-
ed with phytotoxic effects in previous allelopathy
studies. Studies on the phytochemical composition
of T. subulata have shown the presence of triter-
penoids, fatty acids, alkaloids, tannins, cyanogenic
glycosides, flavonols, and other phenolic com-
pounds, all of which are linked to a variety of bio-
active characteristics (Szewczyk et al. 2012; Brito
Filho et al. 2014; Saravanan et al. 2020).

T. subulata was selected due to previous studies
that proved its noteworthy allelopathic potential
and the presence of secondary metabolites, often
linked to allelopathic interactions (Saravanan et al.
2018; Luz et al. 2022). Furthermore, its availability,
rapid growth, and ability to thrive in challenging
environments make T. subulata a promising can-
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didate for further study. However, the mode of ac-
tions (MOAs) by which T. subulata affects a target
plant species are still largely unknown. T. subulata
is known for its high antioxidant and phytochemi-
cal contents, but the majority of studies have fo-
cused on its medicinal uses rather than its al-
lelopathic potential against a targeted plant at the
metabolic level. Although a previous study (Yaakob
et al. 2020) had suggested the allelopathic proper-
ties of T. subulata, the specific metabolic mecha-
nisms through which T. subulata operates are still
unclear and need further investigation.

This study examines the biochemical responses
of choy sum to different concentrations of T. subu-
lata leaf aqueous extract (LAE) using untargeted
GC-MS metabolomics. Choy sum (Brassica chin-
ensis var. parachinensis) was selected for its con-
sistent growth, high germination rate, and short
cultivation period of about 30 days (Zou et al
2021). Brassica species are well-studied in allel-
opathy and metabolomics (Tashim et al. 2021; Zou
et al. 2021; Huang et al. 2024) and serve as mod-
els in research due to their rich bioactive phyto-
chemicals (Jahangir et al. 2009). This research aims
to uncover the allelopathic effects of T. subulata
by analysing the metabolite changes and metabolic
pathways in the target plants, potentially identi-
fying new allelochemicals influencing the plant
metabolism. The output of this study can bridge
the gap between phytochemical profiles and their
biochemical effects on crops, enhancing our un-
derstanding of their mode of actions, which can
support sustainable weed management and natu-
ral herbicide alternatives.

MATERIAL AND METHODS

Collection of T. subulata. The T. subulata
was cultivated in a sandy loam soil in a polybag (16'
X 16') at the UniSZA herbal garden (05°45'10.0" N,
102°37'41.9" E). A voucher specimen was depos-
ited at the Herbarium of Universiti Sultan Zainal
Abidin (Voucher No: UniSZA/A/00000004:3).

Aqueous extract preparation. After four
months of planting, the leaves were collected and
washed with tap water. Subsequently, the leaves
were then dried in an oven at 60 °C for 24 h and
finely ground by a microfine grinder (MF 10, IKA,
Staufen, Germany). 100 mg of leaf powder were
soaked in 100 mL distilled water for 72 h at 4 °C.
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The extract was filtered, and the resulting extract
was diluted to concentrations of 0.1, 1.0, 10.0, 50.0,
and 100.0 mg/mL with distilled water. The choy
sum seeds utilised as the recipient indicator plant
were purchased from Leckat Corporation Sdn.
Bhd., Kuala Lumpur, Malaysia.

Pot bioassay experiment. Three choy sum seeds
were planted in a pot (size: 15 cm height x 10 cm
width), which was filled with 800 g of the sandy
loam soil per pot (pH 7.7, organic C: 2.47%, sand:
67.90%, clay: 17.30%, silt: 14.80%). A garden sprayer
was used to apply T subulata LAE at different con-
centrations (0.1, 1.0, 10.0, 50.0, and 100.0 mg/mL)
at a 100 mL/m? rate after the choy sum grew to two
to three true leaves. Each pot was sprayed with
a half-strength Hoagland solution (20 mL) two
weeks after germination. The experiment was set up
using a randomised complete block design (RCBD)
with five replications in a greenhouse with a tem-
perature of 30.3 °C + 3.3 °C and a relative humidity
of 66.82 + 13.0%. Choy sum sprayed with distilled
water was used as a control. The leaves of choy sum
were collected on the 21% day after LAE application
for the physiological measurement and metabolo-
mics analysis.

Photosynthetic pigments. On the 21° day of the
experiment, the Soil Plant Analysis Development
(SPAD) of the choy sum leaves was measured with
a portable SPAD meter (502 plus, Konica Minolta,
Tokyo, Japan). The method addressed by Lichten-
thaler and Wellburn (1983) was followed to mea-
sure the chlorophyll content (chl a and chl b). After
100 mg samples were extracted in 5 mL 80% ac-
etone, the 663 nm and 645 nm absorbances were
determined. The given equation was used to calcu-
late the pigment concentrations:

Chlorophyll a (mg/mL) = 12.7 (A663) — 2.69 (A645)
Chlorophyll b (mg/mL) = 22.9 (A645) — 4.68 (A663)

Observation of stomata length. A scanning elec-
tron microscope (SEM) (JSm-6360LA, JEOL, Tokyo,
Japan) was used to analyse the abaxial surface of the
leaves in order to determine the effect of the T. su-
bulata LAE on the stomatal length of the choy sum,
following the method by Gowtham et al. (2016).

Preparation of extract for metabolite identifica-
tion. The leaves of the choy sum were collected on
the 21% day after the LAE application for a metabolo-
mics analysis. Briefly, the samples were ground in liq-
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uid nitrogen. Then, about 20 mg of the sample were
extracted with methanol/water (80/20 v/v) and then
followed by chloroform/water (50/50 v/v). The ex-
tracts were subjected to sonication for 15 min, fol-
lowed by centrifugation at 12 000 revolutions per
minute for 20 min. The derivatisation process involved
50 pL of N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) in pyridine. Subsequently, the samples were
placed in a ThermoMixer C (Eppendorf, Germany)
and subjected to incubation at a temperature of 60 °C
for a duration of 1 h, after which they were injected
into the GC-MS. For each sample, 20 pL of ribitol
was added as an internal standard.

GC-MS analysis. The GC-MS analysis was per-
formed by using an Agilent GC/MS instrument
[Agilent, USA on an Agilent HP-5MS column (30 m,
0.25 mm i.d., 0.25 um thickness of film, 0.25 um)] with
5% phenyl methylsiloxane/95% dimethyl olysiloxane.
The specific operating conditions were as follows:
initial oven temperature was 80 °C held for 2 min,
increased to 180 °C at the rate of 10 °C/min held
for 7 min, and the final oven temperature was 280 °C
at the rate of 30 °C/min, held for 8 min. The helium
flow rate was 1.0 mL/min. Splitless injection was used
with an ionisation energy of 70 eV. The injector port
and detector temperature were 250 °C and 280 °C,
respectively. A mass range of 35.00-700.00 m/z
at a 150 threshold and 1.562 u/s was applied. Mean-
while, the solvent delay applied was 5 min.

Data processing and statistical analysis. The
photosynthetic pigment and stomatal length
data were subjected to the Shapiro-Wilk test and
an analysis of variance (ANOVA) using Minit-
ab software (version 20.3). Tukey's test at a sig-
nificance level of 0.05 (P < 0.05) was employed
to compare the means. For the GC-MS data,
the compound identification was compared with
the National Institute of Standards and Technology
(NIST) mass spectral library (2014). The data ma-
trix, consisting of metabolite names and the peak
areas was uploaded to MetaboAnalyst (version 5.0;
https://www.metaboanalyst.ca/) for integral nor-
malisation, univariate and multivariate analyses
and pathway enrichment analysis.

According to Saccenti et al. (2014), when deal-
ing with a large and complex dataset, multivari-
ate analysis was employed to simplify the data and
identify differences between the treatment groups.
A Principal Component Analysis (PCA) was used
to assess the overall variation and clustering among
the samples. A Hierarchical Cluster Analysis
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Table 1. Choy sum's significant metabolites (P < 0.05) upon
Turnera subulata LAE application, by the one-way
ANOVA through Tukey's test (ESM Table S2)

Significant metabolites (P < 0.05) F-value P-value
Gluconic acid, (6TMS) 69.2160 <0.001
Sucrose, 8TMS derivative 38.7080 <0.001
éﬁ—rSI\(/)[eropyranose, (1S,2R,3S)-, 38,6380 <0001
1,1-Ethanediol, diacetate 38.0680 <0.001
Oxalic acid (2TMS) 33.7670 <0.001
Erythritol (4TMS) 33.6180 <0.001
Ethanolamine (3TMS) 33.1050 <0.001
10-Methylnonadecane 32.8160 <0.001
Malic acid, 3TMS derivative 30.9460 <0.001
L-Threonine, 3TMS derivative 30.8840 <0.001
Isct(a:rlzi;lgltlrri?lrll:tsﬁ;llsilyl) ether 308090 <0.001
L-Lysine (3TMS) 30.6520 <0.001
Xylitol, (5TMS) 30.4840 <0.001
L-threonic acid, tetra-TMS 30.4670 <0.001
D-Trehalose, 7TMS derivative 30.3470 <0.001
Galactose MEOX 5TMS-2 30.2490 <0.001
EL?:;[K/?SI“)Oxyphenylpyruvic acid 30.1210 <0.001
D-Gluconic acid, 6TMS derivative ~ 30.0370 <0.001
1,4-Butanediol, bis-TMS 28.0370 <0.001
4-Pentenoic acid, TMS derivative 26.6610 <0.001
(lzzililzgi)roxyoctadecanoic acid, 26.3940 <0.001
L-Isoleucine (2TMS) 25.3250 <0.001
.beta.-D-Galactofuranose,

1,2,3,5,6-pentakis-O- 25.0240 <0.001
(trimethylsilyl)-

L-(+)-Tartaric acid 4(TMS) 24.4110 <0.001
.alpha.-D-Lactose, (8TMS) 23.3290 <0.001
Heneicosane 21.6150 <0.001
Maltose, 8TMS derivative 20.6030 <0.001
Tyrosine (3TMS) 20.3610 <0.001
D-Glucitol, 6TMS derivative 19.6600 <0.001
2-Hydroxyvaleric acid, TMS 19.6520 <0.001
5t3a£;i:rsif;1ethylsilyl) ether 16.4500 <0.001
Eerfssi?sf(lii?;(;iylsilyl) ether 15.1500 <0.001
Ribonic acid-5TMS 12.2260 <0.001
Glycine (3TMS) 12.1710 < 0.001
1-Monopalmitin, 2TMS derivative =~ 11.8480 <0.001
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Table 1. To be continued...

Significant metabolites (P < 0.05) F-value P-value
Pyruvic acid (TMS) 11.2070 < 0.001
L-Leucine (2TMS) 10.5800 < 0.001
Arabinose, 4TMS derivative 10.4810 <0.001
ﬁfe“tisll;’i’lﬁ'etigethylsil‘/l" tri- 102550 < 0.001
13-Octadecenal, (Z)- 9.9922 <0.001
.(zzll[z}l\\/e[x.s—)D—Arabinopyranose 9.8443 <0.001
Succinic acid (2TMS) 8.8650 < 0.001
Glycerol (3TMS) 7.1561 < 0.001
L-Proline (2TMS) 6.8092 <0.001
Glucose-MOX-5TMS-PK1 5.1303 < 0.001
Phosphoric acid TMS 4.0480 <0.05
Lyxose, tetra-(trimethylsilyl)-ether ~ 3.9170 <0.05
Erythronic acid, tetrakis-TMS 3.8016 < 0.05

(HCA) and heatmap visualisation were used to il-
lustrate patterns and similarities in the metabolite
levels across the different treatments. Furthermore,
a metabolic pathway enrichment analysis was per-
formed to identify the key biochemical pathways
that were affected by the treatments.

RESULTS

Effect of the T. subulata leaf aqueous extract
on the photosynthetic pigments and stoma-
ta length. The treatments significantly affected
the SPAD of the choy sum, as in Figure 1A. In par-
ticular, choy sum treated with the 100 mg/mL LAE
showed a significant decrease (25%) compared
to the control. Similarly, the chl a and chl b were
significantly decreased (Figure 1B) when treated
with 100 mg/mL LAE (65% and 71%, respectively).
Figure 2A shows a noticeable trend of the stoma-
tal length reduction in a dose-dependent man-
ner. The stomata length decreased by 45% when
exposed to the 100 mg/mL treatment. According
to Figure 2B, different extract concentrations mod-
ified the abaxial (lower) surface. At 100 mg/mL,
the stomata were noticeably smaller, thinner, flac-
cid, and constricted compared to the well-defined,
open, elliptical shape in the control.

Analysis of the metabolites in the choy sum.
The GC-MS based metabolomics analysis success-
fully identified 51 metabolites [Electronic Supple-
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Figure 1. Effect of Turnera subulata LAE on the (A) SPAD values and (B) chl a and chl b of the choy sum
Different letters indicate significant differences according to Tukey's test (P < 0.05). Data presented as mean * standard

error from five replicates of sample size (n = 5). Bars indicate standard errors of the mean (SEM)
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Figure 2. The effect of different concentrations of Turnera subulata LAE on (A) the stomata length of choy sum
Different letters on the bar signify significant differences in Tukey's test (P < 0.05). The data is expressed as mean + error
with n = 9. The standard error is represented by the bars; and (B) Stomatal images captured through SEM at x 3 500 mag-
nification
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Figure 3. PCA score plot derived from the metabolites of choy sumexposed to the Turnera subulata LAE at different
concentrations (A) and biplot of metabolites of choy sum upon application of T. subulata LAE (B)
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(B)

Figure 4. PLS-DA score plot of choy sum exposed to the Turnera subulata LAE at different concentrations (A) and

VIP from PLS-DA of metabolites ofchoy sum (B)

mentary Material (ESM) Table S1], of which 49 are
statistically significant (P < 0.05) (Table 1). The un-
supervised Principal Component Analysis (PCA)
revealed clear separation among the tested concen-
trations with the first two principal components
(PC1 and PC2) achieving a total variation of 86%.

The effect of different T. subulata LAE concen-
trations on the metabolite composition of choy
sum was demonstrated by the PCA score plot (Fig-
ure 3A). The different T. subulata LAE concen-
trations were divided into three distinct groups.
The control (0.0 mg/mL) samples clustered with
0.1, 1.0, and 10.0 mg/mL along PC1 (63.4%), with
0.1 and 1.0 mg/mL samples overlapping consider-
ably. In contrast, 50 and 100 mg/mL treatments
were clearly separated from others, with Arab-
inose, 4TMS and Glucose-MOX-5TMS contrib-
uting to the separation of 100 mg/mL according
to the biplot (Figure 3B).

Meanwhile, metabolites that were crucial in distin-
guishing among treatments are highlighted in the Par-
tial Least Squares—Discriminant Analysis (PLS-DA)
loading plot (Figure 4A), with those located farther
from the centre presenting a significant impact on
the PLS-DA. Those with variables important in pro-
jection (VIP) VIP > 1 are selected and considered
as valuable markers (Beatriz et al. 2014). In Figure 4B,
15 metabolites with VIP > 1 and P < 0.05 were iden-
tified. Among the metabolites, the 4-Pentenoic acid
(VIP = 1.6949) was shown to have the highest VID, fol-
lowed by L(-)-Fucose, tetrakis(trimethylsilyl) ether, L-
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Sorbopyranose, (1S,2R,3S)-, 5TMS, beta.-D-Galacto-
furanose, 1,2,3,5,6-pentakis-O-(trimethylsilyl)- and
12-Hydroxyoctadecanoic acid, (2TMS). The pathway
enrichment analysis was further conducted to iden-
tify the biological pathways affected by these 15 me-
tabolites.

Hierarchical clustering analysis (HCA) and
heatmap analysis. The HCA classified the me-
tabolites into related groups, with a dendrogram
sorting them by similarity patterns (Figure 5).
The heat map, using a colour scheme from blue
(lowest) to red (highest) to indicate the relative con-
centrations, showed two distinct clusters among
the metabolites affected by the different concentra-
tions of T. subulata LAE. The metabolites exhib-
ited different levels, increasing at concentrations
ranging from 0.1 to 50.0 mg/mL and decreasing
when treated with 100 mg/mL of T. subulata LAE.
Specifically, carbohydrates, amino acids, and fatty
acids were some of the metabolites that decreased
at 100 mg/mL, such as 4-pentanoic acid, L(-)-fu-
cose, L-sorbopyranose, L-threonine, malic acid,
and heneicosane.

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was used
to identify the metabolic pathways in the choy sum
that were affected by the T. subulata LAE (Figure 6).
The obtained metabolites were assigned to 15 path-
ways (Figure 6). It was found that the allelopathic
effects against choy sum at 100 mg/mL impacted
the lipid metabolism (glycerophospholipid me-
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Figure 5. Heat map with a dendrogram of the identified metabolites in the choy sum exposed to the Turnera subulata

LAE at different concentrations

The row displays metabolites, and the column represents the concentration. The heat map scale ranges from 3.3 to

—3.1. Red represents the highest value, and blue represents the lowest value

tabolism) and amino acid metabolism (glycine,
serine, and threonine metabolism; valine, leucine,
and isoleucine biosynthesis) (Figure 7). Following
the result, ethanolamine was altered significantly
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in the glycerophospholipid metabolism (Figure 7A)
due to the association of the phosphatidylcholine
and phosphatidylethanolamine biosynthesis. Other
pathways that T. subulata LAE impacted were iden-
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Figure 6. KEGG Pathway enrichment analysis of choy sum when treated with Turnera subulata LAE

tified as the amino acid metabolism, namely gly-
cine, serine, and threonine metabolism (Figure 7B),
and valine, leucine, and isoleucine biosynthesis.
The increase of L-isoleucine, L-leucine, L-proline,
and asparagine indicated that choy sum was great-
ly affected by the T. subulata LAE at 100 mg/mL.
However, L-threonine seems to decrease at this
concentration.
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DISCUSSION

The finding suggests that choy sum exposed
to T. subulata reduced the iron levels, thus decreas-
ing the chlorophyll content to cope with the ad-
verse effect of allelopathy (Figure 1A). This hindered
the ability of the plant to photosynthesise efficiently.
The reduction in the chlorophyll content is aligned
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Figure 7A. Metabolism affected in the choy sum, (A) Glycerophospholipid metabolism of choy sum
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Figure 7B. Metabolism affected in the choy sum, (B) glycine, serine, and threonine metabolism

with a previous study by Ning et al. (2023), who ob-
served that iron chelation by allelochemicals leads
to a decrease in the chlorophyll synthesis. Similarly,
Wang et al. (2018) observed that Hippophae rham-
noides extracts significantly inhibited the chloro-
phyll content in Amygdalus pedunculata seedlings
at a concentration of 0.1 g/mL, reducing their abil-
ity to absorb and utilise light efficiently. Addition-
ally, the stomatal changes observed in Figure 2A
align with Fu et al. (2019), where the application
of phenolic acids affected the stomatal opening and
reduced the stomatal length and width of Rhodo-
dendron delavayi leaves. The LAE induced struc-
tural changes in the stomata at higher concentra-
tions, making them smaller, thinner, flaccid, and
constricted (Figure 2B). This indicates that a high
concentration impacts the turgor pressure within
the guard cells, causing diverse structural changes
in plant tissues (Mushtaq et al. 2019).
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The stomatal structure was notably impacted, par-
ticularly at elevated concentrations (100 mg/mlL).
The SEM showed that the stomata became reduced
in size, appeared constricted, and exhibited signs
of flaccidity. These physical changes indicate a po-
tential disruption in the turgor pressure regulation
of guard cells, possibly due to alterations in the os-
motic balance or modifications in the cell wall. These
observed structural variations are consistent with
the research conducted by Fu et al. (2019), which re-
ported stomatal disruption induced by phenolic ac-
ids in Rhododendron delavayi, as well as the findings
by Mushtaq et al. (2019), who noted ultrastructural
alterations caused by allelochemicals in Cassia tora
and Allium cepa.

The hierarchical clustering and heatmap analysis
uncovered clear grouping trends, showing that me-
tabolite profiles are regulated differently depending
on the concentration of LAE. Lower concentrations
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(0.1-10.0 mg/mL) resulted in moderate alterations,
while higher concentrations (50-100 mg/mL) led
to notable decreases, particularly in sugars and fat-
ty acids. The reduction in beta-D-galactofuranose,
alpha-D-lactose, L-threonine, and malic acid indi-
cates a suppression of energy metabolism and bio-
synthetic activity (Raval et al. 2018; Sun et al. 2019;
Gong et al. 2021).

Conversely, downregulated metabolites, such
as xylitol, trehalose, and essential amino acids, like
L-threonine, tyrosine, and lysine, suggest the po-
tential inhibition of the protein synthesis or the in-
creased catabolism for energy. The decrease in tre-
halose may indicate weak stress resistance because
it helps protect plants from oxidative stress (Nawaz
et al. 2022; Al Hinai et al. 2025). Key metabolites
for the separation include sugars and sugar alco-
hols like arabinose, glucitol, and maltose, which
were significantly elevated in high-dose treat-
ments. These metabolites help with the osmotic
balance and carbohydrate metabolism, suggesting
an adaptive response or a shift toward energy stor-
age during stress.

Additionally, increased ethanolamine and phos-
phoric acid levels in higher treatments indicate
membrane lipid turnover and cellular remodelling,
common markers of physiological stress or senes-
cence (Li et al. 2022). These metabolic changes re-
flect that the plant tries to adapt to or counteract
treatment damage. Membrane lipid turnover is
a continuous process that involves the breakdown
and creation of membrane lipids within plant cells
(Yu et al. 2021). This process is important for main-
taining the integrity, fluidity, and function of mem-
branes, especially when the plants face stress (Guo
et al. 2019; Liu et al. 2019). When the choy sum
was exposed to allelochemicals found in the aque-
ous extract of 7. subulata LAE, the cell mem-
branes were damaged or destabilised. In response,
choy sum initiates lipid turnover to remove dam-
aged lipids and produce new ones. The increase
in ethanolamine and phosphoric acid observed
at higher concentrations of LAE suggests that there
is enhanced phospholipid metabolism. Both com-
pounds are essential intermediates in the synthe-
sis and breakdown of phosphatidylethanolamine
and other membrane phospholipids. This finding
indicated that LAE may be triggering oxidative or
chemical stress, which affects the cell membranes.
As a result, the plants may attempt to adjust their
membranes to cope with this stress. Such reactions
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are often linked to early signs of ageing or cell dam-
age, highlighting that high levels of LAE can in-
duce considerable physiological stress in choy sum.
The clustering pattern highlights that metabolite
profiles in the 50 and 100 treatment groups differ
significantly from the untreated or lightly treated
controls. These results aligned with the studies
by Bruno et al. (2025), Hasanuzzaman et al. (2018)
and Zhu et al. (2021), showing that allelochemicals
caused stress that often-altered carbohydrate me-
tabolism, amino acid, and lipid-derived metabo-
lites in plants.

To clarify the MOA of T. subulata, the study im-
plemented untargeted metabolomics using GC-
MS, uncovering significant changes in the primary
metabolism within choy sum, particularly in the
lipid, amino acid, and carbohydrate pathways. Out
of 51 metabolites identified, 49 were found to be
significant (P < 0.05), with 15 having VIP scores
over 1, identifying them as key biomarkers of LAE.
Notably, 4-pentenoic acid, L(-)-fucose, and L-sor-
bopyranose exhibited marked treatment-depend-
ent decreases, while the levels of L-leucine, L-iso-
leucine, L-proline, and asparagine increased. These
trends suggest the reprogramming of the energy and
nitrogen metabolism induced by stress. Ethanola-
mine, a metabolite that showed significant changes
in treated plants, is essential in glycerophospholip-
id metabolism. This alteration indicates the poten-
tial destabilisation of membranes, as ethanolamine
serves as a precursor to phosphatidylethanolamine,
a major phospholipid in plant membranes. Shar-
ma et al. (2023) pointed out that the remodelling
of membrane lipids is a typical response to abiotic
stress, highlighting its signalling role and impact on
membrane fluidity. Therefore, the reduction in eth-
anolamine levels indicates a possible breakdown
of cellular membranes, which may be a mechanism
of action for T. subulata.

In reaction to stress, the choy sum accumulated
beneficial amino acids like L-proline, L-isoleucine,
and asparagine. These metabolites act as antioxi-
dants, osmolytes, and pH regulators, helping to re-
duce oxidative damage and sustain cellular balance
(Khan et al. 2020; Ingrisano et al. 2023). This ac-
cumulation suggests that a compensatory meta-
bolic mechanism has been activated to alleviate
the stress caused by LAE.

The T subulata LAE significantly impacted
the metabolism of choy sum, as shown by the KEGG
pathway enrichment analysis (Figure 6). Specifi-
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cally, the LAE disrupted lipid metabolism, particu-
larly the production of glycerophospholipids (Fig-
ure 7A), essential components of cell membranes.
Lipids work as signal mediators in plant cells, low-
ering stress responses and triggering defence mech-
anisms in response to drought, osmotic, and salt
stress (Sharma et al. 2023). Additionally, the amino
acid metabolism was affected, with changes in the
pathways related to glycine, serine, threonine, va-
line, leucine, and isoleucine (Figure 7B). The de-
cline in ethanolamine, a key precursor for mem-
brane lipids, further supports the disruption of cell
membrane structure. The accumulation of proline,
asparagine, leucine, and isoleucine in plants is
in response to osmotic stress and the subsequent
recovery of plants (Liu & Lin 2020; Ingrisano et al.
2023). To counteract these metabolic disturbances,
the plant accumulated amino acids such as proline,
asparagine, leucine, and isoleucine (Figure 7B).
These compounds play a protective role, helping
the plant withstand stress by acting as antioxidants
and maintaining the cellular balance. The fluctua-
tion of these amino acids is a sign of plant stress tol-
erance by detoxifying reactive oxygen species, reg-
ulating the pH, and osmotic adjustments (Khan et
al. 2020). These findings suggest that the choy sum
plant activated specific metabolic responses to mit-
igate the harmful effects of the T. subulata LAE.

CONCLUSION

T. subulata LAE exerted significant allelopathic ef-
fects against choy sum, affecting the SPAD, chloro-
phyll content, and stomata length. Multivariate anal-
yses of PCA and PLS-DA indicated that choy sum
exhibited distinct responses to LAE. An increase
in the metabolite levels of amino acids and fatty ac-
ids suggested the defence mechanisms of choy sum
against T. subulata LAE, while a decrease in several
metabolites indicated the susceptibility of choy sum
against T subulata LAE. To sum up, T. subulata is
a potential allelopathic species that could hinder
the growth of neighbouring plant species by alter-
ing important metabolic pathways. This study marks
the first step in understanding the phytotoxic mech-
anisms of T. subulata LAE on target plants.
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