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Abstract

Using seed germination tests and substance identification via gas chromatography-
mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry
(LC-MS), this study analyzed the effects of Hydrocotyle verticillata extracts
prepared with different solvents on seed germination, as well as the composition
of extracts from H. verticillata plants and rhizosphere soil, to investigate the
influence of H. verticillata on the seed germination of other plants and to
screen for the primary chemical substances affecting them. The results showed
that: (1) Hydrocotyle verticillata extracts prepared with different solvents all
exhibited varying degrees of inhibitory effects on seed germination; (2) Under
GC-MS analysis, a total of 35 substances were identified in the aqueous extract
of H. verticillata plants, with dibutyl phthalate (15.2%), 10,15-octadecanedioic
acid (8.58%), and 2,4-di-tert-butylphenol (6.81%) being the major components;
in the aqueous extract of rhizosphere soil, 17 components were identified, with
oleamide (26.47%), n-heptacosane (9.63%), and ethyl palmitate (4.83%) as
the main substances; (3) Under LC-MS analysis, a total of 109 compounds
were identified in the aqueous extract of H. verticillata plants; in ESI4+ mode,
L-phenylalanine (3,483.99 ng - mg') and luteolin (2,306.64 ng-mg ') showed
the highest contents, while in ESI- mode, D-quinic acid (21,827.71 ng - mg!)
and chlorogenic acid (12,589.25 ng - mg ') exhibited the highest contents; in
the aqueous extract of rhizosphere soil, 93 components were identified; in
ESI+ mode, butyric acid (7,660.53 ng - mg ') and palmitamide (3,200.36 ng -
mg ') showed the highest contents, while in ESI- mode, n-octacosanoic acid
(18,605.35 ng - mg ') and sucrose (12,183.23 ng - mg ') exhibited the highest
contents; (4) The potential allelochemicals of H. verticillata were primarily
fatty acids, amides, esters, and aromatic acids, while the substances that may
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directly exert allelopathic effects could be butyric acid, n-octacosanoic acid,
glycolic acid, oleamide, palmitamide, ethyl palmitate, and benzoic acid; among
these, the input of fatty acid substances may originate from H. verticillata,
soil microorganisms, and soil fauna, whereas amides, esters, and aromatic
substances are more likely derived from H. verticillata plants.
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Abstract

This study employed seed germination experiments, gas chromatography-mass
spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-
MS) to investigate the effects of different solvent extracts of Hydrocotyle vul-
garis on seed germination and to identify the main chemical constituents in
plant and rhizosphere soil extracts. The results showed: (1) All solvent extracts
of H. wulgaris exhibited inhibitory effects on seed germination to varying de-
grees; (2) GC-MS analysis identified 35 compounds in the plant water extract,
with dibutyl phthalate (15.2%), 10,15-octadecanedioic acid (8.58%), and 2,4-
di-tert-butylphenol (6.81%) as the main components. In the rhizosphere soil
water extract, 17 compounds were identified, with oleic acid amide (26.47%), n-
heptacosane (9.63%), and ethyl palmitate (4.83%) as the main components; (3)
LC-MS analysis identified 109 compounds in the plant water extract. In EST+
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mode, L-phenylalanine (3,483.99 ng - mg ') and luteolin (2,306.64 ng - mg ') had
the highest contents, while in ESI- mode, D-quinic acid (21,827.71 ng - mg ')
and chlorogenic acid (12,589.25 ng - mg ') had the highest contents. In the
rhizosphere soil water extract, 93 compounds were identified. In ESI+ mode,
butyric acid (7,660.53 ng - mg ') and palmitamide (3,200.36 ng - mg ') had the
highest contents, while in ESI- mode, n-octacosanoic acid (18,605.35 ng - mg ')
and sucrose (12,183.23 ng - mg') had the highest contents; (4) The potential
allelochemicals of H. vulgaris were mainly fatty acids, amides, esters, and aro-
matic acids. The compounds likely exerting direct allelopathic effects may be
butyric acid, n-octacosanoic acid, glycolic acid, oleic acid amide, palmitamide,
ethyl palmitate, and benzoic acid. Fatty acids may originate from H. vulgaris,
soil microorganisms, and soil animals, while amides, esters, and aromatic com-
pounds are more likely derived from the H. vulgaris plant itself.

Keywords: gas chromatography-mass spectrometry, liquid chromatography-
mass spectrometry, allelochemicals, Hydrocotyle vulgaris

Introduction

Allelopathy refers to the beneficial or detrimental effects of metabolic secre-
tions from plants or microorganisms on other plants or microorganisms in the
environment (Rice, 1984). Plants release chemical substances into soil or air
through leaching, volatilization, decomposition of litter and residues, and root
exudation. These chemicals accumulate to critical concentrations in soil through
physical adsorption and retention, transport, and transformation by soil organ-
isms, ultimately promoting or inhibiting the normal growth of accompanying
species (Kobayashi, 2004; Wahren et al., 1998; Li et al., 2009; Gong and Zhang,
2015). Plant allelochemicals are almost exclusively secondary metabolites, gen-
erally characterized by small molecular weight and simple structure, and can be
broadly classified into 14 categories: water-soluble organic acids, straight-chain
alcohols, aliphatic aldehydes and ketones; simple unsaturated lactones; long-
chain fatty acids and polyacetylenes; quinones; benzoic acid and its derivatives;
cinnamic acid and its derivatives; coumarins; flavonoids; tannins; terpenoids;
amino acids and peptides; alkaloids and cyanohydrins; sulfides and glucosino-
lates; and purines and nucleosides (Callaway & Aschehoug, 2000).

Plant allelopathy is an important mechanism explaining alien species invasion.
Identifying allelochemicals that affect the growth of other plants plays a crucial
role in understanding invasion mechanisms and developing control strategies
for invasive species. The main allelochemicals of Ageratina adenophora include
chlorogenic acid, flavanones, and eupatoriochromene derivatives (Yang, 2006;
Liao et al., 2015; Guo, 2016; Li et al., 2017). These substances can induce phys-
iological and biochemical changes in upland rice (Oryza sativa) roots, including
alterations in malondialdehyde and catalase activity, and disruption of hormone
levels such as abscisic acid and indoleacetic acid, as well as anatomical changes
in root apical meristems and cortical parenchyma cells (Yang et al., 2006; Yang
et al.,, 2008). The main allelochemicals of Dysphania ambrosioides include -
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terpinene and p-cymene (Zhou et al., 2016), which induce caspase-dependent
apoptosis in guard cells of Vicia faba by regulating ROS and NO-mediated
changes in Ca? levels (Zhou et al., 2016, 2017). Analytical methods for allelo-
chemicals include GC-MS and LC-MS. GC-MS has a long history in allelopathy
studies of invasive species and is commonly used for analyzing plant volatiles
and extract constituents (Ji et al., 2012; Gao et al., 2017). However, GC-MS
is more suitable for identifying volatile compounds, while LC-MS is better for
polar and non-volatile substances (Li et al., 2010; Guo et al., 2011). Using either
method alone often fails to completely identify plant allelochemicals, suggesting
that combined GC-MS and LC-MS analysis may provide more comprehensive
identification and screening.

Hydrocotyle vulgaris, a member of the Apiaceae family, is native to Europe,
North America, and Central America. After its introduction to China, it has
been commonly used in wetland landscaping (Miu et al., 2011). Due to its
biological characteristics, it has been assessed as having high invasion risk in
tropical and subtropical humid regions of China (Miu et al., 2011; Liu et al.,
2014; Dong et al., 2015; Yang et al., 2013). This study combined GC-MS and
LC-MS to analyze the chemical constituents of H. vulgaris and its rhizosphere
soil, aiming to screen for potentially allelopathic substances secreted into the
soil and provide fundamental data for further studies on its chemical ecology.

1.1 Experimental Materials

Plant materials were collected from the Waigang River in Nanjing. Whole H.
vulgaris plants with uniform growth, good health, and no pests or diseases were
selected, washed clean, and air-dried in a room. The plants were then ground
into powder using a Mixer Mill MM 400 (Retsch, Germany). Soil materials
were collected from the rhizosphere of H. vulgaris using the shaking method
(Liu, 2011). Soil samples were air-dried indoors, ground into powder, and sieved
for later use. Test seeds included three common species: cucumber (Cucumis
sativus), radish (Raphanus sativus), and pakchoi (Brassica chinensis), purchased
from Nanjing Xingguang Seed Company.

1.2 Preparation of Different H. vulgaris Extracts

Five grams of H. vulgaris powder were weighed and mixed with extraction sol-
vents (distilled water, methanol, ethyl acetate, n-hexane) at a ratio of 1 g plant
powder to 40 mL solvent. The mixtures were shaken well and left to stand for 48
h, then filtered twice through qualitative filter paper. The filtrates (methanol,
ethyl acetate, and n-hexane extracts) were concentrated using a rotary evapo-
rator (Hei-VAP Value, Heidolph, Germany) under reduced pressure to obtain
extract pastes. The pastes were placed in an 80 °C water bath for 2 h to re-
move residual solvents, then scraped into 200 mL distilled water and stirred
thoroughly to obtain H. vulgaris extract suspensions.
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1.3 Effects of Different H. vulgaris Extracts on Seed Germination

Cucumber, radish, and pakchoi seeds were used as test subjects (30 cucumber
seeds, 50 radish seeds, and 50 pakchoi seeds per treatment). Seeds were disin-
fected with 2% potassium permanganate solution for 15 min, then rinsed three
times with distilled water. Clean seeds were evenly placed in 90 mm diameter
petri dishes lined with two layers of filter paper. Five milliliters of different
solvent extract suspensions were added (distilled water for the control group),
with three replicates per treatment. Dishes were placed in an illumination incu-
bator (GXZ-338A, Ningbo Jiangnan Instrument Factory) under a 13 h light: 11
h dark photoperiod at 27 °C. Seed germination was defined as radicle emergence
through the seed coat. Germination counts were recorded every 24 h, with an
additional 5 mL of extract suspension added each time, for a total monitoring
period of 10 days.

1.4 Preparation of Water Extracts from H. vulgaris and Rhizosphere
Soil

Five grams each of H. vulgaris powder and rhizosphere soil powder were ex-
tracted with distilled water at a ratio of 1 g powder to 40 mL water. The
mixtures were shaken on a rotary shaker and filtered twice for later use.

1.5 GC-MS Analysis Method

Water extracts of H. wvulgaris and rhizosphere soil were passed through 0.22
m organic membranes. Additionally, water extracts were freeze-dried and ex-
tracted with ethyl acetate, then passed through 0.22 m organic membranes
for analysis. GC-MS analysis was performed using an Agilent 6890N-G5795B
gas chromatograph-mass spectrometer (Agilent Technologies, USA) with an HP-
5MS capillary column (30 m x 0.25 mm x 0.25 m). The temperature program
started at 40 °C (held for 2 min), increased at 8 °C » min ! to 200 °C (held for
1 min), then increased at 15 °C - min ! to 280 °C (held for 20 min). The carrier
gas was high-purity He (99.999%) at a flow rate of 1.0 mL - min ' and column
head pressure of 7.62 psi. Samples were injected in splitless mode with a 1 min
solvent delay. The ion source temperature was 230 °C, quadrupole temperature
180 °C, and injector temperature 250 °C.

1.6 LC-MS Analysis Method

Water extracts of H. vulgaris and rhizosphere soil were freeze-dried. Fifty mil-
ligrams of freeze-dried sample were mixed with 800 L methanol and 10 L in-
ternal standard (2.9 mg - mol ! dichlorophenylalanine), then ground in a tissue
grinder at 65 Hz for 45 s, vortexed for 30 s, and centrifuged at 12,000 r - min !
for 15 min at 4 °C. Two hundred microliters of supernatant were collected for
LC-MS analysis.

LC-MS analysis was performed using a Thermo Ultimate 3000 LC system cou-
pled with an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, USA)
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with a Hypersil GOLD C18 column (100 x 2.1 mm, 1.9 m). Chromatographic
separation was conducted at 40 °C with a flow rate of 0.3 mL - min !. Mobile
phases consisted of A: water + 0.1% formic acid and B: acetonitrile + 0.1%
formic acid. The injection volume was 4 L and autosampler temperature was

4 °C.

1.7 Data Analysis

The germination rate, relative germination rate, and allelopathic effect index
were calculated using the following formulas (Zeng, 1999; Gui et al., 2011):

(1) Rg = (Mg/M) x 100%, where Rg is the germination rate, Mg is the
number of germinated seeds, and M is the total number of test seeds.

(2) Rrg = (Rt/Re) x 100%, where Rrg is the relative germination rate, Rt is
the germination rate of the treatment group, and Rc is the germination
rate of the control group.

(3) RI = (1 - Rt/Rc) x 100 or RI = (Rt/Rc - 1) x 100, where RI is the
allelopathic effect index, Rt is the germination rate of the treatment group,
and Rc is the germination rate of the control group.

Data were processed and analyzed using Excel, SPSS 22.0, and Origin 9.0. One-
way ANOVA was used to compare significant differences in root and shoot
lengths among different extract treatments.

2.1 Effects of Different H. vulgaris Extracts on Seed Ger-
mination

Compared with the control group, H. vulgaris extracts had minimal effects on
cucumber seed germination rates, with little difference observed among the four
solvent extracts. In contrast, pakchoi and radish seeds showed more pronounced
inhibition, with radish being the most strongly affected, followed by pakchoi
[Figure 1: see original paper]. The allelopathic effect index is an important
indicator of extract impact intensity. All four solvent extracts showed very
weak inhibition on cucumber seeds (JRI| 0.02), but more significant inhibition
on pakchoi and radish seeds (maximum |RI| of 0.81 for pakchoi and 0.75 for
radish) [Figure 2: see original paper].

Note: CS = Cucumis sativus; RS = Raphanus sativus; BC = Brassica chinen-
sis. Different letters indicate significant differences. The same notation applies
below.

2.2 GC-MS Analysis of Water Extracts from H. wvulgaris
and Rhizosphere Soil

GC-MS analysis was performed on water extracts from H. vulgaris and its rhizo-
sphere soil, with total ion chromatograms shown in [Figure 3: see original paper]

chinarxiv.org/items/chinaxiv-201908.00113 Machine Translation


https://chinarxiv.org/items/chinaxiv-201908.00113

ChinaRxiv [$X]

and [Figure 4: see original paper]. As shown in , 35 organic compounds were
identified in the plant water extract, belonging to alkanes, alcohols, acids, phe-
nols, ketones, carbohydrates, and glycosides. Esters were the most abundant
class (35.34%), followed by acids (13.26%) and alcohols (10.14%). The main
compounds were dibutyl phthalate (15.2%), 10,12-octadecadiynoic acid (8.58%),
2,4-di-tert-butylphenol (6.81%), 6-[(1E)-3-hydroxy-1-butenyl]-1,5,5-trimethyl-7-
oxabicyclo[4.1.0Jheptan-3-ol (6.10%), ethyl palmitate (4.52%), and (6R,7E,9R)-
9-hydroxy-4,7-megastigmadien-3-one (4.78%).

In the rhizosphere soil water extract, 17 organic compounds were identified, be-
longing to alkanes, alkenes, phenols, esters, amides, and other classes. Amides
were the most abundant (26.47%), followed by alkanes (15.75%) and esters
(11.93%). Oleic acid amide was the most abundant compound (26.47%), fol-
lowed by n-heptacosane (9.63%) and ethyl palmitate (4.38%). Eight compounds
were shared between plant and soil extracts, belonging to alkanes, esters, and
carbohydrates, but these shared components were not major constituents in
either plant or soil.

2.3 LC-MS Analysis of Water Extracts from H. wvulgaris
and Rhizosphere Soil

In positive ion mode (ESI+), the plant water extract was dominated by amino
acids and their derivatives (6,495.50 ng-mg '), phenolic acids (2,651.16 ng -
mg '), and flavonoids (2,306.64 ng - mg '). The most abundant compounds were
L-phenylalanine (3,483.99 ng-mg '), caffeic acid (2,045.91 ng-mg '), and luteolin
(2,306.64 ng-mg'). In the rhizosphere soil, fatty acids were the dominant
class (10,561.55 ng - mg '), followed by amines (3,200.36 ng - mg !) and vitamins
(2,989.29 ng - mg '). The most abundant compounds were butyric acid (7,660.53
ng - mg '), palmitamide (3,200.36 ng - mg '), and styrene (2,704.13 ng - mg ).

In negative ion mode (ESI-), the plant water extract was dominated by dicar-
boxylic acids (23,455.88 ng - mg '), phenolic acids (16,959.38 ng - mg '), and car-
bohydrates and their derivatives (11,570.66 ng-mg ). The most abundant com-
pounds were D-quinic acid (21,827.71 ng-mg '), malic acid (12,369.30 ng-mg ),
and chlorogenic acid (12,589.25 ng - mg ). In the rhizosphere soil, fatty acids
(19,801.71 ng-mg ') and carbohydrates and their derivatives (12,945.74 ng-mg ')
were the main classes. The most abundant compounds were n-octacosanoic acid
(18,605.35 ng - mg '), sucrose (12,183.23 ng-mg '), and vitamin A acid (8,187.75

ng-mg').

3.1 Inhibitory Effects of Different H. vulgaris Extracts on
Germination

The results demonstrate that 25 g+ L ! extracts of H. vulgaris in different sol-
vents inhibited both pakchoi and radish, consistent with the findings of Yang
et al. (2013). This indicates that H. vulgaris possesses the ability to inhibit
seed germination of other plants. The weaker inhibition on cucumber seeds
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compared to their results may be attributed to the lower extract concentration
used in this study (25 g+ L ') versus their concentration of 50 g+ L *.

3.2 Comparison of Chemical Components in Water Ex-
tracts from H. vulgaris and Rhizosphere Soil

Allelochemicals are the primary carriers of allelopathic effects and are almost ex-
clusively plant secondary metabolites with small molecular weights and simple
structures. These compounds are typically released into soil through root exu-
dation, rainwater leaching, and decomposition of residues, and can affect other
plants through physical or chemical actions or be transformed by soil microbial
activity into compounds with such effects (Sun et al., 2016; Guo et al., 2018;
Bonanomi et al., 2006; Fernandez et al., 2008). Therefore, this study analyzed
the chemical constituents of plant and rhizosphere soil water extracts to explore
the potential allelopathic substances of H. vulgaris.

Since chemical constituents in soil directly affect other organisms, this analysis
focused on comparing major components in soil and shared major components
between plant and soil. Ester and amino acid contents were significantly reduced
in soil, while fatty acids, amides, phenols, nucleic acids and bases, vitamins, aro-
matic acids, hydroxy acids, and carbohydrates showed marked increases. Fatty
acids, amides, phenols, aromatic acids, vitamins, and hydroxy acids were present
in relatively high concentrations in soil, and these compound classes have been
demonstrated to possess allelopathic activity (Xie et al., 2018; Li et al., 2017;
Gao et al., 2011; Dong et al., 2018). Although phenolic acid content decreased
in soil, phenolic compounds are typically important allelochemicals in previous
studies (Li et al., 2010), necessitating further verification to determine whether
they are primary allelochemicals of H. vulgaris.

Detailed analysis of specific compounds revealed that soil water extract mainly
contained oleic acid amide, n-heptacosane, ethyl palmitate, palmitamide, acetic
acid, butyric acid, benzoic acid, glycolic acid, n-octacosanoic acid, and vitamin
A acid. Oleic acid amide is an important allelochemical in reed leaves (Ye et al.,
2016). Butyric acid is a major allelochemical in Iris pseudacorus and Chinese
fir litter (Chen et al., 2013; Liu, 2006). Palmitic and linoleic acids are impor-
tant allelochemicals (Shu et al., 2016), suggesting that the related compound
palmitamide may be an important allelochemical in H. vulgaris rhizosphere soil.
N-octacosanoic acid has been reported to inhibit algae in eutrophic water bodies
(Zhang, 2009). Glycolic acid may be an allelochemical in the forest soil of Rhodo-
dendron irroratum (Li et al., 2018). Ethyl palmitate and 2,4-di-tert-butylphenol
have been verified to possess allelopathic activity (Shu et al., 2016), and ben-
zoic acid is a major component in decomposing leaf litter of Toona ciliata var.
pubescens (Guo et al., 2018).

Among the main compounds in soil water extract, butyric acid, n-octacosanoic
acid, and glycolic acid belong to fatty acids; oleic acid amide and palmitamide
are amides; ethyl palmitate is an ester; benzoic acid is an aromatic acid; and
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n-heptacosane is an alkane. Comparison of major compounds between plant
and soil water extracts revealed that those abundant in soil were present at
low concentrations in plant extracts, suggesting transformation or other input
processes in soil. Soil fatty acids originate primarily from plants, microorgan-
isms, and soil animals (Otto & Simpson, 2005). The significantly higher fatty
acid content in rhizosphere soil compared to plants indicates that microbial and
soil animal inputs may represent important sources beyond plant-derived con-
tributions. Additionally, decomposition of plant-secreted esters may provide
another pathway for fatty acid input in soil. Oleic acid amide and palmitamide
were major components in soil water extract, while large amounts of oleic and
palmitic acids were identified in plant extracts. Although the synthesis kinet-
ics of these amides in soil remain unclear, plant-derived oleic and palmitic acids
may serve as precursors for amide formation in soil. Ethyl palmitate was present
in substantial amounts in both soil and plant water extracts, suggesting that
plant input is an important source of this compound in soil. Alkanes are impor-
tant soil components that are relatively stable and present in low amounts in
plants, indicating that n-heptacosane may not originate from H. vulgaris. Aro-
matic acids were present at low concentrations in plants, but plants contained
abundant phenols and phenolic acids, suggesting that soil benzoic acid may be
derived from plant input.

Therefore, comparative analysis of chemical constituents in H. wvulgaris plant
and rhizosphere soil water extracts suggests that fatty acids, amides, esters,
and aromatic acids are potential allelochemicals of H. vulgaris. Butyric acid, n-
octacosanoic acid, glycolic acid, oleic acid amide, palmitamide, ethyl palmitate,
and benzoic acid may be the chemical compounds in H. vulgaris rhizosphere
soil that directly affect other plants. Among these, fatty acids (butyric acid,
n-octacosanoic acid, and glycolic acid) may originate not only from H. vulgaris
but also from microorganisms and soil animals, with the latter potentially repre-
senting a larger proportion of inputs. Amides, esters, and aromatic compounds
(oleic acid amide, palmitamide, ethyl palmitate, and benzoic acid) likely depend
primarily on input from H. vulgaris plants.
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