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Abstract

The overgrowth of Microcystis aeruginosa (M. aeruginosa) often causes serious harm to the surface
water environment. In recent years, allelopathic substances extracted from plants have been discovered
to have inhibitory effects on algae growth. However, there is a scarcity of current studies on allelopathic
extracts from terrestrial Asteraceae plants. This study investigated the inhibitory effect of Artemisia
argyi (A. argyi) aqueous extract on the growth of M. aeruginosa. Gas chromatography-mass
spectrometry was utilized to analyze the contents of A. argyi aqueous extracts, and their inhibitory
effects and mechanisms were analyzed by measuring a series of indicators in algal cells. Results showed
that terpenoids have the highest content in the 4. argyi aqueous extract. Algal cells experienced severe
oxidative damage and antioxidant reactions under the influence of 4. argyi aqueous extracts, resulting
in reduced photosynthetic capacity, enhanced membrane permeability, and intracellular fluid outflow.
Furthermore, ecotoxicity experiments involving zebrafish and Vallisneria natans as experimental
subjects demonstrated that 4. argyi aqueous extract has good ecological safety. Therefore, 4. argyi
aqueous extracts can serve as a novel environmentally friendly algae inhibitor with potential practical
applications for algae inhibition purposes.
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Introduction

Affected by global warming and human factors in recent
years [1], lakes and reservoirs worldwide have frequently
faced the problem of cyanobacterial blooms. Microcystis
aeruginosa (M. aeruginosa) is one of the main algal
species in cyanobacterial blooms. Physical, chemical,

*e-mail: xiating@njtech.edu.cn

biochemical, and other methods can inhibit the excessive
growth of harmful algae [2]. However, many methods
are expensive, unsatisfactory, and may cause secondary
pollution [3]; moreover, these methods are difficult
to use widely in practice. Therefore, how to inhibit
the growth of M. aeruginosa efficiently, economically,
and environmentally has become a hot research topic.
The use of plant allelopathic substances has been
regarded as an emerging technology inhibiting the growth
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of harmful algae. Plant allelopathic substances are
considered environmentally friendly and efficient natural
products, which are highly efficient and targeted, easily
degraded under natural conditions, and will not cause
ecological accumulation [4]. Plant allelochemicals
include phenols, terpenes, flavonoids, quinones, tannins,
alkaloids, and fatty acids [5]. According to Loudiki et al.
[6], allelopathic substances produced by macrophytes can
destroy the composite structure of algal cell membranes
and affect photosynthesis, effectively inhibiting the growth
of algae. Currently, in the field of plant allelopathic algae
suppression, the allelopathic effects of aquatic plants are
mainly used to inhibit the growth of cyanobacteria. He
et al. [7] found that the phenolic acid chemicals secreted
by Mpyriophyllum spicatum can inhibit the growth
of M. aeruginosa. However, aquatic plants have certain
limitations in inhibiting algae. For example, aquatic plants
contain fewer types of allelopathic substances, and their
activity is less vigorous than other types of plants. Some
studies on the allelopathic effects of terrestrial plants on
algae suppression have been conducted. Hua et al. [8]
found that allelopathic substances extracted from rice
straw had a tremendous inhibitory effect on the growth
of M. aeruginosa; Juglone (5-hydroxy-1,4-naphthoquinone)
extracted from Juglans trees studied by Hou et al. [9] also
showed that it has a remarkable allelopathic inhibitory effect
on algae. However, the current research on allelopathic algae
inhibition of terrestrial plants only accounts for a small part
of'the research on allelopathic algae inhibition, which is far
less in-depth than the research on aquatic plants. Research
on algae inhibition by terrestrial plants still has enormous
space and potential to be tapped.

As acommon type of terrestrial plant, Asteraceae plants
are widely distributed in nature. Substantial research has
reported their allelopathic effects. According to statistics,
at least 39 species and genera have allelopathic effects, but
the inhibitory effects of Asteraceae plants of algae vary
significantly among different species [10]. Li et al. [11]
found that 4. argyi stalk used as fertilizer would affect
the growth of surrounding weeds. 4. argyi is a typical higher
Asteraceae plant. However, research on its allelochemical
inhibition on algae has yet to be carried out. Therefore, if we
can analyze the allelochemical components of 4. argyi in-
depth and explore its algae-inhibiting effect and mechanism,
it may enrich the screening range of plants that inhibit
the growth of cyanobacteria and provide new materials
and methods for controlling cyanobacteria blooms.

This experiment innovatively used A. argyi as
the experimental object to extract allelopathic substances
and used 4. argyi aqueous extract of different concentrations
to conduct an allelopathic inhibition experiment on
M. aeruginosa. The allelopathic active components
in A. argyi aqueous extract were identified by gas
chromatography-mass spectrometry (GC—-MS). Superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT),
malondialdehyde (MDA) content, and chlorophyll a (Chl-a)
content in algae cells were measured. Furthermore, soluble
protein content and changes in extracellular organic matter
(EOM) of the algal solution were determined, analyzing

its inhibitory mechanism on algae growth and providing
a theoretical basis for the study of algae inhibition by
A. argyi allelochemicals. Finally, toxicity experiments
were conducted using zebrafish and Vallisneria natans as
experiment subjects to explore the effect of 4. argyi aqueous
extract on water ecological security when used to inhibit
cyanobacterial blooms.

Materials and Methods
Materials

The A. argyi used in the experiment was collected
from Nanjing Laoshan National Forest Park in May
2022 (118°34'25.56"E, 32°5'9.97"N). M. aeruginosa
(FACHB-524) was purchased from the Institute
of Hydrobiology, Chinese Academy of Sciences,
and cultured using autoclaved BG11 in a light incubator.
The culture conditions were as follows: the temperature
was 25°C, the light intensity was 2000-3000 Lux, the light-
dark ratio was 12 h:12 h, and the algae were shaken
regularly three times a day. After about 7 days, the algae
in the logarithmic growth phase were transferred to a new
medium for experiments.

Preparation of A. argyi Aqueous Extract

The picked 4. argyi was washed three times with
distilled water and dried at a constant temperature for 24 h
at 80°C. A solid grinder was used to crush the dried 4. argyi
into powder, which was screened through a 20-mesh
stainless steel sieve. Approximately 10 g of A. argyi
powder was taken and soaked in a beaker filled with 200 mL
of distilled water. A plastic wrap was used to seal the mouth
ofthe beaker, which was placed in the incubator for 7 days.
After the standstill, the powder was ultrasonically extracted
at 25°C and 100 kHz for 12 h. Finally, a 0.45 pm filter
membrane was used to suction-filter the extract to obtain an
aqueous extract of A. argyi with a concentration of 50 g/L
(calculated on the basis of plant dry weight). The extract
was stored in a refrigerator (4°C) for later use.

Inhibition Experiment of 4. argyi
Aqueous Extracts on M. aeruginosa

The A4. argyi aqueous extract and BG-11 culture medium
were placed in a 500 mL Erlenmeyer flask; the total volume
was 300 mL, with a pH of 7.0, and the aqueous extract
concentrations were 0 g/L (blank control group), 1 g/L,
and six experiment groups of 3, 6, 10, and 15 g/L, each with
three parallel samples. M. aeruginosa in the logarithmic
growth phase was inoculated into each experiment group
so that each experiment group’s initial absorbance value
(ODggo) was 0.1. At this time, the density of algal cells
was approximately 5.0x10° cells/L. The experiments
were all conducted in a constant-temperature lighting
incubator with a temperature of 25°C, a light intensity
of 2000-3000 Lux, and a light-dark ratio of 12 h:12 h.
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The Erlenmeyer flask was regularly shaken three times
a day, and the position was randomly changed to reduce
the light’s effect on algae growth. Indicators were
measured every 24 hours.

Analytical Methods
Determination of Cell Density

The hemocytometer method [12] was used to
observe and count under a Nikon E200 microscope,
and the absorbance was measured at a wavelength
of 680 nm with a UV spectrophotometer to establish
the linearity between the density of M. aeruginosa
and the OD680 absorbance value. The regression equation
is y = 48.44x — 0.2 (x is the ODgg value, y is the algae
density, the algae density unit: x10° cells/L, R?= 0.999),
thereby measuring the ODgg value of the algae solution
through timing to reflect the density of algal cells.

Microalgal Cell Inhibition

A certain amount of experiment algae solution was
taken every 24 hours, a UV-visible spectrophotometer at
awavelength of 680 nm was used to measure its absorbance
value, and the M. aeruginosa cell density and the standard
curve of the ODggy value were compared to calculate
the algae cell density. In reference to the method of Wang et
al. [13], the growth inhibition rate of plant allelochemicals
on M. aeruginosa was calculated in accordance with
the following formula:

IR = (1 — N/Np) x 100% (1)

where IR is the inhibition rate, N is the density
of algal cells in the experiment group after adding plant
allelochemical substances, and N, is the density of algal
cells in the blank control group.

GC-MS Analysis

The composition of allelopathic substances in the A. argyi
aqueous extract was analyzed and determined using GC—
MS (Agilent 7890B-7000C, USA). The chromatographic
column specifications are HP-5 ms, 0 m x 0.25 mm x
0.25 um. The sample injection volume was 10 upL,
and the injection port temperature was 280°C. The split
ratio was 20:1, and the heater temperature was 280°C.
The chromatographic conditions were 40°C, maintained for
5 min; heated to 250°C at 10°C/min; and heated to 280°C at
5°C, maintained for 5 min. Finally, the NIST05a spectrum
database was used for analysis to determine the names
of each component substance.

Determination of Physiological Indicators of Algae Cells
Pretreatment of algae liquid: A pipette gun was used to

absorb 2 mL of algae liquid into a centrifuge tube. The liquid
was centrifuged at 12,000 rpm/min for 5 min, the supernatant

was removed, and approximately 5 mL of deionized water
was added; this operation was repeated thrice. Absorb 2 mL
of PBS buffer at 4°C, pH 7.4, and concentration 1 mol/L
into the centrifuge tube. The centrifuge tube was placed
in an ultrasonic cleaner, and the algae cells were crushed
in an ice bath. The power of the ultrasonic cleaning machine
was 60%, the ultrasonic crushing time was 5 s, the interval
time was 5 s, and the crushing duration was 15 min after
the crushing. The crushed cells were centrifuged again
at 12,000 rpm/min for 5 min. The supernatant obtained
is the crude algae cell enzyme solution required for
the experiment.

The soluble protein content was determined by
the Coomassie brilliant blue method [14]; the Chl-a was
determined by the ethanol method [15]; the MDA content
was determined by the thiobarbituric acid method [16]; SOD
activity, POD activity, and CAT activity were all measured
using colorimetric methods [17]; the conductivity value
of the algae solution was measured with a conductivity
meter (REX DDS-307A, China). The soluble protein, SOD,
CAT, POD, and MDA assay kits were purchased from
the Jiancheng Bioengineering Institute (Nanjing, China),
and the measurements were conducted in accordance with
the manufacturer’s instructions.

EOM and SEM Analysis

Each sample was filtered through a 0.45 pm filter
membrane and then subjected to extracellular organic
matter (EOM). A fluorescence spectrophotometer
(F-320 FL Spectrophotometer, Guangdong, China)
measured the fluorescence EEM spectra of all samples.
The corresponding scanned emission spectra increased
from 250 to 550 nm in 5 nm increments by changing
the excitation wavelength from 220 nm to 450 nm at
a 5 nm sampling interval.

An appropriate amount of algal fluid was taken into
a 50 mL centrifuge tube, 10 mL of PBS buffer was
added and cleaned for 10 min, centrifuged at 5000 rpm
for 5 min, 10 mL of 2.5% glutaraldehyde solution was
added, fixed at 4°C for 8—10 h, and algal filaments were
centrifuged at 5000 rpm for 5 min. Add 10 mL of 50%
FAA fixing solution again, mix well, and fix for 3h.
The samples were then dehydrated at 30%, 50%, 70%,
90%, and 100% ethanol concentration gradients for 15
minutes, and finally freeze-dried. The samples were
observed using a scanning electron microscope (SEM)
(Su8010 Hitachi, Japan).

Toxicity Experiment of 4. argyi Aqueous
Extract on Zebrafish and Vallisneria natans

Given that zebrafish have a sensitive nervous system
and their pathological morphology is easy to observe
[18], it has been widely used in ecotoxicology research
[19]. This experiment selected a body length of 3—4 cm
(Ezerinka, Nanjing) as the experiment object. Refer to
the M. aeruginosa ecotoxicity experiment on zebrafish
[20] to experiment with the effect of 4. argyi aqueous
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Fig. 1. Effects of an aqueous extract of Artemisia argyria on the growth of Microcystis aeruginosa: (a) algal density; (b) inhibition ratio.

extract on zebrafish. A total of 20 zebrafish were placed
in each fish box. The volume of experiment water (aerated
for 48 hours) in each box were 10 L. The temperature
was maintained at about 20+1°C, the pH was 7.0+0.3,
and the dissolved oxygen was maintained at no less than
6 mg /L. The extract concentrations in each experiment
group were 0, 1, 3, 6, 10, and 15 g/L, and the experiment
period was 10 days. The fish were observed regularly
every day, and their survival status in each experimental
group was recorded. The mortality rate in the control
group did not exceed 10%.

Vallisneria natans 1is a submerged plant
of the Vallisneria family and genus Vallisneria. It is
widespread in rivers and lakes in China. The growth status
of Vallisneria can reflect the impact of 4. argyi aqueous
extract on submerged plants to a certain extent.
Vallisneria natans that grow well with a height of (16+1)
cm and a weight of (6+£0.5) g in the experiment fish
box was selected. A total of 12 plants were cultivated
in each box. Approximately 5 cm of clay-based gravel
was laid at the bottom of the fish box for precultivation
1 week [21]. The concentration of the extract in each
experiment group was set at 0, 1, 3, 6, 10, and 15 g/L.
The experiment period was 10 days. On days 1, 5, and 10,
the growth of Vallisneria natans was recorded, and its
Chl-a value was measured.

Statistical Analysis

The half maximal effective concentration (EC50) refers
to the concentration that can cause 50% of the maximum
effect. The lower the value, the stronger the algal
inhibitory ability of the extract [22]. EC50 is obtained
by establishing a regression model using SPSS19.0. Excel
and SPSS 19.0 were used to process experimental data
and statistical analysis, and Origin 2022 software was
used for graphing.

Results and Discussion

Effects of A. argyi Aqueous Extract
on M. aeruginosa Growth

The growth curve and inhibition rate of M. aeruginosa
treated with different concentrations of 4. argyi aqueous
extract are illustrated in Fig 1. In the experiment, M.
aeruginosa in the blank control group exhibited rapid
growth, and the density of M. aeruginosa reached 12.58 x
10° cells/L on the 10th day (Fig.1 (a)). Upon the addition
of A. argyi aqueous extract, the inhibition rate of algae
initially increased and then fluctuated over time. After
the third day, the inhibition rate of A. argyi aqueous
extract on algae significantly rose. Moreover, with higher
concentrations of 4. argyi aqueous extract, this inhibitory
effect became more pronounced. The maximum inhibition
rate in the group with the extract concentration of 15 g/L
was 92.64% on the 9th day (Fig.1(b)). The above results
indicate that 4. argyi aqueous extract had an inhibitory effect
on the growth of M. aeruginosa, with significant variation
observed among different concentrations. Furthermore, as
the concentration of 4. argyi aqueous extract increases, its
inhibitory effect continues to strengthen.

The inhibitory effect of low concentrations of 4. argyi
aqueous extract on M. aeruginosa is limited. As depicted
in Fig. 1 (b), even at concentrations of 1 and 3 g/L,
the extract still exhibits some inhibitory effect on
M. aeruginosa throughout the entire experimental period,
although the effect is insignificant. This implies that
low concentrations of allelochemicals may not induce
significant stress on algae and may degrade over time,
resulting in diminished inhibitory effects. This observation
aligns with the conclusion of Qian et al. [23], who found
that low-concentration Houttuynia extract exhibited poor
inhibitory effects on M. aeruginosa. Conversely, the results
indicate that 4. argyi aqueous extract concentrations
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Table 1. 10d ECs of the aqueous extract of Artemisia argyria.

Botanical Regression equation

10d ECs 95% Confidence interval

Artemisia argyria y=2.194x-0.907%
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Fig. 2. GC-MS spectrogram of the aqueous extract of Artemisia argyria.

exceeding 6 g/L significantly inhibit M. aeruginosa.
When the concentration of allelochemicals surpasses
the alga’s anti-inhibitory capacity, notable alterations can
occur in membrane lipids, proteins, and other vital cell
structures within algal cells [24]. Subsequent sections will
delve into how 4. argyi aqueous extract induces stress on
M. aeruginosa and modifies its cellular structure.

In addition, SPSS software was used to perform
regression analysis on the obtained experiment data,
and the 10-day half-effective concentration value (10d
EC50) and dose equation of A. argyi aqueous extract against
M. aeruginosa were calculated. The experiment results are
shown in Table 1.

Identification Results and Analysis of GC-MS

GC-MS analysis was employed to examine the primary
components of allelopathic substances in the 4. argyi
aqueous extract, with the area normalization method
utilized to determine the relative content of each chemical
constituent. The GC-MS spectrum of the A. argyi
aqueous extract is depicted in Fig. 2. Upon comparison
with the standard library, Table 2 provides details such
as retention time, compound, CAS registry number,
and percentage of the identified compounds. The GC-MS
spectrum and ingredient list reveal that a total of nine
types of compounds were identified, including terpenes,
fatty acids, esters, alkenes, phenols, alcohols, aldehydes,
and naphthalenes. Among these compounds, terpenoids
accounted for the largest proportion, with eighteen species

detected at approximately 57.11%. Terpenoids, a broad
category encompassing hydrocarbons with the general
formula (CsHg), and their oxygenated derivatives, are
primarily found in the secretory tissues of higher plants due
to their potent aroma. Composite plants such as mugwort
are notably used for the preparation of volatile essential oils.
Monoterpene and sesquiterpene compounds, the primary
constituents of volatile oil, have been documented to
possess relatively active insecticidal and deworming
properties, as well as cytotoxicity [25]. Moreover, esters
and organic acids are also the major components of the 4.
argyi aqueous extract. Prior research has indicated that
esters and organic acids can be self-oxidized in aqueous
solutions, prompting the generation of reactive oxygen
species (ROS) and inducing apoptosis in M. aeruginosa [26,
27]. Therefore, we believe that the allelopathic compound
of M. aeruginosa is not a single compound but the result
of combining several compounds. Moreover, future studies
should further isolate and explore which compounds in 4.
argyi aqueous extract are more conducive to inhibiting M.
aeruginosa.

Physiological Impacts of the 4. argyi
Aqueous Extract on M. aeruginosa

Changes in the MDA, SOD, POD, and CAT
To delve deeper into the inhibition mechanism of A. argyi

aqueous extract on M. aeruginosa, indicators representing
the physiological characteristics of M. aeruginosa,
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Table 2. Main chemical components of aqueous extract of Artemisia argyria.

No. Reme(lllltlii(:ll)l time Compound C/?i;fg;try Percentage (%)
1 3.365 p-Toluic acid 99-94-5 5.84
2 4.627 Ethyl lactate 97-64-3 0.82
3 6.483 Camphene 79-92-5 0.33
4 6.962 2,5-Norbornadiene 121-46-0 0.06
5 7.298 alpha-Phellandrene 99-83-2 2.3
6 7.835 terpinolene 586-62-9 1.1
7 8.052 a-Terpinene 99-86-5 0.16
8 8.281 Linalool 78-70-6 0.94
9 8.757 (1S)-(+)-3-Carene 498-15-7 0.1
10 8.843 Norbornene 498-66-8 0.05
11 8.9 y-Terpineol 586-81-2 0.58
12 9.148 Terpineol 8000-41-7 0.13
13 9.48 2-Propyn-1-ylcyclohexane 17715-00-3 0.44
14 9.523 Carveol 99-48-9 0.13
15 10.141 (+)-Camphor 464-49-3 1.09
16 10.408 Verbenol 473-67-6 0.15
17 10.46 Terpinen-4-ol 562-74-3 8.61
18 10.69 Isoborneol 124-76-5 0.33
19 10.937 (-)-a-Terpineol 10482-56-1 0.83

20 11.184 carvacrol 499-75-2 0.2

21 11.342 4-Decenoic acid 26303-90-2 0.23
22 12.762 1-tert-butylcyclopenta-1,3-diene 41539-65-5 0.22
23 14.042 Cedarwood oil terpenes fraction 68608-32-2 2.19
24 14.156 Cedrene 11028-42-5 0.11
25 14.481 (-)-Isolongifolene 1135-66-6 0.21
26 14.827 (-)-p-Elemene 515-13-9 0.67
27 14.902 beta-Humulene 116-04-1 0.11
28 16.027 Cedrenol 28231-03-0 0.49
29 16.817 Santalol 11031-45-1 37.71
30 17.101 Heptanoic acid, 2-acetyl-, ethyl ester 24317-94-0 1.98
| v [T b2 | s |
32 17.832 2 6-DIETHYLNAPHTHALENE 59919-41-4 1.4

33 18.718 3,7,11,15-tetramethyl-1,2-hexadecadiene 2437-92-5 1.01
34 19.159 Phytantriol 74563-64-7 0.53
35 20.057 Dihexyl phthalate 84-75-3 0.87
36 20.257 (+)-Sclareolide 564-20-5 1.21
37 20.802 Isobornyl acrylate 5888-33-5 1.6

38 21.433 4-Adamantan-1-ylphenol 29799-07-3 1.5
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No. Rentiﬁiiir)l time Compound Cii:;giitry Percentage (%)
39 21.598 3,7-Dimethyl-2-octen-1-o0l 40607-48-5 2.22
40 21.948 Isobornyl isobutyrate 85586-67-0 1.43
41 22.664 1-Butyl-4-(diethoxymethyl)benzene 83803-80-9 0.84
42 22.893 2,2-Bis(4-hydroxyphenyl)propane 1980-5-7 2.47
43 23.616 3-(Benzyloxy)-4-methoxybenzaldehyde 6346-05-0 2.26
44 24.661 Tetracosane 646-31-1 1.19
45 25.034 Di-sec-octyl phthalate 131-15-7 0.84
46 25.1 (-)-Santonin 481-06-1 1.18
47 26.333 Flavin mononucleotide 146-17-8 0.94
48 26.735 Erucamide 112-84-5 1.71
49 27.087 1,2-Epoxyhexadecane 7320-37-8 1.34

Physiological Impacts of the A. argyi Aqueous Extract on M. aeruginosa

such as MDA, SOD, POD, and CAT, were measured
during the experiment. MDA is a product of membrane
peroxidation, and higher MDA content indicates greater
lipid peroxidation in the membrane and more damage to
algal cells [28]. Fig. 3(a) depicts the impact of A. argyi
aqueous extract at different concentrations on MDA
content in M. aeruginosa cells. Throughout the experiment
period, MDA content in the 1 g/L experiment group was
not significantly different from that in the blank control
group and remained relatively stable, indicating that
the concentration of extract would not cause membrane
lipid peroxidation of algal cells. When the concentration
of A. argyi aqueous extract was >6 g/L, MDA content
initially increased before subsequently decreasing over
time. The experimental groups with concentrations of 6, 10,
and 15 g/L reached peak values on the second day at levels
2.05 times, 2.21 times, and 2.46 times that of the control
group, respectively, indicating lipid peroxidation had
occurred in algal cells at this time due to invasion by
oxygen free radicals into polyunsaturated acids within cell
membranes resulting in oxidative stress [29]. However,
as the experiment progressed, there was a sharp decrease
in MDA content; since day 4th onwards, it has been lower
than that of the control group because when algal cells
are stressed, they produce many reactive oxygen species
(ROS) and free radicals, and ROS and MDA have a positive
correlation [30]. Simultaneously, algal cells secrete
various antioxidant enzymes to neutralize ROS through
the antioxidant system, resulting in a continuous reduction
in MDA content within high-concentration experimental
groups. This phenomenon is similar to the findings of Chen
etal.’s [31] research on M. aeruginosa utilizing quercetin.

SOD is a vital antioxidant metalloenzyme in the anti-
oxidant system of M. aeruginosa, playing a key role in cata-
lyzing ROS in the cell body into H202. Subsequently,

POD and CAT facilitate the further decomposition of H,O,
into H,O, effectively eliminating reactive oxygen species
from cells and preventing cellular oxidation [32]. The al-
terations in SOD, POD, and CAT contents in algal cells
under different concentrations of A. argyi aqueous extract
are depicted in Fig. 3(b), (c), and (d). On the second day
of the experiment, SOD activity significantly surpassed that
of'the control group in the experimental groups. Throughout
the experiment, SOD activity exhibited significant varia-
tion in the experimental groups: it gradually declined over
time in groups with 1 and 3 g/L extract concentrations but
consistently exceeded that of the control group, even on
the 10th day. In experimental groups with an extract con-
centration >6 g/L, SOD activity decreased significantly
by the 4th day. Starting from the 6th day, SOD activity
consistently lagged behind that of the blank control group.
The overall change trend of POD and CAT activities was
close to that of SOD activity. In experimental groups with
an extract concentration > 6 g/L, both POD and CAT activi-
ties exceeded those of the blank control group by more than
twofold on the second day of experimentation. However,
by the 4th day, there was a sharp decline in their activi-
ties, which gradually stabilized as days progressed, ulti-
mately remaining consistently lower than those observed
in the control group.

Initially, there was a notable elevation in SOD, POD,
and CAT levels across all experimental groups. This can be
ascribed to the stress induced by A. argyi aqueous extract on
the growth of M. aeruginosa, resulting in a significant increase
in ROS content within algal cells. Algal cells responded to
this oxidative stress by activating their intricate antioxidant
enzyme system, leading to the swift accumulation of these
enzymes. As the experiment progressed, the activities
of SOD, POD, and CAT decreased in all concentration groups
due to continuous consumption of these antioxidant enzymes
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Fig. 3. Effect of different concentrations of aqueous extract of Artemisia argyria on MAD(a), SOD(b), POD©, and CAT(d) activity

of Microcystis aeruginosa.

for scavenging free radicals. Consequently, levels of SOD,
POD, and CAT were reduced. Furthermore, excessive ROS
exceeded the tolerance threshold of certain algal cells, leading
to the inhibition of the antioxidant enzyme system [33].
This ultimately culminated in the collapse and inactivation
of the antioxidant system within algal cells. Ultimately,
the activity of each enzyme system in the antioxidant system
was lower than that of the blank control group. Thus, it can be
inferred that high concentrations of A. argyi aqueous extract
have the potential to weaken or even destroy the antioxidant
system within algal cells, thus exhibiting specific algae-
killing properties.

Changes in the Soluble Protein
and Chlorophyll A Content

The soluble protein in algal cells is directly related to
the growth and metabolism of algal cells, and the increase
of soluble protein can improve the water retention ability
of cells, thereby protecting their important substances

and biofilms [34]. Fig. 4(a) illustrates the impact of A. argyi
aqueous extract concentration on soluble protein content
in M. aeruginosa cells. The soluble protein content of M.
aeruginosa in each group was consistently lower than that
in the control group and gradually decreased with increased
extract concentration. Soluble protein in groups with 1
and 3 g/L exhibited a gradual increase in the later stages
compared to other experimental groups. This phenomenon
may stem from algaess ability to self-regulate in response
to stressors at lower extract concentrations, as suggested by
the research of Xu et al. [35]. However, the soluble protein
content of algal cells in other concentration groups exhibited
a gradual decline, which is due to the increase of MDA
content and the lipid oxidation of cell membrane caused
by A. argyi aqueous extract, resulting in the reduction
of protein content, cleavage, and internal dissolved matter
overflow, which can no longer be adjusted by itself and thus
inhibit algal growth.

The Chl-a content is intricately linked to the photosyn-
thetic activity of M. aeruginosa cells. Previous research has
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Fig. 4. Effect of aqueous extract of Artemisia argyria on soluble protein content (a) and chlorophyll A content (b) of Microcystis aer-

uginosa.

shown that allelopathic substances can impede the synthesis
rate of Chl-a in algal cells, affecting their photosynthetic
efficiency and ultimately resulting in biomass reduction
[36]. Fig. 4(b) illustrates the impact of A. argyi aqueous
extract concentration on Chl-a content in M. aeruginosa
cells. During this experiment, a gradual reduction in Chl-
a content in algal cells was observed when the concen-
tration of A. argyi aqueous extract exceeded 6 g/L. This
observation implies that 4. argyi aqueous extract influences
the photosynthetic process of algal cells, consistent with
findings by Ni et al. [37], who reported that artemisinin
extracted from composite decreases the photosynthetic
pigment in M. aeruginosa. Chen et al. [38] conducted
algal inhibition experiments using fresh camphor leaf ex-
tract and found that it mainly contained terpenoids, esters,
and other substances that could also reduce the maximum
photochemical quantum yield of M. aeruginosa. Chloro-
plasts play a crucial role in Chl-a production and photo-
synthesis in microalgae, serving as primary sites for ROS
production [39]. Given the activities of antioxidant enzymes
and the aforementioned changes in MDA content, it can
be inferred that a high concentration of A. argyi aque-
ous extract will induce the generation of numerous ROS
within the chlorophyll of algal cells. Subsequently, ROS
can disrupt the structure and function of the photosynthetic
complex, leading to a reduction in Chl-a content. Thus,
the reduction of Chl-a in algal cells by 4. argyi aqueous
extract may represent one of the mechanisms by which
allelopathic substances suppress algal growth.

Effect of A. argyi Aqueous Extract on the Integrity
of M. aeruginosa Cell Membrane

Variations in algal fluid conductivity directly mirror
alterations in algal cell membrane permeability. Under
stress or damage, the permeability of algae cell membranes

increases, facilitating electrolyte outflow and elevating
extracellular solution conductivity [40]. Fig. 5 illustrates
variations in the conductivity of the M. aeruginosa
algae solution under different concentrations of 4. argyi
aqueous extract. The conductivity value in the blank
control group is closely related to the density of algae.
With the extension of the experiment and the increase
in algae density, the conductivity value gradually declines.
This suggests that algae cells assimilate trace elements
from the culture medium during growth, reducing free ions
outside the cells and diminishing solution conductivity.
The conductivity of the algae solution in the 6, 10,
and 15 g/L experiment groups increased remarkably,
indicating that the cell membrane permeability changed
and intracellular substances flowed out of the body. Yu
et al. [41] indicate that certain bioactive substances,
including allelochemicals, compromise membrane
integrity by causing damage to cell membranes, imbalances
in ion channels, and changes in membrane permeability.
The experiment also demonstrated that the cell structure
of M. aeruginosa was impacted, and the growth of algal
cells was inhibited when the concentration of 4. argyi
aqueous extract exceeded a certain threshold.

To directly observe the impact of A. argyi aqueous
extract on the cell structure of M. aeruginosa, SEM images
were captured on the 10th day for both the blank control
group and the experimental group treated with 15 g/L
extract. In the control group, algal cells appeared spherical
and smooth, exhibiting good cell integrity. However, we
observed cell atrophy and disintegration in the experimental
group treated with 15 g/L. We hypothesize that under
the stress of A. argyi aqueous extract, lipid oxidation
of the cell membrane and increased permeability of algal
cell membranes occur, leading to increased efflux of algal
cell fluid, cell atrophy, membrane integrity damage,
and ultimately, cell destruction. This analysis is supported
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Fig. 6. SEM images of Microcystis aeruginosa treated by an aqueous extract of Artemisia argyria: (a) blank control (b) 15g/L after 10

days.

by the significant increase in MDA, SOD, POD, and CAT
activities observed in the high concentration group at
the beginning of the experiment, as well as the atrophy
and death of algal cells observed in the SEM images
post-experiment.

Effects on Extracellular Organic Matters

The fluorescence excitation-emission matrix (EEM)
can reflect the presence of organic matter in water [42],
and the EEM in this experiment reflects alterations
in the composition of extracellular organic matter (EOM).

The three-dimensional EEM fluorescence spectra of M.
aeruginosa EOM treated with 4. argyi aqueous extract at
different concentrations (0 and 15g/L) after 0, 5, and 10
days are shown in Fig. 7. In this experiment, the EEM
fluorescence spectrum mainly exhibits three prominent
peaks: the first peak mainly reacts at 280/330nm Ex/Em,
and the other two peaks mainly react near the Ex/Em
0f355/445 and 275/450 nm. These peaks reflect the changes
of protein, humus, and fulvic acid, respectively [43,
44]. The EEM fluorescence spectra of the blank control
group remained relatively stable, suggesting normal
growth of M. aeruginosa. The EEM fluorescence spectra
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Fig. 7. Fluorescence excitation—emission matrix (EEM) spectra for extracellular organic matter (EOM) of cells exposed to an aqueous

extract of Artemisia argyria for 0 d, 5 d, and 10 d.

of M. aeruginosa under the treatment of 15g/L A. argyi
aqueous extract mainly reflected the increase of extracellular
protein, humus, and xanthohumic. It is normal for EOM
to contain protein because protein is a vital component
ofalgal cells, and a small amount of protein can be released
through cell metabolism [45]. The rise in extracellular
proteins could be linked to the high concentration
of A. argyi aqueous extract, causing the increase of cell
membrane permeability and the release of intracellular
soluble proteins and various enzymes. Additionally, an
increase in fluorescence intensity of humus and fulvic
acid peaks occurred due to the decomposition of organic
macromolecules, including proteins and polysaccharides,
from deceased algal cells [46]. This observation is consistent
with SEM characterization results presented in Fig. 6,
suggesting that a high concentration of 4. argyi aqueous
extract can modify the permeability of M. aeruginosa cell
membranes. This alteration leads to changes in crucial cell
structures such as membrane lipids and proteins within
the cell body, ultimately resulting in atrophy and death
of the algal cells.

Toxicity of A. argyi Aqueous Extract on
Zebrafish and Vallisneria natans

The impact of different concentrations of A. argyi
aqueous extract on the survival rate of zebrafish is presented
in Table S2. Zebrafish in the blank control group exhibited
healthy growth throughout the experiment and did not
experience any mortality. As the concentration of the extract
increased, there was a gradual decrease in the survival

rate of zebrafish in each experimental group, especially
since the zebrafish in the 15 g/L experimental group
appeared to have died on the first day. Subsequently,
there was a downward trend in the survival rate, with
only 55% surviving on the 10th day. Additionally, the 10d
EC50 of M. aeruginosa on zebrafish was 19.82 g/L by
SPSS software, which was higher than the 10d EC50
of A. argyi aqueous extract on M. aeruginosa (2.59 g/L),
indicating that the toxicity of A. argyi aqueous extract on
zebrafish was less than that on M. aeruginosa. Fig. 8 shows
the effects of different concentrations of 4. argyi aqueous
extract on chl-a content in bittergrass. It can be observed
from this figure that except for the 15 g/L experimental
group, all other experimental groups showed a similar
change trend with a slight increase as time progressed.
For the 15 g/L experiment group, the chl-a content was
almost kept within the range of 1.5(+0.03) mg/L during
the experiment period, and the change range was small,
indicating that 4. argyi aqueous extract did not affect
the growth of Vallisneria natans.

Considering the potential impact of a high concentration
of A. argyi aqueous extract on the survival rate of zebrafish,
it is recommended to control the concentration of the extract
at approximately 6 g/L when using it to inhibit the growth
of M. aeruginosa; at this concentration, the extract is found
to be less toxic to zebrafish. The different concentrations
of A. argyi aqueous extracts in each group did not have
a considerable impact on the growth of Vallisneria natans
and still had good aquatic ecological safety. Additionally,
considering the biodegradability of the extract [47] and not
maintaining a high level in the water body, it can be inferred
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Fig. 8. Effects of Artemisia argyria aqueous extract on chlorophyll A concentration in Vallisneria natans.

that the A. argyi aqueous extracts have almost no adverse
effects on aquatic ecological health.

Conclusions

This study utilized 4. argyi aqueous extract as an inhibitor
and investigated the effects of different concentrations
of A. argyi aqueous extract on the growth of M. aeruginosa
under laboratory conditions. The primary allelopathic
substances in A. argyi aqueous extract include terpenoids,
esters, and organic acids, with terpenoids constituting
up to 57.11% of the total composition. The inhibition
experiment revealed that 4. argyi aqueous extract at various
concentrations has an inhibitory effect on the growth of M.
aeruginosa. Specifically, when the concentration of A. argyi
aqueous extract is > 6 g/L, a significant algal inhibitory
effect was observed; notably, the inhibition rate of M.
aeruginosa reached 91.76% under the influence of 15g/L
A. argyi aqueous extract. According to the physiological
index experiment of M. aeruginosa, it is inferred that 4.
argyi aqueous extract reduces the Chl-a content of algal
cells and increases the permeability of the cell membrane,
thereby increasing the concentration of allelochemical
substances in the cytosol, triggering changes in other
physiological indicators, and causing algae cell death.
Cell membrane rupture and Chl-a reduction may be vital
signs of allelopathy. The 10-day EC50 of A. argyi aqueous
extract against zebrafish was 19.82 g/L and had no adverse

effects on Vallisneria natans. Given that A. argyi aqueous
extract has an excellent inhibitory effect on M. aeruginosa
and has good ecological safety, it is expected to be used
as an eco-friendly inhibitor for the prevention and control
of cyanobacterial blooms after subsequent verification
of the effect in the field. Future research efforts could focus
on isolating specific allelochemical components within 4.
argyi aqueous extract, which is crucial for understanding
their internal mechanism acting upon M. aeruginosa. This
study provides valuable insights for future promising studies
aimed at gaining a clear understanding regarding mode-of-
action mechanisms associated with allelopathic extracts
derived from Asteraceae crops targeting M. aeruginosa.
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