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Phaeocystis globosa is a globally distributed harmful algal bloom species that
causes severe damage to local environments and economies. The use of the
invasive plant I[pomoea cairica as an algaecide for P. globosa is an
environmentally friendly management strategy. Although previous studies have
found that I. cairica extracts can effectively inhibit P. globosa growth, the
molecular mechanism of cellular response to this algaecide remains unclear.
Therefore, transcriptome differences between 24 and 48 h after treatment with /.
cairica extracts were investigated to explore the P. globosa gene expression
changes in response to the algaecide. In this study, control groups were treated
with sterile seawater, while experimental groups were exposed to [. cairica
extracts (final concentration of 1%). The results of physiological experiments
showed no difference in the number of solitary cells and colonies at 24 h, but
significant decreases at 48 h. Transcriptomic data also showed significant
differences in differentially expressed genes (DEGs) at 24 and 48 h. DEGs were
mainly upregulated at 24 h and downregulated at 48 h. Mitogen-activated
protein kinase (MAPK) and phosphatidylinositol (PI) signaling pathways that
respond stress in the external environment were activated throughout the
response process. Genes related to the antioxidant enzyme system and
autophagy were upregulated at 24 h, which may contribute to the stress
response mechanisms of P. globosa. Downregulation of photosynthesis-
related genes leading to inhibition of the photosynthetic system and thus
accelerating the accumulation of reactive oxygen species (ROS) may be
responsible for the eventual cell death. In addition, 411 known compounds
were identified usingultra-high-performance liquid chromatography (UHPLC).
Unfortunately, apigenin-7-O-glucoside, a flavonoid, did not have a significant
inhibitory effect on P. globosa. This study highlights the mechanism of the toxic
effect of I. cairica extracts on P. globosa and provides a theoretical basis for the
development of an algaecide targeting P. globosa.
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1 Introduction

Harmful algal blooms (HABs) have become a serious problem
for marine agriculture, tourism, and human health worldwide due
to their severe negative impact on aquatic ecosystems (Anderson,
2009). Phaeocystis globosa is one of the most notorious HAB
species, secreting hemolytic toxins capable to kill fish and
produce foul-smelling foam (Blauw et al., 2010; Tan et al., 2016).
In addition, the ‘giant-colony’ ecotype P. globosa may block the
water intake of the cold source system of nuclear power plants and
endanger their safe operation (Zhang et al., 2022). Therefore, P.
globosa algal blooms have drawn increasing attention.

This particular species exhibits a heterotypic life cycle, where
solitary cells measure only 3-9 um in diameter, yet clusters of these
cells may create colonies reaching a maximum size of 3 c¢m in
diameter (Chen et al., 2002; Rousseau et al., 2007). Colony
formation is one of the ecological characteristics of P. globosa, as
the cells essentially exist as a colony during algal blooms (Liang
et al, 2020; Wang et al,, 2021). The colony consists of a hollow
spherical structure with colony cells distributed 15-20 pum below the
colony envelope (van Rijssel et al., 1997). There are no cells in the
center of the colony, only some seawater and polysaccharide
comprise the main component of the colony envelope (Hamm
etal, 1999). Colony formation protects cells from predator feeding,
as well as viruses and bacteria, thus reducing cell mortality inside
the colony (Jakobsen and Tang, 2002; Brussaard et al., 2005). The
hollow structure reduces the settling rate and keeps P. globosa above
the water column, enhancing light exposure for growth and biomass
accumulation (Wang et al., 2010). When resources for growth are
limited due to light or nutrient limitations, the colony acts as a
reservoir of energy and nutrients that can be used to maintain cell
growth and development within the colony (Schoemann et al,
2005). Colony formation enhances the environmental adaptability
of P. globosa and facilitates the outbreak of algal blooms. Therefore,
finding a method to inhibit colony formation can be pivotal in the
control of P. globosa blooms.

The use of physical and chemical techniques to avert of HABs
presents numerous drawbacks, such as elevated expenses,
significant toxicity, potential for secondary contamination, and
challenges in execution (Sun et al, 2018; Zhang et al,, 2020).
Some biological approaches using living organisms, such as fish,
zooplankton, and algae-killing bacteria, as well as viruses, can be
used to manage HABs (Kim et al., 1998; Mayali and Azam, 2004;
Zohdi and Abbaspour, 2019). However, these approaches lack
technical stability and have the potential to alter or destroy
existing ecosystems. Recent studies have found that allelopathic
substances extracted from plants can be applied against HABs
(Mulderij et al., 2005; Patino et al., 2018). This approach has been
shown to be effective and environmentally friendly and has great
potential for the elimination of harmful algae.

Ipomoea cairica is a semi-woody perennial vine that first
emerged in Central America and tropical Africa, and it currently
thrives in various subtropical and tropical areas globally (Weber
et al., 2008). I cairica has an allelopathic effect as a major invasive
plant in southern China and, therefore, may be a potential
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algaecide. Previous studies have demonstrated that I. cairica
extracts exhibit algicidal activity against P. globosa by disrupting
cellular structures and metabolic pathways (Liang et al., 2022).
However, the molecular mechanisms underlying this algicidal effect
remain poorly understood. This study aims to elucidate the
transcriptomic responses of P. globosa to I. cairica extracts,
providing insights into the algicidal mechanisms at the molecular
level. To investigate these issues, we (i) examined the global gene
expression changes of P. globosa at different time points; (ii)
identified the effective secondary metabolites using ultra-high-
performance liquid chromatography-mass spectrometry
(UHPLC-MS); and (iii) verified the algacidal effect of the
identified active components.

2 Materials and methods
2.1 Culture conditions

P. globosa was collected during a bloom period in the Beibu
Gulf, located in China at coordinates 20°55.82'N and 109°11.43'E.
To establish a single-cell isolation strain, solitary cells were carefully
selected from the harvested colonies using a micropipette
technique, ensuring purity in the cultures obtained. The isolated
pure strains were then cultivated in a modified nutrient medium,
specifically half-strength Guillard’s “F” solution, as described by
Guillard and Ryther in 1962. The cultures were maintained at a
stable temperature between 20°C and 21°C, under a controlled
environment with a light cycle of 12 h of light followed by 12 h of
darkness. The illumination was provided by cool white fluorescent
lights, delivering approximately 80 to 100 umol photos m™> s,
creating optimal conditions for the growth of the organism.

2.2 Sampling and preparation of I. cairica
leaf extracts

The research materials were sourced from the South China
Botanical Garden in Guangzhou, China. Fresh and pest-free leaves
were selected, ensuring that the samples were representative and
consistent. The leaves were harvested from the middle to lower
parts of mature plants, with a total weight of 2 kg. After collection,
the leaves were quickly placed into sealed bags and transported to
the laboratory. Upon arrival, the leaves were initially heated in an
oven at 80°C for 30 minutes to remove surface moisture.
Subsequently, they were dried at 60°C until they reached a
constant weight, ensuring the complete removal of moisture. The
dried leaves were then ground into fine powder with a particle size
smaller than 20 mesh (0.85 mm) for further extraction. The
grinding was performed using a mixer mill (MM400, Retsch,
Germany). To prepare the leaf aqueous extract, 8 grams of the
powdered leaves were soaked in 150 ml of sterile distilled water for
24 hours. The resulting solution was then filtered through a 0.22 um
filter membrane, and the filtrate was collected as the final leaf
aqueous extract.
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2.3 Inhibition bioassay on P. globosa

Algae were cultured in three 5 L conical flasks (n=3), with daily
shaking to prevent cell adhesion to the flask walls. P. globosa was
cultured until the exponential growth phase was reached, which
occurred after 9 days. . cairica aqueous extracts were then added to
achieve a final concentration of 1% (v/v). Control groups were
treated with sterile seawater under the same conditions as
experimental groups. The cultures were maintained under the
conditions described previously. Samples of 10 mL were collected
for cell count, while 500 mL samples were collected for
transcriptome and metabolite analysis at 0, 24, and 48 hours. The
10 mL samples were fixed with Lugol’s solution, and the abundance
of solitary cells was monitored daily by counting cells under an
inverted light microscope (LM, Olympus-CKX41, Osaka, Japan).
Colony number, colony diameter, and cell abundance in colonies
were measured following the methods described by Wang et al.
(2010). For the 500 mL samples, centrifugation was performed at
10,000 x g for 15 minutes, and the resulting pellets were flash-frozen
in liquid nitrogen and stored at —80°C for future RNA extraction,
transcriptome sequencing and metabolite analysis.

2.4 RNA sequencing

The samples were collected at three time points: 0 hours, 24
hours, and 48 hours, with three biological replicates for each time
point. Each sample was individually suspended in 2 mL of RNA
extraction buffer to ensure the stability and integrity of the RNA.
The RNA extraction buffer was composed of equal volumes of
water-phenol solution and L-buffer. The L-buffer consisted of 0.5%
SDS, 10 mmol L-1 EDTA, 0.2 mol L-1 sodium acetate (pH 5), and
B-mercaptoethanol at a 1:100 ratio, which facilitated optimal RNA
extraction and stabilization. To remove potential genomic DNA
contamination, each sample was treated with DNase I (Takara,
Japan) at 37°C for 30 minutes, ensuring the purity of the RNA. After
RNA extraction, quality control, cDNA library construction,
sequencing, data filtering, and alignment were all performed by
Vazyme Biotech Co., Ltd. (Nanjing, China). The sequencing
libraries were constructed using the Illumina TruSeq RNA
Sample Prep Kit (Cat<ns/> FC-122-1001, Illumina, USA) from 1
ug of total RNA. All sequencing data generated in this study have
been stored in the NCBI SRA database and can be accessed under
the dataset number PRJNA913698, enabling public sharing and
further research analysis.

2.5 Differential gene expression analysis

Differentially expressed genes (DEGs) were identified using the
DESeq R package (version 1.10.1), which enables the detection of
significant gene expression differences between the 0-hour, 24-hour,
and 48-hour time groups. DESeq employs a negative binomial
distribution-based statistical method to assess gene expression
changes in RNA-seq data. To control the false discovery rate
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(FDR), the raw P-values obtained from DESeq were adjusted
using the Benjamini-Hochberg procedure. Genes were considered
significantly differentially expressed if the absolute value of the log2
fold change was greater than 1.5 (|log2(fold-change)| > 1.5) and the
adjusted P-value was less than 0.05 (P < 0.05). The identified DEGs
were then subjected to functional annotation by comparing them to
the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases, in order to further explore their
biological roles and the pathways they may be involved in.

2.6 Sample preparation and LC-MS/MS
analysis

The compounds were extracted from I cairica leaf extracts by
adding 1000 UL of a methanol/acetonitrile/H,O solvent mixture
(2:2:1, v/v/v) to the samples. The mixture was then centrifuged at
14,000 g for 15 minutes at 4°C, and the supernatant was collected
and dried using a vacuum concentrator. The dried extract was
dissolved in 100 pL of a 1:1 (v/v) acetonitrile/water solvent for
subsequent liquid chromatography-mass spectrometry (LC-
MS) analysis.

LC-MS analysis was performed using an ultra-high-
performance liquid chromatography (UHPLC) system (1290
Infinity LC, Agilent Technologies) coupled with a quadrupole
time-of-flight mass spectrometer (AB Sciex TripleTOF 6600) at
Shanghai Applied Protein Technology Co., Ltd. (Shanghai, China).
Chromatographic separation was conducted on a 2.1 mm x 100
mm ACQUIY UPLC BEH 1.7 um column (Waters, Ireland), and
electrospray ionization (ESI) was applied in both positive and
negative ionization modes. The mobile phase consisted of two
components: A was 25 mM ammonium acetate and 25 mM
ammonium hydroxide in water, and B was acetonitrile. A
gradient elution was used, starting with 85% B for 1 minute,
followed by a linear reduction to 65% B over 11 minutes; then, B
was further reduced to 40% over 0.1 minutes, held for 4 minutes,
and finally, B was increased to 85% for a 5-minute re-equilibration.
In the LC-MS/MS analysis, compound identification was based on
matching with the METLIN database and mzCloud database, with
stringent criteria for mass error (< 5 ppm) and fragment ion match
score (= 80%). Additionally, the retention time of each compound
was compared with that of standards or reference retention times in
the database, allowing a deviation range of + 0.2 minutes.

2.7 Apigenin-7-O-glucoside treatments

Apigenin-7-O-glucuronide (purity > 98%) used in this study
was purchased from Chengdu Cuiyirensheng Biotechnology Co.,
Ltd. (Chengdu, China). Prior to use, the Apigenin-7-O-glucoside
solution was filtered through a 0.22 pum filter membrane to remove
potential impurities. To evaluate its algal inhibition activity,
different concentrations (0 pg/mL, 50 pg/mL, and 100 ug/mL) of
Apigenin-7-O-glucoside were used to treat P. globosa samples, with
three biological replicates for each concentration. The initial cell
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density was set at 1 x 10" cells/mL. The experiment was
conducted under the previously described culture conditions, and
measurements were taken after 48 hours to assess the following
indicators: colony abundance, colony diameter, and the cell density
within the colonies. These measurements were used to evaluate the
inhibitory effect of Apigenin-7-O-glucoside on P. globosa.

2.8 Statistical analysis

To assess the significant differences in physiological
characteristics (such as solitary cell count, colony abundance, and
colony diameter) between the 0-hour, 24-hour, and 48-hour groups,
a t-test was performed for statistical analysis. All statistical analyses
were conducted using SPSS software (version 22.0, IBM, USA),
ensuring the accuracy and reliability of data processing. For
determining statistical significance, a P-value less than 0.05 (P <
0.05) was considered significant, meaning that differences between
groups were deemed statistically significant when the P-value was
below 0.05.

3 Results

3.1 Inhibitory effect of extracts on P.
globosa

For solitary cells, there was no difference at 24 h, but significant
inhibition was observed at 48 h, with cell abundance reduced to 30.2
+ 4.43x10° cells/mL and only half of the control cell abundance
(Figure 1a). For colonies, there was a slight increase in the treated
group at 24 h, but a significant decrease to 66.6 + 5.46 colonies/mL
at 48 h (Figure 1b). The colony diameter remained essentially
unchanged at about 100 mm throughout the experiment
(Figure 1c). These results suggested that the cells were not
inhibited within 24 h because the tolerance system of P. globosa

10.3389/fmars.2025.1580077

cells exerted a mitigating effect. When the algacidal effect exceeded
the tolerance system, it inhibited cell growth at 48 h.

3.2 Transcriptome profiling

3.2.1 Overall transcriptome profile

In this study, transcriptome sequencing was performed on
samples collected at three time points (0-hour, 24-hour, and 48-
hour), with three biological replicates for each time point. Each
sample generated between 51,070,404 and 66,254,422 raw reads.
After removing low-quality reads and adapter sequences, more than
50 million high-quality clean reads were retained (Supplementary
Table S1). After de novo assembly and annotation of the
transcriptome data, 68,967 unigenes were obtained, with an
average length of 1,118 bp and an N50 of 1,595 bp. Differentially
expressed genes (DEGs) were identified, with 23,973 DEGs in the
24-hour group (15,437 upregulated and 8,536 downregulated) and
39,420 DEGs in the 48-hour group (12,488 upregulated and 26,932
downregulated). The distribution of the DEGs is shown in
Figure 2a, clearly illustrating the gene expression changes between
different time points.

A comparison of 24 and 48 h DEGs revealed that there were
3,768 genes specific to 24 h, 19,216 genes specific to 48 h, and 20,204
differential genes in common (Figure 2b). Trend analysis of these
differential genes revealed that 2,263 of the 24 h-specific genes were
first upregulated and then downregulated, and 1,331 genes were
upregulated and then remained constant (Figure 3a, profiles 5, 6).
Among the 48 h-specific genes 12,269 genes maintained a
downregulation trend, while 5,388 genes were unchanged at 24 h
and downregulated at 48 h (Figure 3b, profiles 0, 3). Among the
DEGs shared at 24 h and 48 h, 7,256 genes were consistently
downregulated, and 10,783 genes were first upregulated and then
remained stable (Figure 3c, profiles 0, 6). The switch from
upregulation to downregulation implied a significant change in
the gene regulation pathway in P. globosa cells.
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FIGURE 1

Algacidal effect of the leaf extracts of Ipomoea cairica on Phaeocystis globosa at 24 and 48 h. (a) Abundance of solitary cells; (b) abundance of
colonies; () mean colony diameter. In all graphs, the control group (untreated) is shown in pink, while the treated group is shown in purple. Values
graphed are the means + the standard deviation of three biological replicates. * represents a statistically significant difference of p < 0.01.
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Global changes in gene expression patterns in Phaeocystis globosa. (a) Differentially expressed genes (DEGs) of P. globosa treated with the extract
for 24 and 48 h. Upregulated and downregulated genes are shown in orange and blue, respectively; (b) Venn diagram of DEGs at 24 and 48 h.

The GO enrichment of DEGs at 24 h and 48 h showed a great
difference. There were mainly changes in molecular functions at 24
h, such as binding, ion binding, and purine ribonucleotide
(Figure 4a). There were also a small number of differences in
cellular fractions, such as intracellular anatomical structure,
nucleus, and catalytic complex, and practically no differences in
biological functions (Figure 4a). However, GO enrichment
differences, such as cell protein modification process,
glycosylation, protein methylation, and glycoprotein biosynthetic
process, were mainly concentrated in biological processes at 48 h
(Figure 4b). The above results seem to indicate that the resistance
mechanisms (24 h) are dominated by molecular functional
regulation, while the algaecide mechanism (48 h) is mainly due to
altered biological processes.

During the treatment process both the P. globosa signaling
pathways were active, for example, pathways such as the mitogen-
activated protein kinase (MAPK) signaling pathway and the
phosphatidylinositol signaling system were significantly enriched
(Figure 4). In addition, the KEGG pathway enrichment analysis
revealed enrichment in plant hormone signal transduction,
autophagy, and plant-pathogen interaction at 24 h and 48 h
(Figure 5). However, some differences in the KEGG pathway
enrichment were found, such as ubiquitin-mediated proteolysis
and peroxisome at 24 h (Figure 5a), as well as photosynthesis-
antenna protein and glycan degradation at 48 h (Figure 5b).
Changes in the KEGG pathways indicated changes in molecular
metabolic pathways in P. globosa cells at different time points.

At different time points, the response of P. globosa to L cairica
extracts showed significant differences. At 24 h, differentially
expressed genes (DEGs) were mainly enriched in molecular
function categories such as binding, ion binding, and purine
ribonucleotide-related functions, while the activation of the
MAPK signaling pathway and phosphatidylinositol signaling
system indicated that P. globosa responded to stress by regulating
molecular functions and signaling pathways, demonstrating certain
resistance. However, these responses might not be sufficient to fully
counteract the algicidal effects. By 48 h, DEGs were primarily
enriched in biological process categories such as cell protein
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modification process, glycosylation, and glycoprotein biosynthetic
process. Meanwhile, KEGG pathway analysis revealed significant
enrichment in pathways related to photosynthesis-antenna proteins
and glycan degradation. These changes led to metabolic disorders
and cellular dysfunction in P. globosa, ultimately resulting in cell
death. In summary, P. globosa exhibited resistance through
molecular function regulation in the early stage, while significant
changes in biological processes and metabolic pathways in the later
stage contributed to the algicidal effects.

3.2.2 DEG analysis

DEGs in the different KEGG pathways were evaluated in greater
detail. In the MAPK signaling pathway, most of the genes were
upregulated at 24 h and then remain unchanged until 48 h
(Supplementary Figure SI). For example, the gene encoding
mitogen-activated protein kinase 1 (MPK6) was upregulated by
2.82-fold and 3.01-fold at 24 and 48 h, respectively, while the gene
encoding mitogen-activated protein kinase (MKK3) was upregulated
by 3.69-fold and 3.96-fold at 24 and 48 h, respectively. Interestingly,
the gene expression trend of the phosphatidylinositol (PI) signaling
pathway was similar to that of the MAPK signaling pathway, with
most genes also being upregulated and then remaining unchanged.
These upregulated genes all play important roles in the PI signaling
pathway, including genes encoding phosphatidylinositol-4, 5-
diphosphate 3-kinase, phosphatidylinositol 4-kinase, and
phospholipase C-eta2 (Supplementary Figure S2). These results
suggest that P. globosa perceived the external environmental stress
caused by the extracts and then regulated the cellular metabolic
pathways through MAPK and PI signaling pathways.

Metabolic pathways that played a role in the resistance system of
P. globosa and algaecide mechanism of I. cairica were identified based
on P. globosa DEG trend analysis. Transcriptome analysis showed
that the levels of antioxidant gene expression in P. globosa cells were
significantly upregulated at 24 h after treatment with the extract,
including superoxide dismutase (SOD) genes (SODA, Sodl, and
Sod2), catalase (CAT) genes (cat), and PRDX5 genes (PRXIIB)
(Supplementary Figure S3). This implies that extract treatment may
induce an oxidative stress response in P. globosa cells, which activated

frontiersin.org


https://doi.org/10.3389/fmars.2025.1580077
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liang et al.

a oo
05
-1.0
15
-20

2.5

05
0.0

-0.5

o

Profile 0 : 2 Genes

Profile 1 : 32 Genes

Profile 2 : 17 Genes

/

0.0

0.5

(
<

05

0.0

0.5

Profile 3 : 118 Genes

Profile 4 : 0 Genes

Profile 5 : 2263 Genes

y
N
>

0.75

0.50

0.25

0.00

05

0.0

0.5

Profile 6 : 1331 Genes

Profile 7 : 6 Genes

)

25
20
1.5
1.0
05
0.0

\

24h 48h

Profile 0 : 12269 Genes

Oh 24h

Profile 1: 779 Genes

48h

Oh 24h 48h

Profile 2 : 11 Genes

N - = O O
o & o & o
L s °
) » °
-~ © o o
o o o

Profile 3 : 5388 Genes Profile 4 : 105 Genes Profile 5 : 2 Genes

- o o
o o o
o o =
o w o
o o =
o w o

o
)
°
o

Profile 6 : 334 Genes. Profile 7 : 328 Genes Oh

° o -
o o )

© o = =N
o o o

=)

h 24h 4

)

h oh 24h 4

@
=

Profile 0 : 7256 Genes Profile 1: 955 Genes. Profile 2 : 24 Genes

L L s o
n o o o
L s °
° ] °
- © o o
o o o o

Profile 3 : 254 Genes. Profile 4 : 0 Genes Profile 5 : 93 Genes

0.50

0.25

|
-~ = © o o
w o o o
o =
5 2
a 3
© © © = =
o o o o

o o

0.00

Profile 6 : 10783 Genes
15 25

Profile 7 : 839 Genes

h 24h 48h

2.0
1.5
1.0
0.5

"
\

0.0

24h 48h Oh 24h

FIGURE 3

Shaded map of differentially expressed genes (DEGs). (a) DEGs
specific to 24 h extract treatment; (b) DEGs specific to 48 h extract
treatment; (c) shared DEGs at 24 h and 48 h of extract treatment in
Phaeocystis globosa.

the antioxidant system. Some antioxidant enzyme genes (SODCC2,
Sod2, and SODCC) were downregulated at 48 h, leading to the
accumulation of reactive oxygen species (ROS) and subsequent cell
damage. In addition, 13 DEGs in the autophagic pathway were
identified, of which 10 genes were upregulated at 24 h and six
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genes were downregulated at 48 h (Supplementary Figure S3). The
gene encoding autophagy-related protein 8 (ATGS8) was upregulated
by 1.67-fold at 24 h and decreased to 0.55-fold at 48 h. Similarly, the
gene encoding ubiquitin-like modifier-activating enzyme (ATG7)
was upregulated by 1.67-fold at 24 h and downregulated by 0.58-
fold at 48 h. This implies that the upregulation of autophagy-related
genes at 24 h could maintain intracellular protein homeostasis. In
comparison, the downregulation of genes at 48 h would completely
disrupt protein homeostasis, thus causing damage to the cell.

Transcriptome data showed differential photosynthesis-related
genes, half of which were downregulated at 24 h and all of which were
downregulated at 48 h (Supplementary Figure S4). These genes are
involved in the process of photosynthetic light reaction, including
antenna proteins (Lhcal, Lhca4, and Lhcb6), photosystem II (PsbA,
PsbC, PsbB, PsbE, PsbO, PsbU, PsbZ, and Psb27), photosystem I
(PsaA and PsaE), cytochrome b6 (PetA and PetC), photosynthetic
electron transport (PetE, PETF, PetH, and Pet]) and F-type ATPase
(atpA and atpD). This indicates that I cairica extracts could
significantly inhibit genes related to the photosynthetic system of P.
globosa, thus disrupting photosynthesis, which may be the main
aspect of its algacidal effect.

3.3 Compound composition of extracts

A total of 10,837 chemical compounds were identified from I
cairica leaf extracts using UHPLC, of which 441 were known
compounds (Supplementary Table S2). Among the known
compounds, carboxylic acids and their derivatives were the most
diverse, with 155 types. The others major compounds were
organooxygen compounds (30), fatty acids (26), benzene and
substituted derivatives (30), steroids and steroid derivatives (22),
pyridines and their derivatives (26), and flavonoids (10). Because
previous studies have shown that flavonoids have good algacidal
effects, the focus here was also on flavonoids. The relative content of
apigenin-7-O-glucoside was the highest among the flavonoids, so it
was inferred that this might be one of the main algacidal active
substances in the extracts. Unfortunately, there were no significant
differences in the solitary cell abundance, colony number, or colony
diameter of P. globosa following the addition of apigenin-7-O-
glucoside (50 pg/mL and 100 pg/mL) (Figure 6).

4 Discussion

The use of I. cairica’s allelopathic effect to inhibit the growth of
P. globosa is in line with the scientific concept of green
environmental protection. In previous studies, it was found that L
cairica extract could rapidly inhibit the growth of solitary cells of P.
globosa and could penetrate inside the colonies to kill the cells
(Liang et al.,, 2022). In the present study, although I. cairica extract
eventually inhibited the growth of P. globosa cells, there was slight
growth at 24 h after treatment, suggesting the existence of some
resistance mechanism to protect the cells from damage. The
resistance mechanisms of P. globosa and the algaecide mechanism
of I cairica extract remain unclear. Therefore, the present study
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FIGURE 4
Bubble diagram showing the Gene Ontology (GO) enrichment of the differentially expressed genes (DEGs). (a) GO enrichment of the 24 h-specific
DEGs; (b) GO enrichment of the 48 h-specific DEGs.

investigated the transcriptomic response of P. globosa treated with
extract (1% final concentration) at different time points to reveal the
changes in the gene regulation of cells. This work also identified
possible allelopathic compounds in the extracts, but the screened
apigenin-7-O-glucoside was not an active algacidal compound.

4.1 Perception of the external environment

The processing of external environmental information is a major
physiological process by which cells respond to environmental stress.

Frontiers in Marine Science

Plants use various signaling pathways to perceive and react to these
external pressures. The MAPK signaling pathway plays a crucial role
in plants, primarily responsible for transmitting signals from external
stress sources. These signals are transmitted to the cell nucleus or
cytoplasm, triggering a series of corresponding cellular responses (Taj
et al, 2010). In this study, most of DEGs in the MAPK signaling
pathway exhibited a pattern of upregulation followed by
maintenance, a result that is consistent with findings from other
studies, further supporting the key role of the MAPK signaling
pathway in plant responses to environmental stress. For example,
Ren et al. (2022) found that all genes encoding MAPKs, MAPKKs,
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and MAPKKKSs were upregulated after treatment with modified clay
in P. globosa. These overexpressed genes can transduce stimulatory
signals to cells and regulate cell growth and antioxidant defense
systems (Doczi et al,, 2012). The vast majority of genes in the plant
MAPK family are involved in response to abiotic stress caused by
adverse factors in the environment. In Arabidopsis, MPK6 is
gradually activated because MPK6 can alleviate high salt stress by
rapidly phosphorylating the Na*/H" reverse transporter protein,
thereby reducing intracellular sodium ions (Kim et al.,, 2012).

The PI signaling pathway is considered critical for plant
responses to many environmental factors. In the PI signaling
pathway, extracellular signaling molecules bind to cell-surface G
protein-coupled receptors and activate phospholipase on the

b

plasma membrane, producing inositol 1, 4, 5-trisphosphate and
diacylglycerol (Munnik et al., 1998). In the present study, most of
the PI signaling pathway genes were upregulated and then
unchanged, including PLCDI, pikB, and CML3. This is consistent
with previous studies, in which P. globosa relied on PI signal
transduction during the perception of external stress. Wang et al.
(2018) found that gene expression of PI5K and PLC in Pyropia
haitanensis was significantly upregulated under high temperature
stress. Liang et al. (2023) also found that the PI signaling pathway
was upregulated in P. globosa under warming and acidifying
environments. Furthermore, phospholipase C has been shown to
regulate the transmission of oxidative stress signals from the plasma
membrane in response to environmental stress (Cooper et al,
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Effects of apigenin-7-O-glucoside (0 ug/mL, 50 ug/mL, and 100 ug/mL) on Phaeocystis globosa. (a) Abundance of solitary cells; (b) abundance of

colonies; (c) mean colony diameter.
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1999). This suggests that the PI signaling pathway mediates the
defense system of P. globosa cells.

4.2 P. globosa resistance mechanism

Many studies have shown that both bacteria and algaecides may
lead to the excessive accumulation of ROS in algal cells, implying
that treatment with . cairica extract may induce oxidative stress in
P. globosa cells (Zhang et al., 2017).This triggers the intracellular
antioxidant system, including superoxide dismutase (SOD), catalase
(CAT), and peroxidase (POD). SOD primarily converts superoxide
radicals (O?7) into hydrogen peroxide (H,0O,), which is
subsequently removed by CAT and POD. In this study, all genes
encoding SOD, CAT, and PRDX5 were upregulated in P. globosa
cells after 24 h treatment. This was also demonstrated in the
previous study, where treatment with I. cairica extract increased
antioxidant enzyme activity in P. globosa cells (Liang et al., 2022).
Similar phenomena have been found in other studies on algaecides.
For example, Ren et al. (2022) found that treatment of P. globosa
with modified clay resulted in different degrees of enhancement of
cellular antioxidant system activity (including SOD, CAT, POD,
GPX, GST, and GSH activity), which was associated with the
excessive production of ROS. Zhu et al. (2022) discovered
Microbulbifer sp. YX04 could induce oxidative damage in P.
globosa, leading to enhanced antioxidant enzyme activity and
upregulation of related genes. There was no significant change in
the number of P. globosa cells at 24 h after I cairica extract
treatment, suggesting that the antioxidant system played a
protective role. Most of the antioxidant enzyme genes remained
continuously upregulated and a small proportion were
downregulated at 48 h, indicating that the cells were under
continuous oxidative stress. In addition, a significant decrease in
cell number indicated that the accumulation of ROS far exceeded
the capabilities of the antioxidant system, eventually leading to
cell death.

In eukaryotic cells, organelle transformation is typically
achieved through the process of autophagy. Autophagy is a highly
regulated process where damaged organelles are encapsulated in a
double-membrane vesicle called an autophagosome and
transported to vacuoles in yeast and plants, or to lysosomes in
animal cells for degradation (Mizushima and Komatsu, 2011).
Initially, autophagy was considered primarily a process for the
degradation of cytoplasmic components, mainly for nutrient
recycling, especially under starvation conditions (Takeshige et al,
1992). In the green algae Chlamydomonas reinhardtii, autophagy-
induced degradation of ribosomal proteins has been observed, with
the degraded materials subsequently used for triglyceride
accumulation, demonstrating the complex roles of autophagy
under specific physiological conditions (Jiang et al., 2012). Recent
studies have further revealed that autophagy plays an essential role
not only in nutrient recycling but also in the selective removal of
damaged organelles, particularly in the clearance of dysfunctional
mitochondria. Mitochondrial autophagy (mitophagy) is a typical
example, which has been widely studied in yeast and mammals
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(Kanki et al., 2015). The autophagy process relies on a series of key
genes known as autophagy-related genes (ATGs). To date, 41 ATGs
have been identified in yeast, with 15 core ATGs playing a crucial
role in the nucleation and expansion of the autophagosome
membrane, and they are essential for all types of autophagy
processes (Yao et al., 2015). The significant upregulation of genes
encoding autophagy-related genes was also found in the present
study, including ATG3, ATG4, ATG7, ATGS, and ATG9. Among
them, ATGS8 plays an important role in the formation of
autophagosomes, target recognition, and vesicle tethering
processes. Zhu et al. (2022) found that the treatment of P. globosa
with bacteria (Microbulbifer sp. YX04) triggered an increase in the
atg8 flux and led to autophagic cell death. However, the present
study’s findings suggested that autophagy was not the true cause of
cell death because there was no significant change in cell number at
24 h of treatment and autophagy-related genes were significantly
expressed. If damaged mitochondria are not cleared through
autophagy, ROS can accumulate, leading to oxidative stress. This
oxidative stress may result in mutations in mitochondrial DNA,
disrupting mitochondrial function and causing toxic effects in the
cell (Kurihara et al,, 2012). Similarly, chloroplast autophagy plays an
essential role in the physiological processes of plant cells. Damaged
chloroplasts and chloroplast proteins must be cleared or repaired
through autophagy to maintain optimal chloroplast function. This
process not only prevents further damage but also ensures the
efficiency of photosynthesis in plants, avoiding growth and
metabolic issues caused by the loss of chloroplast function (Izumi
et al, 2017). Our interpretation is that autophagy can regulate
protein homeostasis and play a protective role when cells
experience adversity.

4.3 Algaecide mechanism

ROS are highly reactive molecules generated in cells that can
oxidize various biomolecules, including lipids, DNA, and proteins,
leading to severe oxidative damage of organelle membranes. The
accumulation of ROS has a negative impact on the overall function
of the cell, particularly through oxidative damage to key molecules
such as membrane lipids and nucleic acids (Han et al., 2001). To
counteract this damage, cells have an antioxidant enzyme system
that reduces ROS production and protects biomolecules from
oxidative stress. However, when the accumulation of ROS exceeds
the neutralizing capacity of the antioxidant system, ROS continue to
oxidize polyunsaturated fatty acids, amino acids, and nucleic acids,
leading to the degradation of cellular components and ultimately
triggering cell death (Jacobson, 1996). The primary sources of ROS
are the mitochondria and chloroplasts. In mitochondria, electrons
are transferred from highly reduced components to molecular
oxygen, generating ROS. In chloroplasts, the light reactions of
photosynthesis are also a significant source of ROS (Auchére and
Rusnak, 2002). In the present study, transcriptome data did not
show significant differences in respiration-related genes, while
photosynthesis-related genes were significantly downregulated.
The results also indicated that the rapid light-response curve of P.
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TABLE 1 Identification of flavonoids from Ipomoea cairica aqueous extracts.

10.3389/fmars.2025.1580077

Index MS2_name RT m/z Peak area CAS
M455T421_POS Apigenin 7-o-glucoside 421.3325 455.1147 211714.2468 578-74-5
M301T28_POS Chrysoeriol 28.164 301.0689 67968.98041 491-71-4
M437T318_POS Phlorizin 317.756 437.1265 15412.28716 60-81-1
M449T159_POS Astragalin 159.3875 449.1062 11302.68534 480-10-4
M359T301_POS Gardenin b 300.694 359.1306 10361.02385 -
M597T414_POS Eriodictyol 7- 413.641 597.1638 7625.827222 -

o-neohesperidoside
M601T424_POS Kaempferitrin 423.979 601.1363 7296.308587 482-38-2
M403T390_POS Nobiletin 389.769 403.1548 2279.524003 478-01-3
M451T409_POS Astilbin 408.732 451.1395 852.6367597 -
M577T323_POS Procyanidin a2 323.082 577.1528 503.9938513 41743-41-3

globosa cells treated with I cairica extract (1%) gradually declined
over time. In addition, the alpha value, maximum relative electron
transport rate, and light saturation point all showed a decreasing
trend (Liang et al., 2022). These findings suggest that the L cairica
extract not only inhibited photosynthesis but also impeded the
repair of the photosynthetic system through downregulating
photosynthetic gene expression. Altogether, these findings suggest
that the inhibition of the photosynthetic system caused the
accumulation of intracellular ROS.

During the accumulation of chloroplast ROS material, the
formation of O,  occurs during the photosynthetic light reaction,
and the formation of H,0, results from the water splitting
manganese complex in PS II (Pospisil, 2012). When algal cells are
subjected to external environmental stress, electrons in H,O are
transferred to Fd via PS II and PS I, and then to O, to eventually
form superoxide (Gururani et al., 2015). The transcriptome data
showed that all photosynthesis-related genes were downregulated at
48 h, including antenna proteins, photosystem II, photosystem I,
cytochrome b6, photosynthetic electron transport, and F-type

ATPase. This further affected the biosynthesis of photosynthetic
pigments and the regeneration of electron transport chain
complexes, ultimately leading to the complete disruption of
photosynthesis and the excessive accumulation of ROS. The
accumulation of ROS caused alteration of the properties of the
thylakoid membrane, which prevented the transfer of electrons to
F-type ATPase and NADP 1, affecting electron transport and
eventually causing irreversible damage to the algal cells.

4.4 Algaecide components

Although the I cairica leaf extracts effectively inhibited the
growth of solitary cells and colonies of P. globosa, the specific
algacidal components are not yet known. Tens of thousands of
compounds were identified using UHPLC, and this research finally
targeted flavonoids. No direct correlation was observed between
concentration and peak area, as different compounds exhibit
varying ionization efficiencies and ionic stabilities. However,
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compounds within similar chemical classes often share comparable
ionization potentials and chemical properties, which allows for the
relative comparison of flavonoid compound concentrations (St-
Pierre et al., 2018). The highest flavonoid content was that found in
apigenin-7-O-glucoside, which is known to have biological,
pharmacological, and medical properties, including anti-
inflammatory, antioxidant, and anti-tumor mechanisms that
inhibit cancer development and metastasis through affecting cell
proliferation, blocking the cell cycle, and promoting apoptosis
(Hadrich and Sayadi, 2018; Guo et al., 2019). Zhu et al. (2019)
found that the growth of P. globosa was inhibited by luteolin-7-O-
glucuronide extracted from the seagrass Enhalus acoroides.
Therefore, it was hypothesized that apigenin-7-O-glucoside had
possible algacidal effects. However, the growth of P. globosa cells
was not affected following the addition of different concentrations
of apigenin-7-O-glucoside. This means that algacidal substances
may not be limited to flavonoids, and future research may seek to
identify algacidal substances in other classes.

Among the identified compounds, Phlorizin, Nobiletin, and
Procyanidin stand out as likely contributors due to their known
bioactivities and mechanisms of action (Table 1). Phlorizin, a
dihydrochalcone glycoside, is known to inhibit glucose transporters,
which could disrupt energy metabolism in P. globosa and lead to cell
death (Nozu et al, 2023). Nobiletin, a polymethoxyflavone, has
demonstrated anti-inflammatory and anticancer properties, and its
ability to interfere with cellular signaling pathways in P. globosa may
explain its algicidal effects (Moazamiyanfar et al., 2023). Additionally,
Procyanidin, a condensed tannin with strong antioxidant activity, may
exert its effects by binding to proteins or disrupting cellular
membranes, thereby contributing to its algicidal potential (Chen
et al, 2022). While these compounds are promising candidates,
further experimental validation, such as bioassay-guided fractionation
and compound-specific toxicity testing, is necessary to confirm their
roles. We have expanded the discussion in the manuscript to address
these points and emphasize the need for future studies to identify the
specific active compounds responsible for the observed effects.

This study advances the field of algicidal research by identifying
novel bioactive compounds from I cairica and elucidating their
mechanisms of action on P. globosa. These findings provide a
foundation for developing eco-friendly algaecides as alternatives to
traditional chemical treatments. However, we acknowledge several
limitations, including the lack of in situ validation and challenges in
applying these extracts in natural environments. Factors such as
variability in water chemistry, potential ecological impacts on non-
target organisms, and scalability issues need to be addressed. Future
research should focus on field trials, ecological risk assessments, and
optimization of extraction and application methods to bridge the gap
between laboratory findings and real-world applications.

5 Conclusion

This study elucidated the inhibitory mechanism of I cairica
extracts on P. globosa by analyzing transcriptomes at different time
points. The results demonstrated that I. cairica extracts (1% final
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concentration) effectively inhibited P. globosa growth, suppressed free
single-cell proliferation and colony formation, and achieved high
removal efficiency (Figure 7). At 24 h, P. globosa activated resistance
mechanisms through the MAPK and PI signaling pathways to
counteract external stress, including ROS scavenging by the
antioxidant enzyme system and protein homeostasis maintenance
via the autophagy system. By 48 h, the algicidal mechanism
dominated, with the extract inhibiting photosynthesis-related gene
expression, leading to ROS accumulation in chloroplasts and eventual
cell death. Although apigenin-7-O-glucoside was identified as a
component of the extract, it did not exhibit algicidal activity. These
findings provide valuable insights into the dynamic gene expression
changes during P. globosa inhibition and offer a theoretical basis for
controlling P. globosa blooms. Future research should focus on testing
I cairica extracts in real-world settings, optimizing their application
for large-scale use, and evaluating their ecological impacts to advance
sustainable solutions for harmful algal bloom management.
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