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Antibacterial activity and
mechanism of sanguinarine
against Vibrio parahaemolyticus
Lei Huang, Kuan Chu, Aqin Zheng, Xue Cai, Xialian Bu,
Xianqi Peng, Jing Chen and Jiayun Yao*

Key Laboratory of Healthy Freshwater Aquaculture, Ministry of Agriculture and Rural Affairs, Key
Laboratory of Fish Health and Nutrition of Zhejiang Province, Key Laboratory of Fishery Environment
and Aquatic Product Quality and Safety of Huzhou City, Zhejiang Institute of Freshwater Fisheries
(Zhejiang Freshwater Fishery Environmental Monitoring Station), Huzhou, China
Sanguinarine (SE), a benzophenanthridine alkaloid derived from Macleaya
cordata, represents a promising antibiotic alternative in aquaculture. However,
its antibacterial mechanism against the economically important pathogen Vibrio
parahaemolyticus remains poorly understood. This study investigated the
antibacterial activity and mechanism of SE against V. parahaemolyticus through
integrated phenotypic and transcriptomic approaches. In vitro assays showed
that SE exhibited notable antibacterial activity with a minimum inhibitory
concentration (MIC) of 62.5 mg/mL. Phenotypic analyses revealed that SE
disrupted cell membrane integrity of V. parahaemolyticus, as evidenced by
ultrastructural damage and increased membrane permeability, and signi�cantly
inhibited bio�lm formation and bacterial motility (swimming and swarming) at
sub-inhibitory concentrations. In an in vivo challenge trial in Macrobrachium
rosenbergii, dietary supplementation with SE (0.5 and 1.0 g/kg feed) signi�cantly
reduced bacterial load in the hepatopancreas and increased survival rates, while
also mitigating hepatopancreas histopathological damage. Transcriptome
analysis identi�ed 1,657 differentially expressed genes, with signi�cant
downregulation of the two-component system and key metabolic pathways
such as the citrate cycle (TCA), oxidative phosphorylation, and fatty acid
degradation. These �ndings demonstrate that SE exerts antibacterial effects
through multi-target mechanisms involving membrane disruption, virulence
attenuation, and energy metabolism interference, highlighting its potential as a
sustainable agent for controlling V. parahaemolyticus infections in aquaculture.
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1 Introduction

Vibrio parahaemolyticus is a Gram-negative, halophilic
bacterium naturally found in marine and estuarine ecosystems
worldwide (Letchumanan et al., 2014). It poses a signi�cant threat
to global aquaculture by infecting a broad range of economically
important aquatic species, including shrimp, �sh, crabs, and
shell�sh (Vandeputte et al., 2024). A well-documented
manifestation of its impact is as the primary causative agent of
Acute Hepatopancreatic Necrosis Disease (AHPND) in penaeid
shrimp, which has resulted in substantial economic losses (Tang
and Bondad-Reantaso, 2019). Notably, V. parahaemolyticus also
one of the most severe pathogens in giant river prawn
(Macrobrachium rosenbergii) culture, capable of infecting all
growth stages and causing high mortality rates (Pudgerd et al.,
2021; Tardecilla and Maningas, 2024). Current control strategies
rely heavily on conventional antibiotics. However, their
effectiveness is increasingly undermined by the emergence of
drug-resistant strains, as well as growing concerns regarding drug
residues and environmental contamination (Yuan et al., 2023).
These challenges underscore the urgent need to develop
sustainable alternative therapeutics.

Plant-derived natural products represent promising candidates
owing to their structural diversity, biodegradability, and reduced
potential for inducing resistance (Sumana et al., 2025). Among
these, Macleaya cordata has drawn considerable attention for its
rich composition of benzophenanthridine alkaloids, particularly
sanguinarine (SE) and chelerythrine (CHE) (Bussabong et al.,
2021; Zhang et al., 2024). These alkaloids exhibit broad-spectrum
antimicrobial activity against multiple aquatic pathogens, including
Aeromonas hydrophila , Streptococcus agalactiae , and V.
parahaemolyticus (Bussabong et al., 2021; Xia et al., 2021; Xin
et al., 2024). Previous studies indicate that SE can effectively inhibit
bacterial growth through a multi-targeted mechanism, involving
disruption of cell membrane integrity and suppression of virulence
factors such as bio�lm formation (Qian et al., 2020; Zhang et al.,
2020; Gu et al., 2023; Qiao et al., 2024). In aquaculture applications,
dietary supplementation with SE has been reported to enhance
growth performance, strengthen disease resistance, and modulate
gut microbiota in multiple �sh and shrimp species (Zhang et al.,
2019; Liu et al., 2020; Bussabong et al., 2021; Shi et al., 2023).
Despite these promising �ndings, current research has primarily
focused on morphological and phenotypic effects, leaving the
molecular basis of SE’s antibacterial mechanism against V.
parahaemolyticus poorly understood.

Recent advances in transcriptomic technologies have provided
deeper insights into antibacterial mechanisms, revealing how
antimicrobial compounds in�uence bacterial gene expression
networks related to virulence, metabolism, and stress response
(Ren et al., 2022; Yang et al., 2025). For instance, integrated
transcriptomic analyses have shown that certain antimicrobial
agents suppress bacterial pathogens by modulating genes involved
in bio�lm formation, �agellar assembly, and central metabolic
pathways (Liu et al., 2021; Wang et al., 2024). However, such
comprehens ive molecular s tudies remain scarce for
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benzophenanthridine alkaloids against aquatic pathogens. To
address this critical knowledge gap, the present study integrates
detailed phenotypic characterization with transcriptomic pro�ling
to systematically investigate the antibacterial effects and underlying
mechanisms of SE against V. parahaemolyticus. This combined
approach provides crucial insights to support the development of
SE as a sustainable therapeutic agent in aquaculture.
2 Materials and methods

2.1 Strain and chemical reagents

The V. parahaemolyticus strain FX1, con�rmed pathogenic to
M. rosenbergii in prior studies, was provided by Professor Haipeng
Guo (Ningbo University). Bacterial cultures were grown in 2216E
broth at 28°C with agitation at 180 r/min to mid-logarithmic phase
for subsequent assays. SE (purity > 98%) was sourced from
Chengdu Mansite Biotechnology Co., Ltd. Resazurin, and other
chemicals of analytical grade were commercially obtained.
2.2 Assessment of in vitro antibacterial
activity

The antibacterial ef�cacy of SE against V. parahaemolyticus was
evaluated by determining the MIC, MBC, and time-kill kinetics.
The MIC was assessed using a resazurin-based broth microdilution
method (Ismail et al., 2012). Bacterial suspensions adjusted to 1 ×
105 CFU/mL were incubated with two-fold serial dilutions of SE
(ranging from 1.95 to 1000.0 mg/mL) in 96-well plates. Controls
included medium with 1% DMSO (negative control) and untreated
bacterial culture (positive control). After 24 h of incubation at 28°C,
50 mL of 0.01% resazurin solution was added to each well. The MIC
was recorded as the lowest SE concentration that prevented a color
shift from blue to pink following an additional 24 h incubation. For
MBC determination, 100 mL aliquots from wells showing no growth
were plated onto 2216E agar. The MBC was de�ned as the lowest
concentration yielding no viable colonies after 24 h. Time-kill
kinetics were analyzed over 32 h by monitoring optical density at
600 nm (OD600) of cultures exposed to SE at 1/4 MIC, 1/2 MIC, and
MIC, with measurements taken at 4 h intervals. All experiments
were conducted in triplicate.
2.3 In vivo antibacterial assay in M.
rosenbergii

An in vivo challenge experiment was conducted to evaluate the
protective effect of SE against V. parahaemolyticus infection in M.
rosenbergii. After one week of acclimation in 1000 L �berglass tanks,
prawns (15.1 ± 2.2 g) were intramuscularly injected with a bacterial
suspension of V. parahaemolyticus (1 × 107 CFU/prawn in sterile
PBS). Post-challenge, the prawns were randomly allocated into
three groups: two treatment groups fed a basal diet supplemented
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with SE at 1.0 g/kg (HSE) or 0.5 g/kg (LSE), and a control group
(CK) receiving the basal diet alone. The SE-supplemented diets
were prepared by thoroughly mixing SE with the basal diet powder
using a small amount of soybean oil as a binder, followed by
pelleting (3 mm diameter) and air-drying. Prior to the infection
trial, a preliminary tolerance test was conducted with healthy
prawns fed diets containing 1.0 g/kg SE for 7 days. No mortality,
abnormal behavior, or adverse effects on feeding activity were
observed, and gross examination of the hepatopancreas revealed
no visible lesions. Each group was maintained in triplicate tanks (30
prawns per tank) for 7 days. Prawns were fed twice daily at 3% of
body weight under controlled conditions: water temperature 28 ±
1°C and dissolved oxygen > 5.0 mg/L.

Hepatopancreas samples were aseptically collected on days 3
and 7 post-infection for quanti�cation of bacterial load using a
previously described RT-qPCR method (Han et al., 2015). Mortality
was recorded daily, and the relative percent survival (RPS) was
calculated as [1 � (mortality in treated group/mortality in control
group)] × 100. For histopathological evaluation, hepatopancreas
tissues were �xed in 10% neutral buffered formalin, embedded in
paraf�n, sectioned, and stained with hematoxylin and eosin.
2.4 Analysis of bacterial ultrastructure

Vibrio parahaemolyticus suspensions (1 × 107 CFU/mL) were
treated with SE at subinhibitory to inhibitory concentrations (1/4
MIC, 1/2 MIC and MIC) and incubated at 28°C with shaking at 180
r/min for 24 h. Control groups (CK) received an equal volume of
PBS instead of SE. Three biological replicates were performed for
each group. Following treatment, 2 mL aliquots of each culture were
centrifuged at 4°C and 8000 r/min for 5 min. The pellets were
washed three times with sterile PBS and �xed with 2.5%
glutaraldehyde at 4°C for 12 h. Fixed samples were subsequently
dehydrated through a graded ethanol series (30% to 100%),
embedded in epoxy resin, and polymerized at 60°C for 48 h.
Ultrathin sections were prepared, stained with uranyl acetate and
lead citrate, and examined using scanning electron microscope
(SEM, Hitachi S-4800) and transmission electron microscope
(TEM, Hitachi HT7800).
2.5 Membrane permeability assessment

Vibrio parahaemolyticus suspensions (1 × 107 CFU/mL) were
exposed to SE at 1/4 MIC, 1/2 MIC and MIC concentrations, with a
PBS-treated group serving as the control (CK). After 12 h of
incubation at 28°C with shaking at 180 r/min, the cultures were
centrifuged at 10,000 r/min for 5 min. The resulting supernatants
were collected for analysis of extracellular b-galactosidase activity
and protein leakage. b-Galactosidase activity was measured using o-
nitrophenyl-b-D-galactopyranoside (ONPG) as the substrate
according to the previous method (Kolev et al., 2022). Total
extracellular protein content was determined using the Bradford
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protein assay with bovine serum albumin as the standard (Bradford,
1976). All measurements were performed in triplicate.
2.6 Quanti�cation of bio�lm formation

The effect of SE on bio�lm formation of V. parahaemolyticus
was assessed using the crystal violet staining method (Mizan et al.,
2016). Bacterial cultures (1 × 107 CFU/mL) were treated with SE at
at 1/4 MIC, 1/2 MIC and MIC concentrations, with a control group
(CK) receiving an equal volume of sterile PBS. All groups were
incubated at 28°C with shaking at 180 r/min for 6 h, followed by
static incubation for 12 h to allow bio�lm development. After
carefully removing the planktonic cells, the adhered bio�lms were
stained with 2% (v/v) crystal violet for 2 min. The stained bio�lms
were gently washed with water and solubilized with 33% (v/v)
glacial acetic acid. Bio�lm formation was quanti�ed by measuring
the absorbance of the dissolved dye at 570 nm.
2.7 Evaluation of bacterial motility

Motility assays were performed to evaluate the effect of SE on
swimming and swarming capabilities of V. parahaemolyticus according
to the previous method (Pozo et al., 2024). Motility agar plates were
prepared using 2216E medium containing 0.2% or 0.5% agarose for
swimming and swarming assays, respectively. SE was incorporated into
the medium at subinhibitory concentrations (1/4 MIC and 1/2 MIC)
before solidi�cation, while control plates (CK) received no drug
treatment. Bacterial suspensions (1 × 107 CFU/mL) were either stab-
inoculated (swimming) or spot-inoculated (swarming) onto the
corresponding agar surfaces. After incubation at 28°C for 12 h
(swimming) or 24 h (swarming), the diameters of bacterial migration
zones were measured.
2.8 Transcriptome analysis

2.8.1 Sample preparation and sequencing
The transcriptomic analysis was designed to capture the early

transcr ipt ional responses of metabol ica l ly act ive V.
parahaemolyticus cells to SE. To avoid obscuring primary
adaptive mechanisms by extensive cell death, a sub-inhibitory
concentration (1/4 MIC) and a 6-hour exposure time were
selected. Bacterial cultures (1 × 107 CFU/mL) were treated
accordingly: the SE group received SE at 1/4 MIC, while the
control group (CK) received an equal volume of sterile PBS.
Three biological replicates were prepared per group. After
incubation at 28°C with shaking at 180 r/min for 6 h, cells were
immediately harvested, frozen in liquid nitrogen, and stored at
�80°C until RNA extraction. Total RNA was then isolated using the
TRIzol method. Ribosomal RNA was removed, and double-
stranded cDNA was synthesized. The cDNA libraries were
constructed through sequential steps, including end repair,
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adenylation, adapter ligation, PCR ampli�cation, and puri�cation.
Sequencing was performed on the NovaSeq X Plus platform.

2.8.2 Sequencing data processing and analysis
Raw sequencing data were subjected to quality control by removing

adapter sequences and low-quality reads (quality score < Q20).
Statistical analyses were conducted to evaluate base quality and error
rates. Clean reads were aligned to the V. parahaemolyticus RIMD
2210633 reference genome using Bowtie2 (Langmead and Salzberg,
2012) to generate mapped data for downstream analysis. Functional
annotation was performed against the KEGG database to obtain
comprehensive gene function information. A Venn diagram was
used to illustrate shared and unique genes between groups.
Unsupervised hierarchical clustering and principal component
analysis (PCA) were applied to visualize global transcriptomic
differences. Differentially expressed genes (DEGs) were identi�ed
using the DESeq2 package (Love et al., 2014) with thresholds of |log2

(fold change)| > 1 and adjusted P-value < 0.05. The distribution of
DEGs was visualized using volcano plots. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses of DEGs were conducted using custom R scripts.

2.8.3 Validation by RT-qPCR
To con�rm the transcriptome sequencing results, RT-qPCR

validation was performed on four upregulated (ftsY, glgP, nrtC, lolD)
and four downregulated (gltB, hisC, clpV, hcp) genes. Gene-speci�c
primers were designed via Primer-BLAST (Supplementary Table S1)
and commercially synthesized. Following RNA extraction, cDNA was
synthesized using a reverse transcription kit. Quantitative PCR was
carried out in 10 mL reactions consisting of 5 mL 2× SYBR Green
Master Mix, 0.4 mL each of forward and reverse primers, 1 mL cDNA
template, and 3.2 mL nuclease-free water. The ampli�cation protocol
included an initial denaturation at 95°C for 10 min, followed by 45
cycles of 95°C for 10 s, 55°C for 10 s, and 72°C for 30 s. The 16S rRNA
gene served as the endogenous control, with all samples analyzed
in triplicate.
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2.9 Statistical analysis

Data are expressed as mean ± standard deviation. Statistical
signi�cance was evaluated using one-way ANOVA with Tukey’s
post-hoc test in SPSSPRO 1.1.5. A P-value < 0.05 was considered
statistically signi�cant.
3 Results

3.1 In vitro antibacterial activity of SE
against V. parahaemolyticus

The MIC of SE against V. parahaemolyticus was determined as
62.5 mg/mL using a resazurin-based microdilution assay
(Figure 1A). Subculturing from the wells showing no color
change onto agar plates established the MBC at 125.0 mg/mL,
with no viable colonies observed after incubation (Figure 1B).
(Figure 1B). Furthermore, the time-kill curves monitored over 32
hours showed that SE at the MIC completely suppressed bacterial
growth, maintaining an OD600 below 0.22 throughout the
experiment. Sub-inhibitory concentrations (1/2 MIC and 1/4
MIC) also induced a concentration-dependent retardation of
growth compared to the untreated control (CK) (Figure 1C).
3.2 In vivo antibacterial ef�cacy of SE in M.
rosenbergii

The in vivo protective effect of SE was evaluated in M. rosenbergii
challenged with V. parahaemolyticus by supplementing the diet with a
high (HSE) or low (LSE) dose of SE for 7 days. Both SE-treated groups
exhibited a signi�cant reduction (P < 0.05) in the bacterial load within
the hepatopancreas on days 3 and 7 post-infection compared to the CK
group (Figure 2A). This reduction in bacterial load correlated with
markedly improved survival. The cumulative survival rates reached
FIGURE 1

In vitro antibacterial potency of SE against V. parahaemolyticus. (A) MIC determination. (B) MBC determination. (C) Time-kill curves under SE
exposure at varying concentrations.
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62.2 ± 2.4% and 55.6 ± 1.9% in the HSE and LSE groups, respectively,
signi�cantly higher than the 34.4 ± 2.2% in the CK group (Figure 2B),
resulting in RPS values of 42.3% and 32.7%. Histopathological
examination revealed pronounced tissue protection in SE-treated
groups, which maintained intact lobular architecture and well-
organized hepatopancreatic tubules with tightly packed epithelial
cells. In contrast, the CK group exhibited severe structural
disorganization, epithelial dissociation, and widespread vacuolization
(Figure 2C), con�rming the tissue-protective effect of SE.
3.3 Effects of SE on the ultrastructure of V.
parahaemolyticus

The structural damage in�icted by SE on V. parahaemolyticus
was examined using SEM and TEM. SEM images revealed that
untreated control cells exhibited intact and smooth surfaces,
whereas SE-treated cells showed progressive morphological
alterations with increasing concentrations (from 1/4 MIC to
MIC), including surface depression, cell shrinkage, and eventual
rupture, indicating severe loss of cellular integrity (Figure 3A). TEM
analysis further detailed the intracellular consequences. Control
cells presented uniformly dense cytoplasm, while SE-exposed cells
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displayed detachment of the cell membrane from the cell wall and
leakage of cytoplasmic material (Figure 3B).
3.4 Effects of SE on the membrane
permeability of V. parahaemolyticus

The effect of SE on membrane permeability was evaluated by
measuring extracellular b-galactosidase (b-GAL) activity and total
protein (TP) release. b-GAL activity was signi�cantly increased (P <
0.05) in groups treated with SE at � 1/2 MIC (Figure 4A), and TP
leakage was signi�cantly elevated (P < 0.05) at �1/4 MIC (Figure 4B),
relative to the CK group. Both indicators exhibited a clear
concentration-dependent rise, demonstrating that SE effectively
compromises the membrane permeability of V. parahaemolyticus.
3.5 Inhibitory effects of SE on bio�lm
formation in V. parahaemolyticus

Following 24 h of static incubation, bio�lm formation was
visualized by crystal violet staining. The intensity of staining was
visibly attenuated in all SE-treated groups compared to the CK
FIGURE 2

In vivo inhibitory effects of SE against V. parahaemolyticus-infected M. rosenbergii. (A) Bacterial loads in the hepatopancreas. Data are presented as
mean ± SD (n=3). Different lowercase letters indicate signi�cant differences (one-way ANOVA, P < 0.05). (B) Survival rates. (C) Histopathology
analysis of hepatopancreas. Black arrows indicate representative histopathological lesions, including epithelial dissociation and cytoplasmic
vacuolization.
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