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Ampelopsis japonica (AJ) is an effective antibacterial agent widely used in humans and animals. However, the
application of AJ in aquaculture animals remains largely unknown. In this study, we investigated the in vitro
antibacterial activity of AJ against Aeromonas veronii (A. veronii) and evaluated its effects as a dietary supplement
on intestinal health and disease resistance in Chinese soft-shelled turtles. The results showed that AJ significantly
inhibited the growth of A. veronii and reduced the expression of virulence genes in vitro at a concentration of
25 mg/mL. Dietary supplementation with AJ at 1250 mg/kg significantly enhanced T-AOC and sIgA levels while
reducing MPO and NO levels, as well as the expression of proinflammatory cytokines (TNF-a, IL-6, and IL-18),
thereby promoting immune homeostasis. Furthermore, following A. veronii challenge, AJ supplementation
maintained intestinal barrier integrity, sustained sIgA secretion, and reduced apoptosis by mitigating excessive
inflammation and oxidative damage. In addition, AJ supplementation increased the expression of complement
and coagulation related genes (F3, F5, FGG, C3, and C9), promoting the formation of membrane attack complexes
(MAC, C5b-9) to eliminate pathogens. Overall, these findings indicate that AJ can be used as a functional feed
additive to improve intestinal health and enhance resistance to A. veronii infection in Chinese soft-shelled turtles.

1. Background major pathogens in Chinese soft-shelled turtles (Dai et al., 2022).

Currently, relevant studies have shown that the pathogenicity of

Over recent decades, high-density intensive farming has become the
dominant model in aquaculture, rendering farmed species increasingly
vulnerable to pathogenic bacteria (Licke et al., 2020). Frequent out-
breaks of bacterial diseases, coupled with high mortality rates, pose
significant challenges to sustainable aquaculture development and
inflict substantial economic losses (Dadar et al., 2017). Chinese
soft-shelled turtle (Pelodiscus sinensis), is an important aquaculture
species in China, which is popular among consumers for its high nutri-
tional and medicinal value (Chen et al., 2014). Numerous studies of
bacterial diseases of Chinese soft-shelled have been reported, such as
infectious diseases caused by Aeromonas veronii (A. veronii), Bacillus ce-
reus, and Morganella morganii (Hu et al., 2023; Xiao et al., 2024; Zhai
et al., 2024), which have severely constrained industry growth. Among
them, A. veronii is the most common bacterium, widely distributed in
aquatic environments and animals (Dien et al., 2022), and is one of the
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A. veronii is closely related to many virulence factors, such as aerolysin,
hemolysin, extracellular protease and S-layer protein, which cause sys-
temic congestion, tissue damage, and immune system damage, leading
to severe diseases (Kay et al., 1981; Lowry et al., 2014; Sen and Lye,
2007).

Multiple strategies, including probiotics, vaccines, immunostimu-
lants, and Chinese herbal medicine, are currently applied to mitigate
disease outbreaks and enhance growth performance in aquaculture (Liu
et al., 2015). Chinese herbal medicines, rich in bioactive compounds
(Schuhladen et al., 2019), have gained attention as sources of natural
therapeutics with multifaceted functions: growth promotion (Amin
et al., 2019), stress mitigation (Gharaei et al., 2020), immunomodula-
tion (Abd El-Gawad et al., 2020), and antimicrobial activity (AftabUddin
et al., 2017). Current studies have widely demonstrated that various
bioactive constituents in Chinese herbal medicines, including essential
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oils, saponins, phenolics, tannins, alkaloids, polypeptides, and poly-
saccharides (Hoseinifar et al., 2020), possess broad-spectrum antibac-
terial properties against various common aquatic pathogens (Elumalai
et al.,, 2020). Beyond their direct antimicrobial efficacy, these com-
pounds effectively modulate host immune responses; they act directly on
immune organs to drive antibody production and specific immunity,
while also stimulating cytokine generation to comprehensively modu-
late both specific and non-specific immune responses (Tadese et al.,
2022).

In contrast to passive antibiotic interventions, these herbal thera-
peutics offer a proactive defense strategy by enhancing the host's
intrinsic defenses (Elumalai et al., 2020; Zhang et al., 2022). In complex
aquatic environments with high pathogen loads, relying solely on
bacteriostatic approaches is often insufficient; therefore, the rapid
activation of the host's innate immune network is imperative
(Bondad-Reantaso et al., 2023). The complement system and the coag-
ulation cascade represent two pivotal pathways within the innate im-
mune system (Meng et al., 2025). Beyond their respective independent
functions in pathogen clearance and physical sequestration, these two
systems establish a synergistic molecular network known as “immuno-
thrombosis” (Engelmann and Massberg, 2013). Within this network,
coagulation factors can bypass the classical pathway to directly cleave
and activate core complement components (C3/C5). Reciprocally,
complement activation products, such as C5a and the membrane attack
complex (MAC), strongly induce tissue factor (TF) expression and pro-
mote coagulation, thereby efficiently entrapping and eradicating path-
ogens during early localized infections (Foley and Conway, 2016).

Ampelopsis japonica (AJ), a traditional Chinese herbal medicine,
clears heat, detoxifies, reduces swelling, dissipates nodules, promotes
tissue regeneration, and relieves pain (Liang et al., 2022). Its diverse
pharmacological properties are supported by the presence of numerous
bioactive compounds, such as gallic acid, polysaccharides, and emodin
derivatives (Zhu et al., 2024). Modern pharmacological studies have
shown that AJ has anti-inflammatory, antioxidant, immunomodulatory,
antibacterial, wound-healing, and antitumor effects (Lee et al., 2022; Oh
et al., 2022). Notably, previous studies have shown that specific con-
stituents like rhein, gallic acid, and emodin can effectively activate the
complement system through the classical and alternative pathways
(Zhong et al., 2024). However, it remains largely unknown whether
dietary supplementation with AJ can effectively alleviate
bacteria-induced intestinal inflammation in aquatic animals by modu-
lating the complement and coagulation cascades.

This study aimed to investigate the direct inhibitory effect of AJ
against A. veronii and to evaluate the effect of dietary AJ supplementa-
tion on the intestines of Chinese soft-shelled turtles, including its effect
on survival, antioxidant, histopathology, and immune modulation, as
well as the association of these effects with host resistance to A. veronii
infection. Additionally, we explored the underlying mechanisms of the
relevant regulatory pathways.

2. Materials and methods
2.1. Experimental design and protocol

A total of 120 healthy Chinese soft-shelled turtle, with an average
body weight of 300 + 50 g, were selected from a farm in Nanfeng
County, Jiangxi Province, People's Republic of China. A total of twelve
1000-L round tanks were used, with the turtles randomly allocated to
four treatment groups (control-C, AJ-supplemented-C+AJ, infected-I,
and infected with AJ supplementation-I4+-AJ) in a design of three tanks
per group (Table 1). The Chinese soft-shelled turtles were acclimatized
in round tanks for one week without feeding. Following this period, they
were fed the diets twice daily (at 08:00 and 17:00) for two weeks at a
total daily rate of 3% of their body weight. Based on previous unpub-
lished data from our laboratory evaluating dietary levels of 500, 750,
1000, 1250, and 1500 mg/kg, the 1250 mg/kg supplementation level
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Table 1
Experimental grouping situation.

Group  Number  Feed Injection Situation

C 30 Ordinary feed sterile physiological
saline
C+AJ 30 1250 mg/kg Ampelopsis japonica sterile physiological
feed saline
1 30 Ordinary feed Aeromonas veronii
infection
1+AJ 30 1250 mg/kg Ampelopsis japonica Aeromonas veronii

feed infection

demonstrated the best protective effect and was therefore selected for
the AJ supplemented group in the present study. They were maintained
in a static water system at a temperature of 28 + 1 °C throughout the
experimental period.

Briefly, 3 g of the AJ extract (obtained from the Jiangxi Academy of
Agricultural Sciences) was dissolved in 15 mL of sterile distilled water to
prepare a solution with a final concentration of 200 mg/mL. After
complete dissolution, the solution was sterilized by filtration through a
0.45 pm sterile filter membrane. The sterilized solution was stored at
4°C for future experiment.

2.2. Determination of minimum inhibitory concentration (MIC),
minimum bactericidal concentration (MBC) and growth curve

A two-fold dilution method was used to prepare the drug concen-
tration gradient, with final concentrations of 100, 50, 25, 12.5, 6.25, and
3.125 mg/mL in tubes 1-6. A 4 pL aliquot of bacterial suspension
(6 x10® CFU/mL) was inoculated into each of tubes 1-7. Tubes 1-6
served as experimental groups, tube 7 as a positive control (bacterial
culture without drug), and tube 8 as a negative control (sterile medium
only). Each treatment was performed in triplicate (labeled A, B, and C).
The cultures were incubated at 28°C with 200 rpm agitation in a shaking
incubator for 18-24 h. Bacterial growth inhibition was defined as
0OD600 < 0.05. The MIC value was determined as the lowest drug con-
centration demonstrating no visible bacterial growth.

Following the MIC assay, 100 pL aliquots from each EP tube were
aseptically transferred to sterile LB agar plates, spread evenly using a
sterile spreading rod, and then incubated inverted at 28°C for 24 h. The
MBC value was defined as the lowest drug concentration at which no
bacterial colonies were observed on the corresponding agar plate.

The growth curves of A. veronii were determined based on the MIC
value by the AJ extract concentration corresponding to the MIC. A
bacterial suspension with a concentration of 6 x 10® CFU/mL was pre-
pared. The suspension was inoculated into LB liquid medium containing
the AJ extract (Av + AJ) at a 1:100 (v/v) inoculum ratio, while LB me-
dium without the extract was served as the control group (Av). Cultures
were incubated at 28°C with 200 rpm agitation for 24 h. At 1-hour in-
tervals, the OD600 values were measured using a microplate reader.
Triplicate experiments were performed for each treatment group.

2.3. Strain source, culture, infection, and sample collection procedures

The bacterial strain used in this study, originally isolated from a
diseased Chinese soft-shelled turtle, was stored in our laboratory and
confirmed as Aeromonas veronii (A. veronii) through 16S rRNA
sequencing. The median lethal dose (LDsg) was determined in a pre-
liminary trial prior to the formal challenge. Healthy turtles were intra-
peritoneally injected with bacterial suspensions at concentrations
ranging from1.0 x 107-1.0 x 10° CFU/mL, at a standardized dose of
0.1 mL per 100 g of body weight. Mortality was recorded daily for 14
days, and the LD5( was calculated as 6 x 10® CFU/mL using the Reed-
Muench method. Subsequently, this LDso value served as the basis for
the dosage utilized in the formal infection model to evaluate the pro-
tective effects of dietary AJ. To prepare the inoculum for the formal
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challenge evaluating the protective effects of dietary AJ, a 1% (v/v)
A. veronii culture was transferred into 20 mL of sterile LB liquid medium
and incubated at 28 °C with 200 rpm shaking for 6 h. The bacteria were
harvested by centrifugation at 4000 rpm for 15 min, washed three times
with 0.85% sterile physiological saline to remove residual medium, and
resuspended to the predefined LD50 concentration (6 x10® CFU/mL).
During the challenge assay, each turtle was intraperitoneally injected
with this suspension (0.1 mL/100 g body weight), while the control
group received an equivalent volume of 0.85% sterile saline following
the same protocol. Mortality and clinical symptoms were monitored and
recorded every 6 h post-infection. At 24 h post-infection, three Chinese
soft-shelled turtles were euthanized from each group. Posterior intestine
tissues were aseptically collected, divided into two parts, and preserved
either in 4% paraformaldehyde solution or snap-frozen in liquid nitro-
gen. All procedures involving the handling of turtles were conducted in
strict compliance with the regulations of the Animal Center of Nanchang
University, China, and the sampling protocols received ethical approval
from the Animal Care and Use Committee of the School of Life Sciences
at Nanchang University (Approval ID: SYXK(GAN)2021-0004). Prior to
any invasive procedures or tissue sampling, the turtles were deeply
anesthetized using an immersion bath of MS-222. Following the loss of
equilibrium and reflexivity, euthanasia was confirmed by decapitation
before rapid tissue collection. All efforts were meticulously undertaken
to ensure ethical compliance and minimize the turtles’ suffering.

2.4. Measurement of pro-inflammatory cytokine and antioxidant
parameters

The activity of total antioxidant capacity (T-AOC), myeloperoxidase
(MPO) and nitric oxide (NO) were analyzed by following the protocols of
the kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

The concentrations of tumor necrosis factor-o (TNF-«), interleukin-6
(IL-6), and interleukin-18 (IL-18) in both the supernatants of intestinal
tissue homogenates and the lavage fluid for secretory immunoglobulin A
(sIgA) were quantified in Chinese soft-shelled turtles using species-
specific enzyme-linked immunosorbent assay (ELISA) kits (Yansheng
Biotechnology Co., Ltd., China). Prior to formal sample analysis, all
commercial ELISA kits were validated for use in Chinese soft-shelled
turtle. Serial dilution tests of tissue homogenates were conducted to
confirm that the sample optical density (OD) values fell within the linear
range of the standard curves. Assay accuracy and precision were strictly
monitored, with both intra-assay and inter-assay coefficients of varia-
tion (CV) maintained at < [15%]

2.5. Histological staining and apoptosis analysis

Following fixation in 4% paraformaldehyde, intestinal tissues were
dehydrated with a graduated ethanol series and embedded in paraffin.
Serial longitudinal (3-5pm thick) paraffin sections were subsequently
obtained and placed onto adhesive-coated slides. After deparaffinization
and rehydration, the sections were stained with Harris hematoxylin and
eosin and examined using a Nikon NI-CTLB microscope.

Cell apoptosis in intestinal tissue sections (not subjected to hema-
toxylin and eosin (H&E) staining) was analyzed using the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) Brigh-
tRed Apoptosis Detection Kit (Vazyme Biotech Co., Ltd., China),
following the manufacturer’s protocols.

2.6. RNA extraction, cDNA library construction, and sequencing

RNA extraction, preparation, and sequencing methods used in pre-
vious work were employed in this study (Qi et al., 2024). Total RNA was
extracted using TRIzol reagent (TaKaRa, Dalian, China), and genomic
DNA was eliminated using a DNase I RNase-free (TaKaRa) kit. The
samples were incubated for 2 min at 42 °C. RNA quality and quantity
were analyzed using a BioAnalyzer 2100 (Agilent Technology, Santa
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Clara, CA) and NanoDrop 2000 spectrophotometer (Infinigen Biotech-
nology Inc., City of Industry, CA), respectively. Only high-quality RNA
samples (OD 260,/280 > 1.9, OD 260/230 > 1.5, RIN > 8.0) were used to
construct sequencing library. After quality control, these RNAs were
reverse transcribed into cDNAs. The intestinal tissue cDNA was subse-
quently subjected to 150 bp paired-end sequencing using the Illumina
HiSeq TM 2500 platform (Illumina, USA) at Applied Protein Technology
Co., Ltd. (Shanghai, China), while the bacterial cDNA was cryopreserved
in liquid nitrogen for subsequent use.

For the assessment of bacterial virulence, bacterial RNA was inde-
pendently extracted. Genomic DNA was eliminated and the RNA was
reverse-transcribed into cDNA using a PrimeScript™ RT reagent Kit with
gDNA Eraser (TaKaRa). Using bacterial cDNA as template, 8 virulence
genes exu (nuclease), ast (cytotoxic enterotoxin), alt (thermolabile en-
terotoxins), ser (serine protease), aer (aerolysin), act (cytotoxic entero-
toxins), fla (flagellin), and lip (lipase) were amplified by PCR. Primer
sequences were designed according to Nawaz (Nawaz et al., 2010)
(Table S1), with both primer synthesis and PCR product verification
performed by Tsingke Biotechnology Co., Ltd. (Beijing, China).

2.7. Quality control, mapping, transcriptome assembly and annotation

Transcriptomic sequencing was performed using three independent
biological replicates per treatment group. Raw sequencing reads (FASTQ
format) were processed with Trimmomatic to remove adapters and low-
quality bases. Clean reads were evaluated for sequencing quality by
calculating error rates, Q20, Q30 scores, and GC content. HISAT2 v2.2.1
(Kim et al., 2015) was utilized to align the clean reads to the Chinese
soft-shelled turtle reference genome (GCF_000230535.1; https://www.
ncbi.nlm.nih.gov/assembly/GCF_000230535.1) (Wang et al., 2013) to
generate read mapping statistics. Transcript assembly and annotation
(including novel transcripts) were performed using StringTie2 v1.3.3b
(Pertea et al., 2015) with reference genome guidance.

2.8. Differential expression genes and enrichment

Gene expression levels were quantified using the fragments per
kilobase per million mapped fragments (FPKM) method, which inher-
ently serves as an intra-sample normalization technique by correcting
for both sequencing depth and transcript length. Subsequently, differ-
ential expression analysis, including robust inter-sample normalization,
was performed using the DESeq2 R package (Love et al., 2014). Differ-
entially expressed genes (DEGs) were identified with a > 2-fold change
(Jlog2FC= > 1) and an adjusted p-value < 0.05. Functional annotation
of DEGs was performed using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases.

2.9. Gene expression levels were analyzed by quantitative real-time PCR
(qRT-PCR)

The expression levels of complement and coagulation cascades genes
(Table S2) were analyzed by quantitative qRT-PCR following the
aforementioned protocol. The reaction system contained 2 pL of cDNA,
10 uL of TB Green Premix Ex Taq (Takara, Dalian, China), 0.5 pL of each
primer, and RNase-free water to a final volume of 20 uL. The qRT-PCR
program was run in the ABI StepOnePlus System (Applied Biosystems,
Foster, Schaumburg, IL, USA) as follows: 95°C for 30 s, followed by 40
cycles of 95°C for 5 s, and 60°C for 30 s, with a final step of 65°C for 1 s
and 95°C for 15 s. Gene expression levels were normalized to the p-actin
gene, and fold changes in mRNA levels between treatment and control
groups were calculated using the 22T method (Houghton and
Cockerill, 2006).

2.10. Statistical analysis

To preclude subjective bias, all samples for histological (H&E),
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apoptotic, qPCR, and biochemical and ELISA kit assays were anony-
mously coded prior to processing. The researchers performing the assays
and extracting data remained completely blinded to treatment assign-
ments, with unblinding occurring only prior to the final statistical
evaluation. All statistical analyses were performed with the GraphPad
Prism 7 software (GraphPad Software Inc., La Jolla, CA, USA). All
continuous data are consistently presented as the mean + standard error
(SE) to accurately reflect biological variability. To identify appropriate
statistical methods, the normality of data distribution was assessed using
the Shapiro-Wilk test, and the homogeneity of variances was evaluated
using Levene’s test. For comparisons strictly between two independent
groups, an unpaired Student's t-test was applied. For comparisons among
three or more experimental groups, a One-way Analysis of Variance
(ANOVA) was conducted, followed by Tukey's post hoc test to strictly
correct for multiple comparisons. Statistical significance was defined as
p < 0.05,p < 0.01, or p < 0.001.

3. Result
3.1. Antibacterial activity of AJ against A. veronii

As showed in Table S3, the MIC values of AJ against the A. veronii
was 25 mg/mL. Based on MIC results, 100, 50, and 25 mg/mL concen-
trations were selected for MBC testing, with no bacterial growth
observed on solid medium at 50 mg/mL (Fig. 1A).

Based on the MIC and MBC results, 25 mg/mL of AJ was used to
assess its effect on A. veronii growth. At this concentration, the loga-
rithmic growth phase of A. veronii was prolonged from 6 h to 15 h, and
the growth rate remained consistently lower than that of the control
group throughout the experiment. In contrast, the bacterial growth
curve of the control group, which was not exposed to the drug solution,
exhibited a characteristic S-shaped pattern, consistent with the typical
growth behavior of A. veronii (Fig. 1B).

PCR amplification targeting eight virulence genes from the template
DNA of A. veronii failed to amplify the alt, ser, and lip genes. Clear bands
were observed in lanes 1, 2, 5, 6 and 7, corresponding to amplicon sizes
of 323 bp, 331 bp, 431 bp, 232 bp and 608 bp, respectively (Fig. 1C).

Av+AJ

2000 bp

1500 bp
750 bp

500 bp
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These sizes were consistent with the expected amplicons for the target
genes, confirming the presence of five virulence factors: exu, ast, aer, act
and fla. Further analysis demonstrated that at the MIC, expression of the
five virulence genes exu, ast, aer, act, and fla was significantly down-
regulated (p < 0.05) in the Av+AJ group compared to the control group.
Notably, the expression of exu and ast was completely suppressed in the
Av+AJ group (Fig. 1D).

3.2. Effects of AJ as a feed additive on the intestinal of Chinese soft-
shelled turtle

To evaluate the effects of AJ as a dietary additive on the health status
of Chinese soft-shelled turtles, a comparative analysis was performed
between the control and AJ-supplemented groups. After 2 weeks of
feeding, T-AOC activity was significantly higher (p < 0.01), while MPO
and NO levels were significantly reduced (p < 0.001) in the group
treated with 1250 mg/kg AJ extract compared to the control group
(Fig. 2A-C). Additionally, the expression levels of IL-6 and IL-18 were
significantly decreased in the 1250 mg/kg AJ-supplemented group
compared to the control group (p < 0.05), while the level of intestinal
sIgA was significantly increased (Fig. 2D-G; p < 0.05). Histological
analysis of the intestine revealed well-defined and intact structures of
the intestinal mucosa, lamina propria, and muscularis mucosae, with
orderly arranged villi featuring prominent central lacteals within the
lamina propria, in both groups of Chinese soft-shelled turtles (Fig. 4A
and B). Concurrently, TUNEL assays showed a decrease in intestinal cell
apoptosis in the AJ-supplemented group relative to the control group,
although the difference was not statistically significant (Fig. 5;
p > 0.05). These findings indicated that AJ supplementation may
contribute to maintaining intestinal health by enhancing antioxidant
capacity, reducing the expression of inflammatory factors, and miti-
gating cell apoptosis.

3.3. The protective effect of group AJ against A. veronii infection on
Chinese soft-shelled turtle

To evaluate the protective efficacy of AJ on Chinese soft-shelled
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Fig. 1. (A) Minimum bactericidal concentration of AJ extract against A. veronii after 24 h; (B) Effect of AJ on the growth curve of A. veronii; (C) PCR amplification,
confirmation and screening of A. veronii virulence genes; (D) Effect of AJ on the expression of A. veronii virulence genes; * Represents significant differences: *
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turtles, we assessed its impact on mortality rates, non-specific immunity,
inflammatory cytokine levels, histopathological changes, and cellular
apoptosis. In the control group, the mortality rate of A. veronii-infected
turtles reached 60% within one week post-infection, whereas dietary
supplementation with AJ (the I+AJ group) significantly reduced the
mortality rate to 20% (Table S4).

Non-specific immune assays demonstrated that the T-AOC activity in
Group I was significantly lower than in Group C, whereas the I+AJ
group exhibited significantly higher T-AOC activity compared to I group
(Fig. 3A; p < 0.001). MPO activity showed a significant elevation in
Group I relative to Group C (p < 0.05), but was markedly reduced in the
I4+AJ group compared to Group I (Fig. 3B; p < 0.01). NO levels increased
significantly in Group I compared to Group C (p < 0.01), while the I+AJ
group demonstrated a decreasing trend in NO content but no signifi-
cance (Fig. 3C; p > 0.05).

Analysis of intestinal pro-inflammatory cytokines revealed that
compared to Group C, TNF-a, IL-6, and IL-18 expression levels were
significantly elevated in Group I (Fig. 3D-F; p < 0.05). These inflam-
matory cytokines were significantly downregulated in the I4+-AJ group
relative to Group I (Fig. 3D-F; p < 0.05). Intestinal sIgA content was
significantly lower in Group I compared to both Group C and the I+AJ
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group (Fig. 3G; p < 0.05).

Histological analysis revealed that A. veronii infection caused
disruption of intestinal striated border structures and intensely stained
mucosal epithelial cells in Chinese soft-shelled turtles (Fig. 4C and D). In
the I group, severe intestinal damage was observed, including structural
blurring of intestinal architecture, disintegration and sloughing of
mucosal and submucosal layers, abundant luminal mucosal debris,
pyknotic nuclei, cellular lysis, absence of central lacteals, and inflam-
matory cell infiltration (Fig. 4C). In contrast, the I+AJ group exhibited
markedly attenuated pathological alterations (Fig. 4D). Concurrently,
TUNEL assay demonstrated that intestinal tissue apoptosis levels were
significantly decrease in the I+AJ group compared to the I group (Fig. 5,
Fig S2; p < 0.01).

3.4. Transcriptomic analysis of the intestine following infection with
A. veronii

After sequence assembly and quantitative analysis of clean reads, a
total of 4358 expressed genes were identified, including 1729 upregu-
lated and 2629 downregulated genes (Fig S1A). KEGG enrichment
analysis of differentially expressed genes (DEGs) annotated 222 DEGs to

NSt
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Fig. 4. Images of intestinal morphology observed using an optical microscope. (A, B, C, D) represent magnification at 100 x , and (a, b, ¢, d) represent magnification
at 400 x . S: Serosa; M: Muscular layer; LM: Longitudinal muscle; CM: Circular muscle; SM: Submucosa; MM: Muscularis mucosae; LP: Lamina propria; IV: Intestinal
villi; CL: Central lacteal; GC: Goblet cells; AC: Absorptive cells; o: Inflammatory cell infiltration; Scale bars in A-D: 200 pm; Scale bars in a-d: 50 pm.
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Fig. 5. TUNEL assay for detecting apoptosis of intestinal cells in Chinese soft-shelled turtles. Representative images of the Control (C), Control + AJ (C+AJ), Infected
(D), and Infected + AJ (I+-AJ) groups are shown in columns from left to right. For each group: panels in row 1 show DAPI staining for cell nuclei (blue); panels in row
2 show TUNEL staining for apoptotic cells (red); panels in row 3 show the merged images. Scale bars = 100 pm.

210 signaling pathways, with the top 20 enriched signaling pathways
presented (Fig S1B). To investigate immune response mechanisms in
Chinese soft-shelled turtle post-A. veronii infection, six immune-related
pathways were prioritized: complement and coagulation cascades
(CCQ), toll-like receptor signaling pathway, platelet activation, NOD-
like receptor signaling pathway, apoptosis, and natural killer cell-
mediated cytotoxicity, and the CCC pathway showed the most signifi-
cant enrichment (Table S5). Subsequently, we screened for genes related
to the complement and coagulation cascades from the DEGs. We found
that F3, LOC102451598, LOC102449075, LOC102461035 and F2RL2
were significantly upregulated in Group C, whereas a total of 14 genes,
including FGB, F5, FGG and C9, were upregulated in Group I. To visu-
alize these results, expression heatmaps of the complement and coagu-
lation cascade-related DEGs across experimental groups were generated
(Fig. 6A).

3.5. Effects of AJ on gene expression in the coagulation cascade pathway

Quantitative RT-qPCR validation revealed distinct expression dif-
ferences of these DEGs in Groups C, I, and I+AJ. The expression levels of
C3, F3, F5, FGG and C9 showed progressive increases across the three
groups, with I+AJ exhibiting significant upregulation compared to
Group I (p < 0.05, Fig. 6B). F2RL2 expression initially decreased then
significantly increased, while ITGB2 displayed an inverse pattern with
an initial significant elevation followed by marked reduction (p < 0.05,
Fig. 6B). LOC102454598 demonstrated a non-significant downward
trend across groups, and LOC102461035 showed significant initial
downregulation followed by non-significant recovery (Fig. 6B). To
visually illustrate these expression dynamics within the CCC signaling
pathway, we annotated the corresponding gene expression trends onto
its schematic and simplified the diagram by retaining only nodes
enriched with DEGs. The simplified pathway diagram reveals that
following A. veronii stimulation in intestinal tissue, F3 in the coagulation
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Fig. 6. (A) Heatmap of differentially expressed genes (DEGs) enriched in the complement and coagulation cascades. Each column represents a sample, and each row
represents a gene. Red indicates upregulation, and blue indicates downregulation. (B) Effect of AJ on the expression of genes involved in the complement and

coagulation cascades in Chinese soft-shelled turtles infected with A. veronii.
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cascade activates F10, and the activated F5/F10 complex catalyzes the
conversion of F2 (prothrombin) to thrombin. Thrombin subsequently
cleaves fibrinogen (FIB) to form fibrin, promoting coagulation to confine
pathogen dissemination. Additionally, thrombin triggers inflammatory
responses via PAR receptor activation (Fig. 7). Within the complement
cascade pathway, the core component C3 collaborates with regulatory
proteins to defend against pathogens. This defense primarily involves
the assembly of the membrane attack complex (MAC) from C5b and C9,
countering A. veronii invasion.

4. Discussion

Although Chinese herbal medicines demonstrate immense potential
for preventing bacterial diseases in aquaculture, their development and
application remain highly complex (Tadese et al., 2022). To date, while
bacterial diseases in Chinese soft-shelled turtles have been extensively
investigated (Chen et al., 2024; Zhou et al., 2011), empirical evidence
regarding both the antibacterial efficacy of AJ and its protective benefits
on intestinal health as a dietary supplement remains limited. Therefore,
the present study first evaluated the in vitro antibacterial activity of AJ
against Aeromonas veronii (A. veronii). Subsequently, we investigated its
modulatory effects on the intestinal health of Chinese soft-shelled turtles
as a feed additive, as well as its protective efficacy against A. veronii
infection.

A. veronii employs extracellular enzymes and toxins during host
infection to subvert primary defenses, facilitate invasion, and exacerbate
severity (Nawaz et al., 2010; Song et al., 2004). Notably, not all
A. veronii strains possess all virulence genes (Nawaz et al., 2010). A total
of five critical virulence genes were identified in our isolated strain: act,
aer, ast, and exu, which encode pore-forming hemolysins that lyse host
cells, along with fla, which governs flagellar motility essential for
adhesion and invasion (Beaz-Hidalgo and Figueras, 2013; Merino et al.,
2014; Whitesides, 2006). Previous gene knockout studies confirm that
these virulence factors are indispensable for bacterial proliferation and
infectivity (Lebkowski et al., 2020; Yang et al., 2020, 2019). Consistent
with this, our in vitro data (MIC, MBC, and growth curves) demonstrated
that AJ treatment significantly inhibited A. veronii growth. Concur-
rently, AJ significantly suppressed the expression of these five virulence
genes (p < 0.05). Therefore, our results reveal that AJ can inhibit

Coagulation casade
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bacterial growth and reproduction by suppressing the expression of
virulence genes of A. veronii.

Non-specific immunity parameters are frequently utilized to evaluate
organismal health (Netea et al., 2019). Specifically, T-AOC reflects the
antioxidant defense capacity (Fei et al., 2024; Zhou et al., 2016),
whereas elevated MPO and NO levels serve as established biomarkers for
tissue inflammation (Lefer and Lefer, 1999; Lehrer and Cline, 1969; Li
et al., 2008). Additionally, secretory IgA (sIgA) acts as the first line of
defense in maintaining mucosal homeostasis (Li et al., 2020; Maningas
et al., 2013). Although the anti-inflammatory, antioxidant, and immu-
nomodulatory properties of AJ have been well-documented in various
human and animal models (Lee et al., 2022; Oh et al., 2022), its appli-
cation in aquaculture remains limited. In the present study, dietary
supplementation with 1250 mg/kg AJ significantly increased intestinal
T-AOC and sIgA levels while reducing MPO and NO activities in Chinese
soft-shelled turtles. Taken together, these findings demonstrate that AJ
effectively promotes intestinal health by mitigating oxidative stress and
inflammation, while reinforcing the mucosal immune barrier.

Accumulated evidence suggest that inflammation and intestinal
barrier dysfunction are primary pathological features of A. veronii
infection in Chinese soft-shelled turtles (Hu et al., 2023). The intestinal
epithelium, the largest host-environment interface, serves as a crucial
barrier that selectively restricts the penetration of toxins and antigens,
while also facilitating the absorption of nutrients and water (Buckley
and Turner, 2018; Turner, 2009). Moreover, the crosstalk between this
barrier and local intestinal immunity dictates the pathogenesis of
infection (Shi et al., 2020). Barrier disruption overactivates intestinal
immunity, triggering a massive release of pro-inflammatory cytokines
(IL-18, IL-6, and TNF-a) that exacerbates tissue injury (Kaminsky et al.,
2021). Concurrently, severe inflammation and oxidative stress syner-
gistically drive excessive apoptosis, ultimately leading to organ failure
(Chen et al., 2023; Zhang et al., 2023; Zhu et al., 2023). Furthermore,
because severe inflammation is inversely correlated with the barrier
integrity required for regulating sIgA secretion, mitigating oxidative and
inflammatory damage is vital for preserving mucosal defenses (Li et al.,
2020; Ma, 1997). Therefore, enhancing intestinal antioxidant capacity
and mitigating excessive inflammation can reduce tissue damage, pre-
serve sIgA secretion, and lower apoptosis levels, ultimately slowing
disease progression (Liang et al., 2024). Notably, our study
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Fig. 7. Effect of AJ on gene expression within the complement and coagulation cascades of Chinese soft-shelled turtles. Within each box, the left arrow indicates the
up- or down-regulation of the gene in group I compared to group C, while the right arrow indicates its expression change in the I4+-AJ group compared to group L.
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demonstrated that AJ supplementation significantly elevated T-AOC
activity and suppressed pro-inflammatory cytokine expression in
A. veronii-infected turtles. Consequently, AJ effectively preserved in-
testinal barrier integrity and sIgA secretory function, suggesting that the
protective effect of AJ against A. veronii is related to its
anti-inflammatory and antioxidant effects.

A. veronii infections frequently progress to sepsis, a condition to
which bacterial serine proteases may contribute by degrading fibrinogen
and inducing hemorrhagic tendencies (Imamura et al., 2008; Janda and
Abbott, 1998). To counter this invasion, the complement and coagula-
tion cascades (CCC) orchestrate a synergistic host defense (Ricklin et al.,
2010; Walport, 2001), whereby complement activation facilitates
pathogen clearance and membrane attack complex (MAC, C5b-9) for-
mation (Huber-Lang et al., 2013; Mullereberhard, 1986), while coagu-
lation factors entrap bacteria and generate antibacterial peptides (Frick
et al., 2006; Nickel and Renne, 2012). Notably, enhanced CCC activity
does not equate to improved efficacy. While these cascades are physi-
ologically designed for localized defense, their systemic overactivation
can seriously threaten the host (Huber-Lang et al., 2013). Consequently,
these findings provide a strong rationale for using natural active sub-
stances at appropriate concentrations to effectively regulate this
network. In our study, A. veronii infection induced a moderate CCC
activation in the intestine (p < 0.05); notably, AJ supplementation at
1250 mg/kg significantly amplified this defense, upregulating F3, F5,
FGG, C3 and C9 expression (p < 0.01) compared to the I group. Previous
studies have shown that rhein, gallic acid, and emodin can activate
complement pathways (Zhong et al., 2024). As AJ is rich in these active
compounds, this composition may explain the enhanced CCC activation
observed in our study. Furthermore, because dietary AJ significantly
alleviated overall tissue damage, we propose that it may function as an
immunostimulant to strengthen the intestinal CCC, thereby enhancing
the resistance of Chinese soft-shelled turtles against A. veronii infection.

Several limitations of this study should be acknowledged. Specif-
ically, the two-week feeding duration may not fully represent long-term
physiological adaptations or potential immune tolerance associated
with prolonged supplementation. Additionally, we have yet to pinpoint
which specific active constituent within the complex AJ mixture pri-
marily mediates the bacteriostatic action against A. veronii. Therefore,
future studies focusing on extended feeding periods and active com-
pound identification are required to fully elucidate the pharmacological
profile of AJ in aquaculture.

5. Conclusions

Overall, the present study showed that AJ significantly inhibited the
growth of A. veronii and the expression of its virulence genes at a con-
centration of 25 mg/mL. Dietary supplementation with AJ at 1250 mg/
kg significantly enhanced intestinal antioxidant capacity and intestinal
mucosal homeostasis. Following A. veronii infection, AJ supplementa-
tion significantly increased intestinal antioxidant capacity, decreased
the expression of pro-inflammatory cytokines, and maintained intestinal
barrier function, thereby reducing inflammatory damage in Chinese
soft-shelled turtles. Furthermore, AJ may function as an immunosti-
mulant by activating the intestinal complement and coagulation cas-
cades, thereby triggering subsequent coagulation, inflammatory, and
immune responses, and promoting MAC formation against A. veronii
infection. These findings suggest that AJ could serve as a potential
functional feed additive to enhance the resistance of Chinese soft-shelled
turtles against A. veronii infection
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