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Abstract

Aquaculture has suffered significant financial losses as a result of the infection of zoonotic Aeromonas hydrophila, which
has a high level of resistance to classic antibiotics. In this study, we isolated an A. hydrophila strain B3 from diseased soft-
shelled turtle (Pelodiscus sinensis), which is one of the most commercially significant freshwater farmed reptiles in East Asia,
and found that A. hydrophila was its dominant pathogen. To better understand the inhibition effect and action mechanism of
Chinese herbs on A. hydrophila, we conducted Chinese herbs screening and found that Lonicera japonica had a significant
antibacterial effect on A. hydrophila B3. Experimental therapeutics of L. japonica on soft-shelled turtle showed that the
supplement of 1% L. japonica to diet could significantly upregulate the immunity-related gene expression of soft-shelled
turtle and protect soft-shelled turtle against A. hydrophila infection. Histopathological section results validated the protective
effect of L. japonica. As the major effective component of L. japonica, chlorogenic acid demonstrated significant inhibitory
effect on the growth of A. hydrophila with MIC at 6.4 mg/mL. The in vitro assay suggested that chlorogenic acid could
inhibit the hemolysin/protease production and biofilm formation of A. hydrophila and significantly decrease the expression
of quorum sensing, biofilm formation, and hemolysin-related genes in A. hydrophila. Our results showed that the Chinese
herb L. japonica would be a promising candidate for the treatment of A. hydrophila infections in aquaculture, and it not only
improves the immune response of aquatic animals but also inhibits the virulence factor (such as biofilm formation) expres-
sion of A. hydrophila.

Key points

e A. hydrophila was the dominant pathogen of the diseased soft-shelled turtle.
e L. japonica can protect soft-shelled turtle against A. hydrophila infection.

e Chlorogenic acid inhibits the growth and biofilm formation of A. hydrophila.
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Introduction

A zoonotic bacteria called Aeromonas hydrophila is com-

P4 Yi Luo mon in aquatic habitats and can infect fish, amphibians,
luoyi @mail.hzau.edu.cn reptiles, and mammals with various infectious diseases
D4 Jing-Xia Liu (Rasmussen-Ivey et al. 2016). Pathogenic A. hydrophila is
ichliu@mail.hzau.edu.cn the leading cause of bacterial infections in freshwater fish

. (Akmal et al. 2020). Infections associated with A. hydrophila

College of Fisheries, Key Laboratory of Freshwater Animal h lted i icl . 1
Breeding, Ministry of Agriculture, Huazhong Agricultural ave resuited i enormous economic losses in aquaculture,

University, Wuhan 430070, Hubei, China severely restricting the sustainable and healthy development

State Key Laboratory of Agricultural Microbiology, of fisheries (Mzula Et. a'l' 2019). ) )
Huazhong Agricultural University, Wuhan 430070, Hubei, A. hydrophila’s ability to cause disease depends on viru-
China lence factors and bacterial mechanisms such as motility,

Published online: 06 January 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-023-12910-9&domain=pdf
http://orcid.org/0000-0002-5383-5605

67 Page 2 of 14

Applied Microbiology and Biotechnology (2024) 108:67

bacterial adhesions, toxins, proteases, hemolysins, and
biofilm formation (Tanhay Mangoudehi et al. 2020). Sedi-
mentary communities of microorganisms known as biofilms
are covered in a slimy extracellular polysaccharide matrix
that they self-secrete. The development of biofilms in many
bacteria can increase the production of several virulence
factors and multidrug resistance (Selvaraj et al. 2020). As a
result, reducing the growth of biofilms or preventing their
development may be a valuable strategy for reducing the
pathogenicity and drug resistance of bacteria. Quorum sens-
ing (QS), the cell-to-cell signaling communication, affects
the pathogenicity of various bacterial pathogens and con-
tributes to the development of biofilms (Lee et al. 2018). It
has been observed that the QS system positively regulates a
number of bacterial virulence factors, including exoprotease
production, secretion of T6SS (Type 6 secretion system),
bacterial adhesions, motility, and the formation of biofilms
(Khajanchi et al. 2012).

Currently, antibiotic misuse is causing bacterial resistance,
making it urgently necessary to create new medications to
combat the harmful A. hydrophila (Chokshi et al. 2019). In
drug development, natural products have served as a source
of materials with biological activities for many years (Chi
et al. 2017). Traditional Chinese medicines, often known as
Chinese herbs, have a long history in China and are used fre-
quently to treat infectious diseases in people, aquatic animals,
and other creatures on land (Van Hai 2015; Guo et al. 2019;
Zhu 2020). Several Chinese herbal formulas have even played
a significant role in treating COVID-19 (Fu et al. 2021). Plant
extracts containing various compounds exhibit antibacterial,
anti-inflammatory, and antioxidant activity (Kim et al. 2014;
Huang et al. 2020; Vijayakumar et al. 2021). Lonicera japon-
ica is a traditional edible-medicine herb that is extremely
widely used. Modern pharmacological studies have confirmed
the antiviral, antibacterial, antioxidative, antitumor, liver pro-
tective, hypoglycemic activities and anti-inflammatory activi-
ties of L. japonica (Li et al. 2020; Su et al. 2021). Chlorogenic
acid is a naturally occurring substance in many plants, includ-
ing L. japonica. Chlorogenic acid has been discovered to have
antibacterial, antiviral, and immunomodulatory properties
in vitro and in vivo as a natural plant extract (Naveed et al.
2018; Miao and Xiang 2020). Previous studies have demon-
strated that chlorogenic acid can inhibit Klebsiella pneumo-
niae, Helicobacter pylori, and Escherichia coli by different
mechanisms (Lou et al. 2011; Naveed et al. 2018). However,
the inhibitory effect of L. japonica or chlorogenic acid on A.
hydrophila virulence has not been clarified.

Soft-shelled turtle (Pelodiscus sinensis) is one of the most
significant freshwater cultured reptiles in East Asia. Because
of their high-protein content, low-fat content, and inclusion
of vital elements, including multivitamins and minerals, the
soft-shelled turtle is regarded as a high-quality food (Xu
et al. 2020; Zhang et al. 2022). Over the past few decades,
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with the increasing intensive culture, the infectious disease
of soft-shelled turtle caused by pathogenic bacteria such as
Citrobacter sp., A. hydrophila, Pseudomonas aeruginosa,
and Bacillus cereus became more and more prevalent (Chen
et al. 2013; Liu et al. 2019). In the study, an A. hydrophila
strain named B3 was isolated from diseased soft-shelled
turtles on a farm in Hubei Province, China. By screening
the effective Chinese herbs on inhibiting the growth of A.
hydrophila, we found that the extract of L. japonica has
significant antibacterial activity on strain B3. Fed with L.
Jjaponica, the soft-shelled turtle showed more resistance
against A. hydrophila infection. As the major active com-
pound of L. japonica, chlorogenic acid also demonstrated
significant antibacterial activity on strain B3 and reduced its
virulence via inhibiting the biofilm formation of A. hydroph-
ila. Our findings clarify the inhibitory effect of L. japonica
or chlorogenic acid against A. hydrophila virulence and
provide a new ecological approach to against A. hydrophila
infection in aquaculture.

Materials and methods

Soft-shelled turtle samples, isolation,
and identification of the pathogenic bacteria

The diseased soft-shelled turtles (P. sinensis) from a com-
mercial aquaculture farm in Xiantao, Hubei, China, were
used to isolate the suspected pathogen. These diseased soft-
shelled turtles were sluggish, often crawling on the shore or
the sunbathing platform. Using 0.85% (w/v) saline solution
(tissue to saline = 1:5), liver, kidney, and spleen homogen-
ates from the soft-shelled turtle samples were created. They
were then disseminated aseptically over LB agar media and
incubated at 28 °C for 48 h. Most cultured colonies were
characterized by smooth borders, an elevated center, and a
light-yellow tint. To test the purity of the isolates, several
dominant colonies were subcultured in identical circum-
stances. One isolate was obtained and named as strain B3.

The bacterial biochemical identification tube (Hangzhou
Microbiological Reagent, China) was used for the purpose of
characterizing the biochemical characteristics of the isolates.
16S rRNA gene sequencing was adopted for the purpose of
molecular identification of the isolates. Amplifying the 16S
rRNA gene from the isolates was performed by PCR using
the following primers: 27F (5'-AGAGTTTGATCCTGGCTC
AG-3') and 1492R (5'-TACGGCTACCTTGTTACGACTT-3')
as previously described (Park et al. 2015). Tsingke Biotech-
nology Co., Ltd. sequenced PCR products. The 16S rRNA
gene was analyzed by comparative alignment as described
(Nemec et al. 2011; Park et al. 2015). The nucleotide sequence
of the 16S rRNA gene of strain B3 has been assigned to Gen-
Bank accession number OM906077.1.
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Strain B3 (CCTCC AB 2023160) was cultured and pub-
licly deposited in China Center for Type Culture Collection
(CCTCC, Wuhan, China).

Artificial infection experiment

Apparently healthy experimental soft-shelled turtles (P.
sinensis) used in this study weighing about 1000 g were
obtained from a farm in Xiantao, Hubei, China, and main-
tained in fiberglass tanks filled with 26 °C water. Turtles
were fed satiation twice daily. No history of illness or abnor-
mality of the turtles were observed, and they were adapted
for 2 weeks prior to challenge. The isolated pathogenic
bacteria were prepared in a sterile salt solution to a con-
centration of 1.0 X 10° CFU/mL. The selected soft-shelled
turtles were separated into two groups at random: a control
group and an experimental group, each with 10 turtles. The
experimental group was injected with 200 pL of the bacterial
solution intraperitoneally, and the control group was injected
with 200 pL of sterile saline, and the injected turtles (two
different groups) were cultured in isolated tanks, separately.
The activity and mortality of the soft-shelled turtles were
observed and recorded every 12 h for 8 days. Survival curves
were plotted using GraphPad Prism 8.0.2 software.

Chinese herb screening

As shown in Table 1, 8 different Chinese herbs were used
in this study to screen the effective herbs in inhibiting the
growth of A. hydrophila B3. Briefly, 100 mL distilled water
was added with 10 g of each of Chinese herb powder. On a
hot plate, the mixture was boiled for 4 h while being con-
stantly stirred. Occasionally, distilled water was added to
avoid dryness. After the mixture had finished boiling, dis-
tilled water was added to bring the total amount to 100 mL.
The mixture was chilled, centrifuged, and filtered. Then, the
collected mixture for each of Chinese herb, separately, was

Table 1 Antibacterial activity of 8 Chinese herbs against A. hydroph-
ila B3

Chinese herbs Diameter of inhibi-
tory plaque (mm)*
Lonicera japonica 26.02 +0.91°
Bupleurum chinense 14.62 + 0.97°
Rhei Radix et Rhizoma 8.75 £ 0.76°
Taraxacum mongolicum 6.90 + 0.46°
Coptis chinensis 6.86 + 0.54¢
Viola yedoensis 6.89 + 0.34¢
Plantaginis Semen 6.87 +0.47¢
Scutellaria baicalensis 6.81 +0.63¢

*Data are mean + SD of three replicates. Superscript letters indicate
significant difference (p < 0.05) among groups

used to test their inhibitory effects on A. hydrophila B3 using
the Oxford cup method (Liang et al. 2021). Following 16 h
of incubation at 28 °C, the size of the inhibition circle was
determined using vernier calipers, and the inhibition effect
of the Chinese herb extracts was assessed using the inhibi-
tion circle’s diameter.

The therapeutic effects of L. japonica on soft-shelled
turtles infected by A. hydrophila

This study tested the protective effects of the screened Chi-
nese herb L. japonica on the infection of A. hydrophila
B3 in soft-shelled turtles. The experimental soft-shelled
turtles having a normal weight around 26 g were obtained
as described above. The experimental groups were control
group, control + B3 (A. hydrophila B3) group, 1% Chinese
herb (L. japonica) + B3 group, 5% Chinese herb (L. japon-
ica) + B3 group, and 10% Chinese herb (L. japonica) + B3
group, 10 individuals in each group. The control group was
soft-shelled turtle group fed without Chinese herb L. japon-
ica and injected without A. hydrophila B3, and the control
+ B3 (A. hydrophila B3) group was soft-shelled turtle group
fed without Chinese herb L. japonica but injected with A.
hydrophila B3. 1% Chinese herb (L. japonica) + B3 group
was soft-shelled turtle group fed with 1% Chinese herb L.
Jjaponica for 8 weeks and injected with A. hydrophila B3,
and so on for 5% Chinese herb (L. japonica) + B3 group and
10% Chinese herb (L. japonica) + B3 group, respectively.
The injected A. hydrophila B3 were produced in sterile
saline at 1.0 x 10° CFU/mL, and each of the experimental
soft-shelled turtles received an intraperitoneal injection of
50 pL of the bacterial solution. The activity and mortality of
the soft-shelled turtles were observed and recorded every 12
h for 10 days. Survival curves were plotted using GraphPad
Prism 8.0.2 software.

Determination of minimal inhibition concentrations
(MICs) and growth curve assay

Chlorogenic acid is the major effective component of Chi-
nese herb L. japonica (Shang et al. 2011). To preliminar-
ily elucidate the action mechanism of L. japonica on A.
hydrophila, chlorogenic acid was substituted for L. japonica
in the following experiments. Different concentrations of
chlorogenic acid (purchased from Macklin Biochemical
Co. Ltd., Shanghai, China, with a purity concentration of
98%) were co-cultured with A. hydrophila B3 to determine
the inhibiting effect of chlorogenic acid on the growth of
the bacteria. Briefly, A. hydrophila B3 was cultured in LB
medium at 28 °C overnight; then, the culture was inoculated
at 1:1000 (vol/vol) into fresh LB medium. Meanwhile, dif-
ferent concentrations of chlorogenic acid were added, to the
final concentrations at 0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and
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9.6 mg/mL, respectively. The mixtures were subsequently
cultured at 28 °C for 16 h while being constantly shaken at
200 rpm, and the culture medium turbidity was observed
and recorded.

In addition, we recorded the growth curves of A. hydroph-
ila B3 in a culture medium with different concentrations of
chlorogenic acid (Macklin, China). Chlorogenic acid at final
concentrations of 0, 0.8, 1.6, 3.2, and 6.4 mg/mL, respec-
tively, was added to A. hydrophila B3 culture medium. The
bacterial growth was observed by reading the ODyj, values
every 2 h during 16 h with constant shaking at 200 rpm.

Hemolysin production assay

Cultures from A. hydrophila B3 with different concentra-
tions of chlorogenic acid (Macklin, China) incubated for
18 h in LB medium at 28 °C with shaking (200 rpm) were
treated with trypsin (Biosharp, China) at a final concentra-
tion of 0.05% at 28 °C for 1 h. The number of hemolytic
units per milliliter of cellular filtrate per 1 X 103 CFU was
recorded. The culture supernatants were mixed with 2% rab-
bit red blood cells (1:3) to 200 pL in 96-well plate. After
incubation at 37 °C for 1 h, the plate was incubated at 4 °C
overnight. Hemolytic activity was evaluated by measuring
absorbance of the mixture supernatants at 540 nm. In the
experiment, saline and 2% rabbit blood erythrocytes were
added in proportion as a negative control (Khajanchi et al.
2012). All experiments were performed in 5 times.

Protease production assay

An aliquot (200 pL) of overnight culture filtrates from A.
hydrophila B3 with different concentrations of chlorogenic
acid (Macklin, China) was added to tubes which contained
800 pL of the DPBS and 5 mg of Hide azure powder (Sigma-
Aldrich, USA) substrate. The tubes underwent a 3-h incuba-
tion period at 37 °C in a shaker incubator. Blue color was
emitted from the substrate as the proteinase in the culture
filtrates catalyzed the reaction, and the reaction was meas-
ured at ODjqs. Protease activity was estimated based on 1
x 108 CFU per mL of culture filtrate. A negative control
was the substrate treated with just LB medium (Erova et al.
2006). Each experiment was run in 5 times.

Biofilm formation assay

An overnight-grown bacterial culture (ODg,, = 1.0) of A.
hydrophila B3 with different concentrations of chlorogenic acid
(Macklin, China) up to 200 pL were transferred into 96-well
plate and statically incubated at 28 °C for 28 h. The medium
was carefully removed, and each well was washed three times
with deionized water. For the remaining attached bacteria, 200
pL of 99% methanol (Sinopharm Chemical Reagent, China)
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per well was used for fixation, and after 15 min, the plates were
drained and allowed to dry. Plates were then stained using 0.2
mL of 1% Hucker crystal violet (Macklin, China) for Gram
staining per well for 5 min. The plate was cleaned of excess
stain by being submerged in flowing water. The plates were
then air-dried, followed by 100 pL of 33% (v/v) ice acetic acid
(Sinopharm Chemical Reagent, China) to extract the dye bound
to the structure of the biofilm, and the ODs,5 value was meas-
ured for each sample (Stepanovic et al. 2000).

Scanning electron microscopy (SEM) analysis

A. hydrophila B3 was grown in 24-well polystyrene micro-
titer plates containing glass slides (d = 14 mm) (Biosharp,
China) with and without chlorogenic acid (Macklin, China) at
28 °C for 24 h. Parallels were prepared in triplicate for the con-
trol and each concentration group. Planktonic cells and used
medium were removed following the incubation, and the glass
slides were gently cleaned three times with PBS (pH 7.2). For
SEM observation, samples were prepared with the method as
described by Zhou et al. (2017). A 2.5% glutaraldehyde solu-
tion (Sinopharm Chemical Reagent, China) was used to fix the
biofilms to the glass slides, and graded ethanol (Sinopharm
Chemical Reagent, China) was used to dehydrate them (50, 70,
80, 90, and 100%). Slides were then lyophilized, gold coated,
and observed under SEM (Techcomp, China).

Quantitative real-time PCR analysis

Total RNA was extracted from the bacterial samples using a
Bacterial RNA Isolation Kit (Aidlab, Beijing, China). RNA
samples from the softshell turtle liver were extracted using 1 mL
Trizol reagent (Invitrogen) to identify transcriptional expression
of the representative genes in the present study. cDNA synthe-
sis was carried out using an M-MLV Reverse-Transcript Kit
(Applied Biological Materials Inc, BC, Canada). Quantitative
PCR was carried out using the iQTM SYBR® Green Super
mixture (Bio-Rad Laboratories, USA). Full names of the genes,
as well as qRT-PCR primer sequences, were listed in Table 2.
All experiments were carried out in at least triplicate. Differ-
ences were determined using the 2-44C comparative quantifi-
cation method, and data were examined with one-way analysis
of variance (ANOVA) and Tukey’s post hoc test.

Statistical analysis

Each experiment was carried out at least three times, and
the data were presented as mean + standard deviation (SD).
GraphPad Prism 8 was used for the statistical analysis. The
statistical significance between groups was assessed using
one-way ANOVA plus post hoc Tukey test or two-tail paired
t-test. To indicate the statistical significance, the terminology
used is as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
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Table 2 Primer pairs used for real-time gPCR

Primer Sequence PCR
amplicon
(bp)

16S-F GCAACGCGAAGAACCTTACC 111

16S-R GACACGAGCTGACGACAGCC

luxS-F ATGCCGTTATTGGACAGTTTTA 178

luxS-R ACAGATGCTCAAGGGTGTGGAT

luxR-F CTGAAGCAGACCCAGCCCAT 118

luxR-R AGACACCGTTTCTCACCCCG

omp-F GCAGAACAAACCGCTCAAGG 167

omp-R CGATCAGGGATTCGGTGGAG

hly-F TCCGCACTATCTTGGCATCC 189

hly-R TCTACCTCAACGTCAACCGC

gseb-F CCAGTCTTCCCGCATCACCAAC 178

gseb-R GAGCTCCCTGTCCTCTCCCCGC

omp48-F GGCAACGACAAGTGGGAAAC 159

omp48-R AGCCAGGGTCAGCTTGTAAC

ompW-F GATGCCAACAGCAAGGTACG 170

ompW-R ACGAACCAGCGGTCATTGAT

MshA-F GGTTATCCGGAAGCAACCGA 171

MshA-R GTTCAAAGTTGTCGCTGCGG

MshB-F TGACCAATAACGGCCTGGAC 133

MshB-R GAAGCCGGACGGTAACTGAA

manB-F GGCTAGTTTGGCCGGTAAGT 174

manB-R TGTTGCATCGCAGCATTAGC

rmiB-F GGAGTGGTAAAGCGTCTGCT 116

rmiB-R ACCGTTCAAAGTTGTCGCTG

ompTS-F TAACGACGACAAAGCCGTCA 148

ompTS-R GTAACCTGCGTTCAGACCCA

p-actin-F TGAGCTTCGTGTAGCACCTG 137

P-actin-R AGCAACATACATGGCTGGGG

il6-F CTGCCAGATTGCGAGTCCTT 144

il6-R CTCTGTGATCTTGGGGAGGT

c3a-F TTCCCAACTGCAAGAACGAG 123

c3a-R GAAGGTTGGGATCAGGCTCAA

dusp7-F CTCGGCCTTGGAGGACTAAG 135

dusp7-R GGGTAGGATCTGGACAGGGA

myd88-F TAGCCTTTCCCCAGGTGCTC 119

myd88-R TGCAGGGATTAGTGTAGTCGC

Results

A. hydrophila was the dominant pathogen
of the diseased soft-shelled turtle

The moribund soft-shelled turtles were adult of 3 years old,
weighing about 1600 g. Clinical symptoms such as tired-
ness and appetite loss were observed in the turtles. Petechial
hemorrhages of the body surface (Fig. 1A1), bottom plate

with many bleeding spots (Fig. 1A2), and liver hyperemia
and hepatomegaly (Fig. 1A3) were also observed.

The dominant bacterium with consistent morphologi-
cal characteristics was isolated from the livers and other
samples of the diseased soft-shelled turtles. The colonies
were characterized as moist, wet, faint yellow, and smooth
with a central raised round shape (Fig. 1B1), and scanning
electron microscopy revealed a short rod-shaped bacterium
(Fig. 1B2). The dominant strain was purified and named
B3. The physiological and biochemical characteristics of
strain B3 were consistent with those of A. hydrophila strains
JAY-1 and JAY-2 isolated from diseased soft-shelled tur-
tles on a farm in Nanchang (Kang et al. 2019) (Fig. 1C).
The 16S rRNA gene segments from strain B3 had nucleo-
tide sequences that were 99.86% identical to those of A.
hydrophila ATCC 7966" (GenBank: X60404.2). Neighbor-
joining phylogenetic tree based on the 16S rRNA gene of
1492 bp was further constructed, and the result showed that
strain B3 was in the same branch where other A. hydrophila
strains were located (Fig. 1D). These data indicated that the
isolate B3 was A. hydrophila.

To confirm that strain B3 was the dominating pathogen
leading to the septicemia outbreak in the soft-shelled turtle
farm, experimental infection with B3 was performed. The
experimental group of soft-shelled turtles showed mortal-
ity within the first 2 days of infection and all died within 8
days, while none of the control group died within 8 days (p
< 0.001) (Fig. 1E). The dead individuals exhibited symp-
toms similar to those of naturally affected individuals.
Colonies consistent with the morphology of the attacking
strains could be isolated from the livers of the dead soft-
shelled turtle in the experimental group, and their identi-
fication by the 16S rRNA gene showed that they were the
corresponding attacking strain. The above data indicated
that A. hydrophila B3 was the dominant pathogen causing
disease and death in the soft-shelled turtles.

Comparison of the antibacterial activity of eight
Chinese herbs against A. hydrophila B3

As alternatives for treating bacterial diseases in aquacul-
ture, Chinese herbs are gaining global attention because
they are inexpensive, simple to prepare, and do not have
many negative consequences on the environment or ani-
mals (Van Hai 2015). In this study, we screened eight
Chinese herbs to find effective Chinese herb against A.
hydrophila B3. Inhibitory plaque diameters for decocted
extracts from eight herbs (100 mg/mL, 200 pL) are pre-
sented in Table 1. From these data, it was observed that
decocted extracts of L. japonica and Bupleurum chin-
ense displayed significant antibacterial effects against
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A

D Aeromonas hydrophila WCX23(CP038463.1)
Aeromonas hydrophila AC133(CP093309.1)
Aeromonas hydrophila AC185(CP093308.1)
Aeromonas hydrophila LP0103(CP092906.1)
Aeromonas hydrophila JBN2301(CP013178.1)
Aeromonas hydrophila B3(OM906077.1) 4

73 | " Aeromonas hydrophila ATCC 7966(NR 119039.1)
Aeromonas caviae ATCC 15468(NR 029252.1)

Aeromonas sobria ATCC 43979(NR 119044.1)

Aeromonas salmonicida ATCC 33658(0OR214944.1)

Aeromonas bestiarum ATCC 23213(AY987757.1)
Aeromonas schubertii ATCC 43700(NR 119043.1)

Aeromonas jandaei ATCC 49568(NR 119040.1)

Pseudomonas aeruginosa ATCC 10145(NR 114471.1)

Fig.1 Clinical signs and identification of the pathogenic bacteria
of the diseased soft-shelled turtle. A Significant hemorrhage on the
back (A1), redness and bleeding spots on the baseboard plate (A2),
and liver with whitening and fibrosis (A3) in the diseased turtle. B
Identification of isolate B3. B1 Growth of A. hydrophila B3 on LB
agar plate. B2 TEM result of A. hydrophila B3. C Physiological and

A. hydrophila B3, with plaque diameters more than 14
mm in width. The L. japonica extract had the most potent
antibacterial impact of all of them, and the diameter of
the plaque was 26.02. + 0.91 mm (p < 0.05) (Fig. 2A).
Chlorogenic acid is the major active compound of L.
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Aeromonas wveronii bv. veronii ATCC 35624(MK990549.1)

Physiological and biochemical characteristics of strain B3

Blochemical pproperties B3 JAY-1 JAY-2
Glucose + + +
Citrate . . .
Arginine double hydrolysis + . .
Xylose -
Maltose . . .
Mannitol + N *
Sorbitol
Lysine . . .
Ornithine +
carbamide
Cane sugar . . .
Notes: “+". positive, “-" . negative, “*" means no determination
E - Control
- control+B3
1004 _I . - . - - )
801
2
> 60+ 3
a K
e b
g
g 20' |

o 1 2 3 4 5 6 1 8
Time (d)

biochemical properties of isolates B3. D Neighbor-joining (N-J) tree
based on the comparison of 16S rRNA gene sequences of Aeromonas
spp. including the isolates B3. GenBank accession numbers are given
in parentheses. Genetic distances were constructed using the p-dis-
tance model. Horizontal bar, genetic distance of 0.002. E Pathogenic-
ity of the isolates B3 to soft-shelled turtle

Jjaponica (Shang et al. 2011), and its chemical structure
is shown in Fig. 2B. Other Chinese herbs such as Rhei
Radix et Rhizoma, Taraxacum mongolicum, and Coptis
chinensis showed low antibacterial effects due to their
small inhibitory plaques (Fig. 2A and Table 1).
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A

1:Scutellaria baicalensis 2:Rhei Radix et RhizomalL 3:Lonicera Japanica 4:Bupleurum chinense

5:Taraxacum mongolicum 6:Coptis chinensis.

Processing -~

Lonicera japonica

‘( k/\\ oH
\ dto-
Extractlng L __OH
OHJ

7:Viola yedoensis 8:Plantaginis Semen

Chinese herb

Chlorogenic acid

Fig.2 A Antibacterial activities of 8 Chinese herbs against A. hydrophila B3. B Molecular structure of chlorogenic acid

Chinese herb (L. japonica) can protect soft-shelled
turtle against A. hydrophila infection and enhance
its immune response

To study the protective effect of Chinese herb (L. japonica)
against A. hydrophila infestation in the soft-shelled turtles,
experimental therapeutics of L. japonica on soft-shelled tur-
tles was conduct. In this assay, Chinese herb (L. japonica)
was included in basal diet with the concentrations of 0%
(negative control), 1%, 5%, and 10%. Soft-shelled turtles
with an average weight of 26.37 + 0.79 g were fed the 4
diets separately for 8 weeks. The data showed that the weight
gain of the 4 groups were 136.24 + 5.38%, 182.26 + 7.85%,
106.6 + 6.18%, and 88.51 + 8.03%, respectively. The 1%
group had the best growth (body weight) promotion effect
(p < 0.01) (Fig. 3A).

The impact of the 1% L. japonica treatment group on
alterations in the immunity-related genes in the soft-shelled
turtles was investigated using the qRT-PCR assay. Results
showed that myd88, il6, dusp7, and c3a significantly
increased expression levels by 196.60 + 34.11%, 117.59 +
38.32%, 485.97 + 128.04%, and 358.1 + 63.67%, respec-
tively, compared to the group without L. japonica treat-
ment (Fig. 3B). These data indicated that treating with 1%
L. japonica had significant ability to activate the immune
system of the soft-shelled turtles.

Figure 3C displays the cumulative mortality of soft-
shelled turtles over several groups. No soft-shelled turtles
perished throughout the 10-day trial in the L. japonica safety
group or the negative control group. All soft-shelled turtles
infected with A. hydrophila B3 in the group not receiving
Chinese herbs displayed tiredness and a decline in appetite.
Six days after infection, 70% of the infected soft-shelled
turtles perished throughout the 10-day study period, and on
day eight, 100% of mortality was noted. However, in the
L. japonica therapeutic group, the 5% and 10% groups did
not improve the disease resistance of the soft-shelled turtles
(p > 0.05). In comparison, the 1% group had a significant
protective effect on the soft-shelled turtles (p < 0.001), with
a final survival rate of 40%.

Histopathological section results of the liver and intestine
of the soft-shelled turtles from the group of no Chinese herb
treating and infecting with A. hydrophila B3 (control+B3)
and the group of 1% the Chinese herb treating and infect-
ing with A. hydrophila B3 (1%+B3), respectively, showed
a large number of hemosiderin precipitates, a large amount
of red blood cell exudation in the liver, and a large amount
of red blood cell exudation in the intestine sections of the
control+B3 group. However, there was almost no hemosi-
derin precipitates or red blood cell exudation in the liver
and intestine of the 1%+B3 group (Fig. 3D). These data
suggested that treating with 1% L. japonica had a significant
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Fig.3 A Weight gain rates of soft-shelled turtles after feeding with
different concentrations of Chinese herb L. japonica. B Expression
of immune-related genes in soft-shelled turtle after feeding with 1%
Chinese herb L. japonica. Data are presented as the expression fold
changes of mean + SD of three independent experiments. *p < 0.05,
**p < 0.01, and ***p < 0.001 by r-test. C Chinese herb L. japonica
protects soft-shelled turtle against A. hydrophila infection. Survival of
T. sinensis (n=10) was observed for 10 days. Histopathological sec-
tions of soft-shelled turtle after A. hydrophila infection. D1, D3 No
Chinese herb treating, D2, D4 1% treating group, red arrows indi-
cate exudation of red blood cells. Blue arrows indicate deposition of
hemosiderin

ability to protect soft-shelled turtles against A. hydrophila
infection.

Chlorogenic acid has inhibitory effect on the growth
of A. hydrophila

As shown in Fig. 2A and Table 1, L. japonica has signifi-
cant inhibitory activity against A. hydrophila. However,
no study on the inhibitory mechanisms of L. japonica
or chlorogenic acid (the major effective component of
L. japonica) against A. hydrophila has been mentioned.
Hereby, we studied the antibacterial effect of chlorogenic
acid on A. hydrophila B3 in vitro.

The MIC of chlorogenic acid was evaluated by a two-
fold dilution method. As shown in Fig. 4A, the MIC of

@ Springer

chlorogenic acid against A. hydrophila B3 was 6.4 mg/
mL. Additionally, it was discovered how chlorogenic acid
affected A. hydrophila B3 growth. As shown in Fig. 4B,
chlorogenic acid did not significantly hinder the growth
of A. hydrophila B3 in the bacterial cultures when it was
added at doses ranging from O to 1.6 mg/mL (p > 0.05).
The growth of B3 with 3.2 mg/mL of chlorogenic acid was
significantly slower compared with the control (p < 0.05).
The growth of B3 with 6.4 mg/mL of chlorogenic acid was
almost completely inhibited. Based on these data, chloro-
genic acid above 3.2 mg/mL was found to have a signifi-
cant inhibitory effect on the growth of A. hydrophila B3.

Chlorogenic acid inhibits hemolysin and protease
production of A. hydrophila

The pathogenic nature of A. hydrophila has been proven
to be in part associated with exoenzyme production, such
as hemolysin and protease, which are thought to be the
major virulence factor in A. hydrophila (Wang et al. 2022).
Erythrocytes from rabbit blood were used to determine the
hemolytic activity of bacterial supernatants. As shown in
Fig. 4C, a dose-dependent decrease in hemolytic activities
was observed. At doses greater than 0.8 mg/mL, hemolytic
activities were shown to be statistically significant (p <
0.05). When treated with 1.6 and 3.2 mg/mL chlorogenic
acid, the hemolytic activity was reduced to 79.69 + 2.52%
and 65.59 + 12.13%, respectively, compared to the control
(0 mg/mL). These data suggest that chlorogenic acid sig-
nificantly inhibited hemolysin production of A. hydrophila
B3, which proved that the virulence of A. hydrophila can
be successfully reduced by chlorogenic acid.

Azocasein was used to detect protease activities in bac-
terial supernatants. As shown in Fig. 4B, the ability of
chlorogenic acid to inhibit protease production increases
with increasing concentration. Protease production was
inhibited at the level of 14.14 + 2.78%, 34.93 + 3.27%,
and 44.24 + 1.98%, respectively, in groups supplied with
chlorogenic acid at concentrations of 0.8, 1.6, and 3.2 mg/
mL, compared to the control (0 mg/mL). These data sug-
gested that chlorogenic acid significantly reduced protease
production of A. hydrophila B3, and the virulence of A.
hydrophila will be further diminished by the absence of
exotoxins (such hemolysin) that are activated by proteases.

Chlorogenic acid inhibits biofilm formation of A.
hydrophila

The formation of biofilms represents a characteristic of per-
sistent infection, and many Aeromonas infections are associ-
ated with this virulence factor (Grim et al. 2013; Ormanci and
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Yucel 2017). In order to measure biofilm formation associated
with the solid surface by A. hydrophila B3 with or without
chlorogenic acid, we performed a crystal violet (CV) stain-
ing assay. As shown in Fig. SA, the presence of chlorogenic
acid significantly inhibited biofilm formation. The inhibitory
activity of chlorogenic acid acted in a concentration-depend-
ent manner as the concentration was increased. The biofilm
inhibition rate was 24.31 + 9.29%, 31.97 + 4.66%, and 41.49
+ 5.04%, respectively, as the bacteria treated with chlorogenic
acid at 0.8, 1.6, and 3.2 mg/mL..

Along with quantitatively analyzing the biofilm biomass
using the CV staining approach, the SEM examination of
the development of the biofilm structure following incu-
bation in the presence and absence of chlorogenic acid
was also carried out. SEM scans demonstrated that the

Concentration (mg/mL)

biofilm was thick and dense in the control group at 0 mg/
mL (Fig. 5B1). In contrast, with chlorogenic acid at the
sub-MIC treatment, the biofilm was hindered and even-
tually became sparse as the concentration was increased
(Fig. 5B2-B4). These results suggested that the develop-
ment of A. hydrophila B3’s biofilm was considerably sup-
pressed by chlorogenic acid, resulting in a loose and sparse
biofilm.

Chlorogenic acid significantly reduces the biofilm
formation-associated gene expression of A.
hydrophila

The qPCR assay was performed to examine the effect of
the sub-MIC 1.6 mg/mL of chlorogenic acid on the quorum
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Fig. 5 Effect of chlorogenic acid on biofilm formation, quorum sens-
ing, and hemolysin. A Quantitative analysis of biofilm biomass.
B SEM images of A. hydrophila B3 biofilms treated with 0 mg/mL
(B1), 0.8 mg/mL (B2), 1.6 mg/mL (B3), and 3.2 mg/mL (B4) of
chlorogenic acid. C Effect of chlorogenic acid at 1.6 mg/mL on the

sensing, biofilm formation, and hemolysin-related gene
expression of A. hydrophila B3. As shown in Fig. 5C, luxR,
luxS (QS-associated), omp48, ompW, ompTS (outer mem-
brane protein synthesis-associated), MshA, MshB (flagel-
lum synthesis-associated), rmlB, omp, gseb (extracellular
polysaccharide synthesis-associated), and Aly (hemolysin
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expression of QS, biofilm formation, and hemolysin related genes in
A. hydrophila B3. Data are presented as the expression fold changes
of mean + SD of three independent experiments. *p < 0.05, **p <
0.01, and ***p < 0.001 by r-test

synthesis-associated) were significantly down regulated (p
< 0.05, 0.01, or 0.001), and their expression levels were
reduced by 59.93 + 2.94%, 59.56 = 2.71%, 45.17 + 3.21%,
39.23 + 2.88%, 62.92 + 3.86%, 56.99 + 2.19%, 50.83 +
3.20%, 66.45 + 2.66%, 72.58 + 3.06%, 33.36 + 11.83%,
35.96 + 4.91%, and by 37.62 + 3.06%, respectively. These
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data suggested that chlorogenic acid significantly reduces
the expression of QS, biofilm formation, and hemolysin-
related genes in A. hydrophila.

Discussion

Antibiotic resistance poses a danger to human and animal
health, even though the discovery of antibiotics has reduced
the mortality rates of humans and other animals suffering
from bacterial infections (Helliwell et al. 2020). A. hydroph-
ila is regarded as a significant pathogen that causes more
severe illnesses including peritonitis and bacteremia in addi-
tion to gastroenteritis and skin infections (Chen et al. 2015;
Li et al. 2019; Zhang Lishan et al. 2022). Additionally, A.
hydrophila is a recognized fish pathogen linked to several
illnesses, including red sore disease in bass and carp, epi-
zootic ulcer syndrome in catsharks, cod, carp, and gobies,
and motile aeromonad septicemia in carp, tilapia, perch, cat-
fish, and salmon (Citterio and Biavasco 2015; Honein et al.
2018; Zhu et al. 2019). The aquaculture industry suffered
significant financial losses due to A. hydrophila infection,
which has garnered widespread attention. With the increas-
ing use of antibiotics in aquaculture, antibiotic resistance
has been observed in A. hydrophila infections (Bhowmick
and Bhattacharjee 2018; Nhinh et al. 2021), suggesting the
limitation of the antibiotic application in treating bacterial
infections in aquaculture. Meanwhile, abuse of antibiotics
in aquaculture also induces environmental and ecological
security (Shao et al. 2021). Thus, seeking novel strategies
against A. hydrophila infections is an urgent problem to be
solved in aquaculture.

In a turtle farm in Hubei province, China, from August
to October, 2019, many soft-shelled turtles showing clinical
signs as petechial hemorrhages in the body surface, bleeding
spots in bottom, and with liver hyperemia and hepatomegaly
died, and we found that A. hydrophila was the predominant
pathogenic bacteria responsible for this decease outbreak
(Fig. 1). Chung et al. also found that A. hydrophila was the
main pathogenic bacteria in soft-shelled turtles (Chung et al.
2017), indicating that A. hydrophila might be the major bac-
terial pathogen among the soft-shelled turtle farm industry.

Chinese herbs have been utilized to cure illnesses in both
people and animals in China as a medication and immune
system booster. Herbs offer several advantages over chemo-
therapy, including being sourced from natural sources, being
relatively inexpensive and easy to prepare, having a known
antibacterial impact, and having fewer adverse effects when
used as a treatment (Zhu 2020; Wu et al. 2021). It has been
reported that Chinese herb sanguinarine can lower channel
catfish mortality when exposed to A. hydrophila (Lushan
et al. 2022). In this study, we performed a small Chinese
herb screen and found that L. japonica can significantly

inhibit A. hydrophila growth in vitro, and significantly pro-
tect soft-shelled turtles from A. hydrophila infection (Figs. 2
and 3, Table 1). The bactericidal activity of ethanol extracts
from leaves and floral essential oils was assessed by Rah-
man et al. in 2009. The extracts have been shown to have
a remarkable antibacterial effect against Listederia mono-
cytogenes, Bacillus subtilis, Bacillus cereus, Salmanella
typhimurium, Salmonella enteritidis, Staphylococcus aureus,
Enterobacter aerogenes, and Escherichia coli (Rahman and
Kang 2009). For the application of L. japonica, as reported,
feeding tilapia with L. japonica remarkably enhanced phago-
cytosis and increased burst activity of blood phagocytic cells
and reduced the mortality rate after A. hydrophila infec-
tion (Ardo et al. 2008), and the immunomodulation of L.
Japonica ethanol extracts increased the survival rate of crabs
challenged by A. hydrophila (Zhao et al. 2018), indicating
that L. japonica is a promising Chinese herb to be utilized
in the healthy breeding industry. In this study, we unveil that
the significant increase in the expressions of immune and
stress-related genes of soft-shelled turtle (Fig. 3B) might
be the potential contributors for the increased survival rate
in the L. japonica feeding group after A. hydrophila infec-
tion. Meanwhile, L. japonica significantly reduced ferric
heme precipitation and erythrocyte exudation in the liver
and intestine of soft-shelled turtles after A. hydrophila infec-
tion (Fig. 3D).

As A. hydrophila infects animals, bleeding is a frequent
occurrence, and both in vivo and in vitro tests can show that
the infection is causing hemolysis. The function of hemoly-
sin is highly regarded since it is thought to be the primary
virulence factor of A. hydrophila (Zhang et al. 2017). The
hemolysin, also known as aerolysin, is an exotoxin pro-
duced by A. hydrophila and is a single polypeptide mol-
ecule (Stratev and Odeyemi 2016). Our results show that
chlorogenic acid significantly inhibits the hemolysin produc-
tion and hemolysin gene (hly) expression of A. hydrophila
(Figs. 4C and 5C), which proved that the virulence of the
bacteria can be successfully reduced by chlorogenic acid.
Extracellular proteases are also considered as the major viru-
lence factors of A. hydrophila (Wu et al. 2012; Wang et al.
2019a), and their production could be significantly reduced
by chlorogenic acid (Fig. 4D), which also contributes to the
virulence attenuation of A. hydrophila.

A microbial community known as a biofilm is one in
which bacterial cells are immersed inside a self-produced
matrix made of lipids, extracellular polysaccharides (EPS),
proteins, and nucleic acids that can prevent antimicrobial
drugs from penetrating the cells (Flemming and Wingender
2010; Di Martino 2018). Here, we have demonstrated that
chlorogenic acid significantly inhibits A. hydrophila biofilm
formation, rendering it loose and patchy in a concentration-
dependent manner (Fig. SA, B), and significantly reduces
the expression of genes associated with biofilm formation,
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such as outer membrane protein synthesis genes, flagellum
synthesis genes, and EPS genes (Fig. 5C). These results
indicated that chlorogenic acid inhibits biofilm formation
by affecting the synthesis of the matrix (such as outer mem-
brane protein and EPS) and flagellum of A. hydrophila.

QS controls gene expression in response to the density of
the cell population and other signals. QS systems have been
reported to regulate a variety of bacterial virulence traits,
including the secretion of extracellular enzymes, secretion
systems of bacteria, bacterial motility, and biofilm forma-
tion (Wang et al. 2019b; Huang et al. 2022). QS is there-
fore thought to be a key factor in bacterial pathogenicity.
From this perspective, QS inhibition has received attention
for inhibition of bacterial pathogenesis (Haque et al. 2018).
In this study, QS, biofilm formation and hemolysin-related
genes are significantly down regulated in A. hydrophila B3
treated with chlorogenic acid (Fig. 5C), suggesting that chlo-
rogenic acid inhibits A. hydrophila B3 via destroying its
QS, biofilm formation and hemolysin system and may be a
good option for a medication to treat bacterial infections in
aquaculture.

This study unveils the inhibitory effects of Chinese herb
L. japonica and chlorogenic acid on the aquatic pathogen A.
hydrophila and partially explains the effect mode of Chinese
herbal medicines.
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