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Editorial on the Research Topic

Aquaculture animal diseases: pathogens and control
Aquaculture industry provides high quality animal protein in human diet. However,

spread of diseases has been increasingly recorded, which constrained the aquaculture

production. Timely diagnosis and discovery of pathogens and effective prevention and

control of diseases are very important for healthy aquaculture.

It is our pleasure to present the Research Topics of Aquaculture Animal Diseases:

Pathogens and Control to the readers. The present Research Topic is focused on Pathogens

and Control of Aquaculture Animal Diseases and collects 16 articles, including three brief

research report and thirteen original research articles from a total of 120 authors. The

contributions cover research on diagnosis of pathogen, pathogenic mechanism, prevention

and control methods of pathogens, and safety assessment of prevention and

control measures.

Carassius auratus herpesvirus (CaHV) could induce fatal viral disease with high

mortality of crucian carp (Carassius auratus), simple recombinase-aid amplification

(RAA) assay coupled with lateral flow dipstick (LFD) were established, which could

achieve sensitive diagnosis of tumor necrosis factor receptor (TNFR) of CaHV within

35 min at 40°C (Gui et al.). Vibrio ponticus is a vital pathogen with potential danger for

aquaculture animals. And V. ponticus was isolated from diseased coral trout suffering liver

necrosis with cell vacuolar degeneration. The identification and pathogenicity study of V.

ponticus to the coral trout provide a reference for the control of pathogenic V. ponticus in

the coral trout (Gai et al.). The bacterium Elizabethkingia miricola is a multispecies

pathogen associated with meningitis-like disease were isolated from several amphibian

species, including the bullfrog (Wei et al.). Staphylococcus sciuri was diagnosed in a

sturgeon farm based on 16S rRNA gene phylogenetic analysis combined with biochemical

identification, and some recommendations for treatment was provided (Zhang et al.).

Citrobacter freundii could cause the damage of the crayfish (Procambarus Clarkii)

digestive organs by disrupting the intestinal microbiota to disturbed intestinal-liver axis

homeostasis, which provide new insights into the pathogenic molecular mechanisms of C.

freundii in the infection of crayfish (Li et al.). Shewanella putrefaciens was identified as a

novel pathogen of the largemouth bass (Micropterus salmoides) and histopathological
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changes were observed in the intestine, head kidney, spleen, and

liver of diseased fish (Jiang et al.). Aeromonas salmonicida is a

typical cold water bacterial pathogen that causes furunculosis in

many freshwater and marine fish species worldwide. Type II

secretion system was found in the genome of A. salmonicida. And

tatA, tatB and tatC regulate the virulence of A. salmonicida SRW-

OG1 by affecting biofilm formation (Yi et al.).

In addition to bacteria, parasites also have been reported.

Pennella sp. from the yellowfin tuna (Thunnus albacares) was

separated, and morphological observation and molecular

identification using the mitochondrial genome were carried out.

This provide a fundamental basis for identifying parasites in

yellowfin tuna and other fish, expand people’s understanding of

parasites, and lay a foundation for the occurrence and prevention of

parasites (Liu et al.).

In pathogen control, biological control and chemical drug control

are studied. And its potential hazards are assessed. Bacteriophages, a

class of viruses that lyse bacteria, can control drug-resistant bacteria.

A novel Vibrio parahaemolyticus phage phiTY18 isolated from the

coastal water of Xiamen was explored (Liu et al.). Dietary

supplementation of Bacillus amyloliquefaciens can effectively

improve the growth performance, digestive enzyme activity,

immune responses, intestinal microbiota composition and disease

resistance of yellow catfish (Xue et al.). The multidrug-resistant

Aeromonas hydrophila was identified, and the mechanism of

drug resistance was explored (Guo et al.). The occurrence of

antibiotics and potential health risk of 300 cultured fish samples

from 19 provinces in China were investigated. The high

detection frequency and levels of antibiotics were found in samples

(Tang et al.).

Overall, some new pathogens, virulence mechanisms, and

prevention and control methods were explored. These results can

provide important information for the prevention and control of

aquaculture and epidemic disease prevention and control, help to

develop effective disease control strategies, greatly improve the

substitution rate of chemical drugs (antibiotics), effectively reduce

the loss of aquaculture diseases, so as to guarantee the high quality

development of aquaculture industry. We hope and expect the

aquaculture research community will find this Research Topic of

articles within pathogens and control topic informative and

inspiring. As editors, we would like to thank the authors for their

interesting contributions, as well as express our gratitude to all

referees for their careful evaluation of the papers. Many thanks to all

the colleagues who responded to this call, but whose interests could
Frontiers in Cellular and Infection Microbiology 026
not be accommodated within the confines of this Research Topic.

Finally, we extend our sincere appreciation to Frontiers in Cellular

and Infection Microbiology for supporting this exciting

Research Topic.
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The Complete Mitochondrial Genome
of Pennella sp. Parasitizing
Thunnus albacares
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In the study, the parasite from the yellowfin tuna (Thunnus albacares) was separated, and
morphological observation and molecular identification were carried out. Our results
showed that the parasite was similar to Pennella sp. Its cephalothorax was covered by
spherical to spherical non-branched nipples of almost the same size, which were very
similar in shape and arrangement. A pair of slightly larger, the unbranched antenna was
present on the outer margin of the small papillae-covered area. The gene sequence of
COX1 with a length of 1,558 bp in the mitochondria of the parasite was 100% similar to
Pennella sp. (MZ934363). The mitochondrial genome had a total length of 14,620 bp. It
consisted of 36 genes (12 protein-coding, 22 transfer RNAs and 2 ribosomal RNAs) and a
dummy control region, but the mitochondrial genome had no ATP8 gene. Morphological
observation showed that Pennella sp. was dark red, with a convex cephalothorax, with a
total length of 8.42 cm, parasitic on the dorsal side of yellowfin tuna. Pennella sp. included
the cephalothorax, neck, trunk, abdomen and egg belt. This study was the first report on
the mitochondrial genome of Pennella sp. The results provide basic data for further
identifying the parasites of Pennella genus.

Keywords: mitochondrial genome, Thunnus albacares, parasite, Pennella, copepod.
INTRODUCTION

Pennella is a parasite belonging to Copepod that usually lives in large pelagic fishes (Hogans et al.,
1985; Suyama et al., 2020). After metamorphosis, the female enters the host’s body surface to
parasitize while the male swims freely (Hogans et al., 1985). Their bodies were straight and slender,
with feathery bellies and straight egg sacs (Hogans, 2017). People usually judge the species of
Pennella from the host, the size and number of antennal processes, the shape and arrangement of
cephalothorax, etc. Due to the wide variety of species, there was no specific standard to determine
the identity (Suyama et al., 2021). Suyama et al. conducted morphological and genetic analysis on 52
Pennella individuals from 12 final hosts, of which 29 were identified as large species, 20 as small and
medium-sized species and three as small new species. The 17 of them were identified as P.
balaenoptera, P. filosa, P. instructa, and P. benzi. Nine samples were identified as P. filosa. Three
samples could not be determined as P. balaenoptera. The remaining 23 were unidentified
gy | www.frontiersin.org June 2022 | Volume 12 | Article 94515217
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species (Suyama et al., 2021). The systematic classification of
these parasites is limited, and the complete genome of the
parasite hasn’t been reported. Mitochondrial genome is a
unique and easily accessible genetic marker of organisms
(Brown et al., 1979). The complete mitochondrial genome can
be used to distinguish parasites, phylogeny (Mueller et al., 2004;
Lei et al., 2017), and population genetic structure, it is important
to characterize the genome of the Copepod.

The hosts of Pennella are very diverse, including a variety of
teleost fishes and even marine mammals (Suyama et al., 2021).
The host yellowfin tuna (Thunnus albacares) in this study
belongs to the mackerel family and tuna genus. Yellowfin tuna,
a member of the scombroid family of tuna, has a distinct north-
south migration habit, and its torpedo-like body shape enables it
to move quickly to catch food. Yellowfin tuna were found in the
tropical and subtropical waters of the Pacific, Indian and Atlantic
oceans, and in the South China Sea and near Taiwan (Sund et al.,
1981). It is a higher economic value nourishing treasure due to its
high flesh quality and rich nutrition, deeply loved by people.
Food safety is also the focus of people’s attention. We need to
detect the species of parasites it infects to expand the
understanding of fish vulnerable to parasites. Although tuna
can be bred in captivity, the low survival of fish during artificial
breeding continually hinders the tuna aquaculture industry. Up
to the present, 80% of cultured fish were from wild juveniles, and
wild fish can carry pathogens, viruses and parasites, which is not
conducive to the smooth progress of subsequent breeding.
Therefore, it is urgent to supplement the data on the parasites
of yellowfin tuna.

In our study, we carried out morphological observation and
molecular identification to determine its species. The results of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 28
this study provide a fundamental basis for identifying parasites in
yellowfin tuna and other fish, expand people’s understanding of
parasites, and lay a foundation for the occurrence and prevention
of parasites. The complete mitochondrial genome sequence of
Pennella sp. provides primary data for understanding the
genomic diversity and evolution of fish copepods as well as for
studying new genetic markers for population genetics and
species identification.
MATERIALS AND METHODS

Source of Materials
In our study, the parasite-attached yellowfin tuna was caught
near Xincun Harbour, Hainan, China (E108°80’17’’, N18°
50’15’’). Figure 1 showed the offshore area where this yellowfin
tuna was caught. It was artificially fished and transported to the
Tropical Aquaculture Research and Development Center, South
China Sea Fisheries Research Institute, Chinese Academy of
Fishery Sciences. The parasite-infected yellowfin tuna was
found to be on the verge of death. The parasite was found in
the muscles near the dorsal fin of the dying yellowfin tuna. We
carefully collected it on the surface of the fish with tweezers and
carefully observed it in a clean petri dish.

Morphological Observation and Whole
Mitochondrial Genome Sequencing of
Pennella sp.
We first measured the length of the parasite from the front end of
the head to the back end of the abdomen and observed
whether the abdomen had egg belts and raised tentacles on the
FIGURE 1 | Sampling point bitmap, the sampling point is “*” in the figure.
June 2022 | Volume 12 | Article 945152
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cephalothorax. Then, we placed it under the anatomical
microscope (Olympus SZ40 , Japan) , observed i t s
morphological characteristics, pressed the cephalothorax, trunk
and abdomen, observed and photographed. After observation,
the whole parasite was quickly frozen with liquid nitrogen and
stored at -80°C for standby. In order to further understand the
genetic status and evolution of mitochondria, we studied and
obtained the complete mitochondrial genome of Pennella sp.
Genomic DNA of the parasite was extracted from muscle using
Marine Animal Tissue Genomic DNA Extraction Kit (Tiangen
Biochemical Technology Co., Ltd, China). DNA was processed
by Shanghai Lingen Biotechnology Co., Ltd. and it was paired-
end sequenced by Illumina NovaSeq 6000 sequencing
technology, using SPAdes v3. 14.1 the software splices clean
data. For most species, ring maps are usually used to display the
basic research results of the genome in the first genome research.
According to the assembled genome sequence of the sequenced
sample, combined with the prediction results of the coding gene,
the sample genome is displayed in a circle (Figure 3). The
software used is CGView. Finally, the results were compared
with the sequences reported in NCBI GenBank database(http://
blast.ncbi.nlm.nih.gov/Blast.cgi), and the phylogenetic tree was
constructed using Mega 5.2 software (Hall, 2005).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 39
RESULTS

Parasite Attachment Site
According to the observation of dead yellowfin tuna, it was found
that the parasite is mainly attached to 1/2 of the base to the end of
the dorsal fin of yellowfin tuna, on the back half of yellowfin tuna
(Figures 2A, B). When the parasite is attached to the fish body, it
entered the fish body from the chest to the body, while other
parts were exposed to the water and could swing with the
water flow.

Parasite Appearance Description
The parasite in this study can be divided into five parts:
cephalothorax, neck, trunk, abdomen and egg belt (Figure 2C).
The cephalothorax was covered by several equally distributed
mastoids of similar size. The heads of the mastoid were light
yellow, and the roots were red (Figure 2G). There was a pair of
large antennae without branches below (Figure 2D). The larger
antennae were located at the lateral edge of the cephalothorax.
Below the cephalothorax was the neck and trunk, between which
there was a node (Figure 2E), below the trunk was the abdomen
(Figure 2F), which was composed of several black strips
(Figure 2H). Below the abdomen were two yellow egg belts
FIGURE 2 | Infected yellowfin tuna (A). Parasites on the posterior dorsal fin (B). The red arrow represents the cephalothorax, the black arrow represents the neck,
the green arrow represents the trunk, the purple arrow represents the abdomen, and the white arrow represents the egg belts (C). The head and tail of the red
arrow at the bottom of the figure represent the starting and ending positions of the parasite (C). Mastoid process on the cephalothorax (D, G). The node between
the neck and trunk (E) Abdomen (F, H). Yellow egg belts (I).
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(Figure 2I). The body length of the parasite in this study was 5.25
cm, egg band 4.49 cm, cephalothorax 0.39 cm, neck 1.79 cm,
body 1.88 cm, and abdomen 1.21 cm.

Complete Mitogenome and Molecular
Identification
The of the parasite was 14,620 bp in length. According to the
genome circle map (Figure 3), the structure of the genome was
including two rRNA genes, 12 protein-coding genes (lack of
ATP8), 22 tRNA genes, two rRNA genes, a light-strand
replication origin (OL), and a putative control region (CR).
The overall base composition was 31.9% of A, 31.9% of T, 18%
of C, and 18% of G with a slight C+G bias (36.0%) like other
vertebrate mitochondrial genomes.

For the 12 protein-coding genes, 5 genes began with TTG and 5
began with ATT, while only COB and NAD3 began with ATG and
ATA, respectively. Eight genes shared a stop codon TAA (NAD4L,
COB, COX2, NAD1, NAD2, NAD3, NAD4 and NAD5), three have
TAG (NAD6, ATP6, COX3), and COX1 has an incomplete stop
codon. It had two non-coding regions, the L-strand replication
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 410
origin region (350 bp) located between COX1 and COB, and the
control region (449 bp) located within the COB and ATP6.

After gene sequencing, we compared the COX1 gene (1,558
bp) with NCBI database,

and found that the parasite was closely related to Pennella sp.,
with a similarity of 100%. We reconstructed the phylogenetic
relationship between the species and other species. The
phylogenetic tree was constructed by the adjacency method
(Figure 4). The species of parasite samples could not be determined.
DISCUSSION

Current studies have shown that copepods of the genus Pennella
were parasites of marine aquatic organisms (e.g., cephalopods,
pelagic fish, whales). Most Pennella were parasitic on marine fish
(Suyama et al., 2021). They can infect fish of economic interest,
including tuna and swordfish. They penetrate the muscles of the
host, seriously damage the internal organs, and grow by
absorbing the nutrients in the fish, resulting in fish stress
FIGURE 3 | Gene map of the Pennella sp. complete mitochondrial genome.
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response, loss of appetite, changes in swimming speed, and
threatening important functions such as heart, intestine and
stomach (Mugetti et al., 2021). We can see from the previous
summary that Pennella sp. from North Pacific armorhead lacks
oocysts due to incomplete development; Pennella sp. from Pacific
sury and Pennella sp. from Japanese amberjack contain two or
three pairs of large antennal processes with branches on the outer
edge of the cephalothorax (Suyama et al., 2021). However, the
parasite has only a pair of non-branching antennal processes and
egg belts, which were not consistent with the above
characteristics. It is concluded that this parasite was different
from the species previously studied. By comparing this parasite
with other species, it was found that the parasites in this study
have similarities with Pennella sp., a parasite parasitic on pilot
fish (Suyama et al., 2021). The COX1 gene of the parasite in this
study was compared with the genome of Pennella sp., and the
similarity of gene COX1 sequence with Pennella sp. found by
predecessors was 100%, but the species was unknown. At
present, there are few reports on the large parasites on the
body surface of yellowfin tuna.

After gene annotation, it was found that Pennella sp. in this
study had no ATP8 gene. In copepods, the complete
mitochondrial genome of Eurytemora affinis, Tigriopus
kingsejongenesis and Calanus sinicus contains the gene ATP8.
The whole mitochondrial genome length of the above copepods
was 14,900-16,700 bp, which is longer than that of the parasite
(Wang et al., 2011; Choi et al., 2019; Hwang et al., 2019). Studies
have reported that this gene is not found in Diphyllobothrium
latum (Park et al., 2007), parasitic flatworm (Tang et al., 2017;
Zhang et al., 2017), Benedenia humboldti n. sp. (Baeza et al.,
2019), Cestode (Kim et al., 2007). The whole mitochondrial
genome lengths of the above flatworms, tapeworms and
nematodes were 13,400-14,660 bp. It can be concluded that the
length of species with ATP8 gene in mitochondrial genome was
longer than that without ATP8 gene. The lack of ATP8 gene was
a unified feature of flatworms. It may be that the evolution
process needs to adapt to the environment, or the gene ATP8
degenerates in some species (Barat et al., 2012). The specific
reasons need to be further explored and studied. Whether it is
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 511
also a characteristic of Pennella is still unknown and needs to be
further studied.
CONCLUSIONS

Through morphological observation, Pennella sp. in this study
was composed of cephalothorax, neck, trunk, abdomen and egg
belt. The mitochondrial genome had a total length of 14,620 bp,
including 2 rRNA genes, 22 tRNA genes and 12 protein coding
genes (lack of ATP8 gene), a light-strand replication origin (OL),
and a putative control region (CR). The COX1 gene with a length
of 1558bp in the whole genome had a high similarity with
Pennella sp. (MZ934363), which was 100%. This study
provides basic data for the further development of yellowfin
tuna and fills the academic gap.
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As a common conditional pathogenic bacterium in nature, C. freundii has posed a threat
to crayfish culture and may infect humans through consumption. However, the
pathogenic mechanism of C. freundii in crayfish remains unknown, which poses
difficulties for the prevention and control of the bacterium. In this study, the effects of C.
freundii on the digestive organs, intestine and hepatopancreas, of crayfish were
investigated by high-throughput sequencing technology combined with histological
analysis and flow cytometry. The findings suggested that C. freundii caused disruption
of the intestinal microbiota, leading to intestinal inflammation and disrupting intestinal
integrity. Meanwhile, C. freundii infection stimulates bile acid biosynthesis in the intestinal
microbiota. Transcriptomic results showed significant upregulation of hepatopancreatic
lipid degradation pathway and cytochrome P450-related pathways. Follow-up
experiments confirmed a decrease in intracellular lipids and an increase in ROS and
apoptosis. All the results indicated the disruption of intestinal-liver axis homeostasis due to
disturbed intestinal microbiota may as a potential basis for C. freundii pathopoiesis in
crayfish. These results provide new insights into the pathogenic molecular mechanisms of
C. freundii in the infection of crayfish.
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1 INTRODUCTION

The red swamp crayfish (Procambarus clarkii) is a species of
freshwater economic crayfish that is native to North America
and widely distributed in nature. Crayfish are delicious,
nutritious, adaptable and fast breeding. After its introduction
to China, it quickly became one of the most important
commercial aquaculture species, with production reaching 2.4
million tons in 2020 (FAO). However, diseases caused by viruses
and bacteria, such as Vibrio Parahemolyticus and white spot
syndrome virus, have caused huge losses to the crayfish farming
industry (Dong et al., 2016; Pace et al., 2016).

Citrobacter freundii (a bacterium normally found in the
intestinal tract) is a conditionally pathogenic bacterium that
has recently been reported to infect crayfish and cause
mortality (Liu et al., 2020). It belongs to the genus Citrobacter
in the family Enterobacteriaceae and is widely distributed in
nature. Previous reports have shown that C. freundii is a
pathogenic bacterium that poses a serious threat to aquaculture
and is highly pathogenic to economically farmed species such as
rainbow trout, eel, and Chinese sturgeon (Aydin et al., 1997; Joh
et al., 2013; Yang et al., 2021). More worryingly, in addition to
aquatic animals, C. freundii is also sensitive to mammals and can
cause meningitis, endocarditis and other diseases to neonates
and horses (Guidi et al., 2016; Chen and Ji, 2019). Moreover,
there is also a risk of food poisoning when people consume
aquatic products infected with C. freundii (Pletz et al., 2018).
However, although C. freundii has posed a threat to the crayfish
culture industry, the pathogenic mechanism of C. freundii on
crayfish still remains relatively unknown, which poses a great
obstacle to the prevention and control of the bacterium.

The intestine-liver axis refers to the two-way relationship
between the intestine, also its microorganisms and the liver,
which is established through the portal vein. The intestinal-liver
axis in health is involved in the nutrient absorption and immune
response of the organism (Albillos et al., 2020). Bile acids are an
important metabolite linking the intestine and liver, and are
secreted from the liver to the intestine to facilitate the digestion
of nutrients. Most (~95%) of the bile acids are reabsorbed into
the hepatic portal vein of the liver, while the unabsorbed bile
acids are converted to secondary bile acids as substrates for
microbial metabolism (de Aguiar Vallim et al., 2013). However,
intestinal microbiota dysbiosis can lead to intestinal
inflammation and increased intestinal permeability, resulting in
increased exposure of the liver to intestinal bacteria and their
products (Chen et al., 2021). Growing evidence indicates the
pathogenetic role of microbe-derived metabolites, such as
secondary bile acids in the pathogenesis of liver disease
(Ferslew et al., 2015). Notably, some researchers have shown
that dysbiosis of the intestinal microbiota is closely associated
with pathogenic microbial infections (Li et al., 2020). Some
studies reported the intestine-liver axis in humans and mice,
but this has remained largely unexplored in aquatic organisms,
especially in the case of pathogenic infections.

In the present study, we used high-throughput RNA-
sequencing (RNA-seq) and high-throughput 16S rRNA
sequencing to detect the response of hepatopancreas and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 214
changes of intestinal microflora in crayfish infected with C.
freundii. Combined with the sequencing results and histological
changes, we hope that the findings will help us to better
understand the pathogenic mechanism of C. freundii on crayfish
and provide a theoretical basis for the control of the bacterium.
2 MATERIALS AND METHODS

2.1 Crayfish and Bacteria
Crayfish (average weight 16.18 ± 1.10 g, random sex) were
purchased from the local market in Sichuan Province (China).
Prior to the experiment, the crawfish were kept individually in a
19 cm × 12.5 cm × 7.5 cm plastic box for one week to acclimate to
the experimental conditions. During the acclimatization, the
rearing temperature was kept at 26°C and photoperiod was
maintained at 14 hours of light and 10 hours of dark. The
crayfish were fed twice a day with commercial diets and dried
mealworms (Tenebrio molitor) and the water was exchanged one
third of the total once every day with fully aerated tap water. 120
healthy crayfish with good vitality were randomly divided into
control group and infection group.

The pathogen C. freundii strain was isolated and purified
from hepatopancreas in moribund red swamp crayfish. Next, the
strain was identified as C. freundii by 16S rDNA sequencing.
Isolates were preserved in 50% (v/v) glycerol at −80°C. After
resuscitating the purified bacterial strain, the strain was
inoculated into an LB Broth Medium with constant shaking at
28°C for 24h. The broth culture was centrifuged at 8000 rpm for
10 min at 4°C to collect the sediment. The bacterial pellet was
washed with sterile phosphate buffered saline (PBS) and re-
suspended in PBS at a final concentration of 2.7×105 CFU/mL
(one-tenth of the LD50), in preparation for the experimental
infection (Feng et al., 2021).

2.2 Experimental Infection
In the experimental infection test, 100mL samples of the 1/10
LD50 dilutions were injected into crayfish of infection group near
the third abdominal segment. The crayfish in the control group
were injected with an equal volume of sterile PBS. During the 96-
hour experiment, fresh moribund crayfish from the infected
group were collected for bacterial isolation and the isolated
bacteria were identified by 16S rDNA sequencing to confirm
successful infection. The experimental conditions during
experimental infection were consistent with the period
of acclimatization.

2.3 Samples Collection
In the process of the infecting trial, the crayfish were sampled at
96h post-injection. The appearance and organ of crayfish were
photographed and recorded. The hepatopancreas and intestine
of crayfish were fixed with Davidson’s AFA fixative for
histological observation. Hepatopancreatic transcriptome
samples and intestinal microbial samples were frozen in liquid
nitrogen and stored at -80°C until RNA or DNA extraction was
performed. To reduce errors caused by sampling, all frozen
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samples were guaranteed in at least three biological replicates
and each biological replicate was composed of a mix of tissues
from three to five individuals.

2.4 Histopathological Analysis
The hepatopancreas and intestine of crayfish from the two
groups were fixed with Davidson’s AFA fixative for at least
48 h for histological observation. The samples of all tissues
were trimmed into cassettes, dehydrated in graded ethanol
solutions, cleared in xylene, embedded in paraffin wax,
sectioned at 4 µm, mounted and dried on slides and stained
with hematoxylin and eosin (H&E). Histopathological changes
were observed under an optical microscope (Nikon, Tokyo,
Japan) after staining.

The degree of hyperplasia, necrosis, inflammatory cell
infiltration, vacuolization, and deformation of different organs
were graded according to the scoring system proposed by Baums
and colleagues (Baums et al., 2013). Histological changes were
assessed using a score (S) ranging from 0 to 6, depending on
the extent and extent of the lesion: (0) unchanged; (2)
mild occurrence; (4) moderate occurrence; and (6) severe
occurrence (diffuse lesion).

2.5 Oil Red O Staining
Small pieces of hepatopancreas (0.5 × 0.5 × 0.5 cm3) were fixed in
liquid nitrogen and stored frozen at -80°C. After embedding into
the optimal temperature compound, the embedding agent was
placed in a cryostat for section (5 mm). Neutral lipid staining was
performed using the Oil Red O staining kit (Sigma-Aldrich,
Beijing, China) according to the manufacturer’s instructions.
Measurement of lipid staining area after observation under
optical microscope using ImageJ software.

2.6 Flow Cytometry Assay
Three crayfish were randomly selected from each group, and the
hepatopancreas was dissected and placed in iced PBS (0°C). The
hepatopancreas was immediately minced to form a cell
suspension and filtered through a 300-mesh nylon screen. Cells
were washed twice with cold PBS, and the cell pellet was
resuspended in PBS. The cells were detected using Cyto FLEX
flow cytometry. The ROS was detected using the cell suspension
and cell apoptosis was detected using Annexin V-FITC (Thermo,
Shanghai, China).

2.7 RNA-Seq
2.7.1 RNA Extraction and cDNA Library Construction
Total RNA was extracted from the hepatopancreas using TRIzol®

Reagent, and its integrity and purity were detected by 2100
Bioanalyser (Agilent Technologies, Inc., Santa Clara CA, USA).
ND-2000 (NanoDrop Thermo Scientific, Wilmington) was used for
quantification. Only high-quality RNA sample (OD260/280 =
1.8~2.2, OD260/230≥2.0, RIN≥8.0, 28S:18S≥1.0, >1mg) was used
to construct sequencing library.

Hepatopancreas RNA-seq transcriptome libraries were
prepared using Illumina TruSeqTM RNA sample preparation
Kit (San Diego, CA). mRNA was enriched with magnetic beads
with Oligo (dT) and fragmented with a fragmentation buffer.
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cDNA was synthesized using mRNA as a template. Then the
synthesized cDNA was subjected to end-repair, phosphorylation
and ‘A’ base addition according to Illumina’s library
construction protocol. Libraries were size selected for cDNA
target fragments on 2% Low Range Ultra Agarose followed by
PCR amplified using Phusion DNA polymerase (New England
Biolabs, Boston, MA) for 15 PCR cycles. The effective
concentration of the library was quantified by TBS380, and
transcriptome sequencing was conducted using Illumina Hiseq
xten/NovaSeq 6000 sequencer (Illumina, San Diego, CA)
according to the effective concentration.

2.7.2 De Novo Assembly and Transcriptome Analysis
Clean reads were obtained by removing the subassembly and
low-quality sequences, and the transcripts were performed with
clean reads after merging with Trinity software. BOWTIE
software was used to compare fragments of each sample to
transcripts and the abundance information of each fragment
was statistically analyzed. All the assembled transcripts were
searched against the NCBI Nr, GO, Pfam, KEGG, COG and
Swiss-Prot databases using BLASTX (E-values ≤1e −5) to obtain
the annotation information. Fragments/KB/Million reads
(FPKM) were used to analyze the expression levels of
differential genes. The statistical analysis of differentially
expressed genes (DEGs) was performed using the DESeq2
package with FDR<0.05 & |log2FC|≧1 as the default screening
criteria. In addition, the functional enrichment analysis of the
screened DEGs was performed by Goatools and KOBAS with
corrected P-value ≤ 0.05 to determine the extent of DEG
enrichment in different GO terms and KEGG pathways.

2.8 Intestinal Flora Analysis Procedure
2.8.1 DNA Extraction and PCR Purification
Microbial community genomic DNA was extracted from
hepatopancreas samples using a bacterial DNA isolation kit
(Foregene Co., Ltd., China) according to the manufacturer’s
instructions. After extraction, the genomic DNA was detected
by 1% agarose gel electrophoresis. The hypervariable region V3-
V4 of the bacterial 16S rRNA gene were amplified with forward
primer (338F: 5’- ACTCCTACGGGAGGCAGCAG-3’) and
reverse primer (806R: 5’- GGACTACHVGGGTWTCTAAT-
3’). The PCR product was extracted from 2% agarose gel and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) according to manufacturer’s
instructions and quantified using Quantus™ Fluorometer
(Promega, USA).

2.8.2 Sequencing and Processing
Purified amplicons were pooled in equimolar and paired-end
sequenced on an Illumina MiSeq PE300 platform/NovaSeq
PE250 platform (Illumina, San Diego,USA) according to the
standard protocols by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China).

After demultiplexed, the raw 16S rRNA gene sequencing
reads were quality-filtered by fastp version 0.20.0 and merged
by FLASH version 1.2.7. The dataset was prepared for analysis by
excluding that: (i) reads shorter than 50 bp or containing
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ambiguous characters, (ii) overlapping sequences shorter than 10
bp, (iii) primer mismatch number was greater than two
nucleotides. Operational taxonomic units (OTUs) with 97%
similarity cutoff were clustered using UPARSE version 7.1, and
chimeric sequences were identified and removed. Each OTU was
compared with the 16s rRNA database (Silva), using BLAST
analysis, to obtain species classification information. Species with
relative abundance less than 0.01 in the samples were classified
as “other”.

2.9 Statistical Analysis
All experiments were performed three times or in triplicate and
all data were expressed as mean ± standard deviation. Student’s
t-test and Wilcoxon rank-sum test were conducted on the
experimental data. Statistical analyses were performed using
IBM SPSS 26.0 (SPSSInc, Chicago, USA), and statistical
significance was defined as P<0.05.
3 RESULTS

3.1 Infection Caused Severe Disturbance
of the Intestinal Microbiota and
Intestinal Inflammation
We first focused on the changes in the intestine after infection, as
C. freundii is mainly present in the animal intestine under
normal conditions. To investigate the effect of C. freundii on
the intestinal microbiota, 16s rRNA high-throughput sequencing
was performed.

The results showed that infection altered the alpha diversity of
the intestinal microbiota, although not to reach statistical
significance (Table S1). At the phylum level, Proteobacteria,
Bacteroidota, Firmicutes and Campilobacterota were the
dominant species in both groups of samples, but their relative
abundance differed between the two groups (Figure S1A). The
relative abundance of Proteobacteria and Firmicutes in the control
group was higher than that of the infected group, but the relative
abundance of the Bacteroidota in the infected group samples was
higher than that of the control group and the difference was the
largest. At the genus level, Hafnia-Obesumbacterium and
Shewanella were dominant in the control group, while
Bacteroides was dominant in the infected group (Figure S1B).
Intriguingly, we noted a higher abundance of many pathogenic
bacteria in the infected group than in the control group, including
Bacteroides, Vibrio, Pseudomonas and Arcobacter. The species-
level annotation results were similar to the genus level, with
Citrobacter being the dominant species in the intestine
(Figure 1A). Linear discriminant analysis (LDA) effect size
analysis (LEfSe) was used to further investigate the changes in the
intestinal flora. The analysis showed that the relative abundance of
more bacteria in the intestine of crayfish showed a trend of
reduction after C. freundii infection (Figure 1B).

Moreover, BugBase was used to predict the phenotype of
intestinal microorganisms. The phenotypes of the two groups
were compared using the Wilcoxon rank sum test and corrected
for Bonferroni. The results showed that the relative abundance of
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microorganisms with Gram-positive, Aerobic, Gram-negative,
Contains Mobile Elements and Facultatively Anaerobic
phenotype in the intestine of the control group were higher
than that in the infected group (Figure 1C). In contrast, the
relative abundance of the Anaerobic and Stress Tolerant
phenotype was higher in the infected group. Notably, in
addition to the Anaerobic and Stress Tolerant, disease-related
phenotypes such as Potentially Pathogenic and Forms Biofilms
also had higher relative abundance in the infected group,
suggesting that C. freundii infection may cause more
pathogenic bacteria to colonize the crayfish intestine.

The above results of 16s rRNA high-throughput sequencing
indicate that C. freundii infection alters the intestinal microbiota
of crayfish. Interestingly, those research about the pathogenesis
of inflammatory bowel disease (IBD) has showed that the
disturbances in the intestinal microbiota were the principal
factors that caused IBD (Zhang and Li, 2014). In this study,
however, compared to the control group, it also showed the
infected group had more blue areas (inflammatory areas), lack of
food filling in the intestine, and some of the intestinal segments
were slightly inflated and swollen (Figure 1D). The control
intestine showed typical structures, including the epithelium,
lamina propria, submucosa, and muscularis, while there were no
obvious signs of injury or inflammation. However, the intestine
of the infected group exhibited significant damage. Specifically,
the muscularis of the intestine infected with C. freundii was
partially separated from the submucosa, and the intestinal wall
was partially hyperplastic and infiltrated by a large number of
inflammatory cells (Figure 1E). Histopathological scores showed
significant damage to the intestine of crayfish caused by the
infection, which mainly in the form of moderate to severe
enteritis accompanied by cellular hyperplasia (Figure 1F). All
these results indicated that the disturbance of intestinal
microbiota combined with the infected C. freundii could lead
to intestine injury, causing moderate to severe necrotic enteritis.

3.2 Infection Changed the Metabolic
Capacity of the Intestinal Microbiota
The intestinal microbiota is involved in the metabolism, immune
and neuromodulation of the organism and provides essential
functions for its host (Adak and Khan, 2019). Stressors often
affect their hosts by altering the function of the intestinal
microbiota. Therefore, it is necessary to investigate the
functional changes in the intestinal microbiota after C.
freundii infection.

Tax4Fun was used to annotate the 16S rRNA gene sequence
with KEGG function to obtain the annotation information of OTU
at each KEGG functional level and the abundance of each function
in different samples. The results showed that the abundance of
metabolism and genetic information processing pathways increased
after C. freundii infection, while the abundance of cellular processes,
organismal systems, environmental information processing and
human disease pathways decreased (Figure 2A). We further
refined the comparison of metabolic pathways due to the highest
abundance of metabolism-related pathways in both groups. The
heat map showed that carbohydrate and amino acid-related
July 2022 | Volume 12 | Article 940576

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Li et al. Citrobacter Freundii Infected Crayfish
metabolic pathways are not significantly altered (Figure S2). For
lipid metabolism-related pathways, the abundance of steroid
hormone biosynthesis, fatty acid degradation, glycerophospholipid
metabolism, a-linolenic acid metabolism and sphingolipid
metabolism pathways decreased after C. freundii infection, while
the abundance of biosynthesis of unsaturated fatty acids, Fatty acid
biosynthesis and other pathways increased (Figure 2B). Notably,
the abundance of key metabolite bile acid synthesis-related
pathways including primary bile acid biosynthesis and secondary
bile acid biosynthesis increased after infection. The results of the
functional annotation of the intestinal microbiota implied that C.
freundii infection may affect the metabolism function of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 517
intestinal microbiota and promote the synthesis of derived
metabolites, especially bile acids.

3.3 Hepatopancreas RNA-Seq Quality
Assessment and Determination of DEGs
Although C. freundii grows mainly in the crayfish intestine, it is
usually isolated in the hepatopancreas, probably due to the
increased permeability of the intestine which exposes the
hepatopancreas to bacteria and their metabolites. Therefore,
the hepatopancreas is also a potential organ of attack for C.
freundii. To further investigate the potential effects of C. freundii
infection on crayfish hepatopancreas, we constructed six
A B
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C

FIGURE 1 | Effects of C. freundii infection on intestinal microbiota composition and intestinal structure. (A) Intestinal microbiota composition at the species level in
different groups of the crayfish. (B) Taxonomic representation of differences in the intestinal microbiota of crayfish injected with PBS and C. freundii. The concentric
circles from the inside out represented the different taxonomic classes (phylum to genus). The different coloured nodes indicated differences in intestinal microbiota
(Red represented significantly higher abundance of intestinal microbiota in the infection group than in the control group, while blue represented the opposite, and
yellow indicated no significant difference). The size of each node indicated the abundance of intestinal microbiota. (C) Prediction of microbial community phenotype
based on BugBase. (D) General characteristics of the intestine of crayfish in the control (D1) and infected groups (D2). More areas of intestinal inflammation (Green
dotted circle); The intestinal segment was inflated and swollen (Red dotted circle). (E) Histopathological observations on the intestine of the crayfish (H&E staining).
The muscularis is separated from other tissue (Black arrow); Intestinal wall cell hyperplasia (Red bidirectional arrow); Inflammatory cell infiltration (marked by
parallelogram shape). (F) Intestinal histopathological score. (*:p < 0.05; **:p < 0.01; ***:p < 0.001).
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hepatopancreas RNA libraries, and the control and infected
groups contributed three of these libraries, respectively. The
sequencing results for the six libraries were summarized in
Table S2. An average of 45,205,366 raw reads were obtained,
with Q20 and Q30 both above 93%. The final 43,371 unigenes
with N50 of 2337 were generated by the Trinity assembly
procedure. The length distributions of these assembled
unigenes are summarized in Figure S3A. It is pleasing to note
that the mapping rate of each sample ranged from 79.69%
to 86.25%.

The assembled unigenes were presented for BLAST search
against six public databases (Nr, Nt, Pfam, KOG/COG, Swiss-
Prot, KEGG, and GO) to predict their possible functions. A total
of 15,866 unigenes were annotated. A Venn diagram showed the
count of annotations in some database (Figure S3B). The cellular
process, membrane part and binding were the most annotated in
the GO database under the terms BP, CC and MF, respectively.
In the KEGG database, signal transduction received the highest
number of annotations (1039) and the lowest number of
biosynthesis of other secondary metabolites (14) (Figures
S3C, D).

The results of PCA analysis showed that the samples of the
control group and the infected group were clustered respectively,
indicating that the samples of the same group were more similar
and different from the other group, which validated the
rationality of the experimental design (Figure S4A). A total of
803 DEGs had 414 up-regulated as well as 389 down-regulated
(Figure S4B). Cluster analysis showed that DEGs had
significantly different expression patterns among different
groups (Figure S4C).
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3.4 Infection Increased Lipid Degradation
in the Hepatopancreas
KEGG annotation results showed that lipid metabolism received the
most differential gene annotations, followed by Signal transduction,
Transport and catabolism and Endocrine system (Figure 3A). The
distribution of the top 20 KEGG terms significantly enriched in the
categories were shown in Figure 3B. Similar to the annotated
results, KEGG enrichment analysis showed that differentially
expressed genes in the hepatopancreas of crayfish infected with C.
freundii were significantly enriched in lipid metabolism pathways,
including Arachidonic acid metabolism, Linoleic acid metabolism,
Steroid hormone biosynthesis, Ether lipid metabolism and
Biosynthesis of unsaturated fatty acids. Considering the important
role of the hepatopancreas in crayfish lipid metabolism, we
hypothesized that C. freundii infection may have an effect on
crayfish lipid metabolism. Further, differential genes mapping to
lipid metabolism pathways were filtered out and an expression heat
map was constructed. The results showed that the expression of all
lipid degradation genes was significantly upregulated in the infected
group, while the expression trend of biosynthesis-related genes was
not uniform, implying that the lipid content in the hepatopancreas
decreased after infection with C. freundii (Figure 3C). Gross
observations also revealed that compared to the normal orange-
colored hepatopancreas, a certain number of dark brown
hepatopancreas appeared in the infected group (Figure 3D). To
further support the conclusions obtained based on the
transcriptome, lipids in the hepatopancreas were quantified by oil
red O staining. The lipid droplet area and percentage of frozen
hepatopancreatic tissue sections stained with oil red O showed a
significant decrease trend with the invasion of C. freundii
A B

FIGURE 2 | Prediction of intestinal microbiota function. (A) KEGG functional abundance statistics based on Tax4Fun. (B) Comparison of the abundance of lipid
metabolism-related pathways. Representative values were normalized, colors indicate high (red) or low (blue) abundance of pathway annotations, and pathways were
grouped by hierarchical clustering and illustrated at the right side of the heat map.
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(Figure 3E). Transcriptome results suggest that C. freundii infection
may lead to imbalance of lipid metabolism in crayfish
hepatopancreas and induce lipid degradation.

3.5 Infection Caused Hepatopancreatic
Cell Damage
In addition to lipid metabolism, we also noted a significant
enrichment of cytochrome P450-related pathways, including
Metabolism of xenobiotics by cytochrome P450 and Drug
metabolism - cytochrome P450 (Figures 4 and S5). The
annotated results suggest that the hepatopancreas may be exposed
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 719
to bacterial metabolites of intestinal origin, as cytochrome P450 is
involved in the metabolism of endogenous and exogenous
substances. However, beyond its usual role in compound
metabolism, the activity of cytochrome P450 can be deleterious
since it can generate reactive oxygen species (ROS) (Cichoż-Lach
and Michalak, 2014). Thus, all DEGs of cytochrome P450-related
pathways were upregulated, suggesting that ROS may accumulate
and lead to apoptosis in hepatopancreatic cells.

To confirm our speculation, flow cytometry was used to
evaluate apoptosis and ROS. According to the flow cytometry
results, the percentage of apoptotic and necrotic cells was higher
A
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FIGURE 3 | DEGs analysis and validation. (A) KEGG annotation of DEGs. (B) Top 20 pathways enriched in differentially expressed genes (DEGs) by KEGG. The
color and size of the dots indicate FDR and DEG numbers, respectively. (C) Visual heat map of DEGs related to lipid metabolism based on expression data.
(D) Gross observation of the hepatopancreas of crayfish. Dark brown hepatopancreas (White arrow). (E) Oil red O staining of the hepatopancreas in the two groups
and lipid staining area and proportion of lipid to cell parenchyma (×200). *, **represent P < 0.05 and 0.01, respectively.
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in the infected group. In addition, ROS in hepatopancreas were
significantly higher in the infected group than in the control
group, suggesting possible oxidative damage (Figure 5A).

The structural changes of hepatopancreas were evaluated by
histology. The hepatopancreas from control group showed an
intact tissue structure with a distinct star shape of the tubule
lumen. In the infected group, a large amount of contents
appeared in the hepatopancreatic lumen, the structure of the
star-shaped lumen was disappeared, and the lumen of the hepatic
tubules was enlarged and accompanied by thinning of the tubule
wall. Additionally, cell necrosis, abscission and serious
vacuolization of cells were also observed in infected
hepatopancreas (Figure 5B). Histopathological scores showed
that hepatopancreatic cell necrosis, tubule lumen dilatation and
vacuolization were the most obvious and common pathological
changes in infected crayfish, with highly significant differences in
scores between the control and infected groups (Figure 5C). All
of the above results indicated that the hepatopancreas was
significantly damaged, which may be related to the activation
of cytochrome P450-related pathway. The activation of the
related pathway may be closely related to the entry of bacteria
and their metabolites into the hepatopancreas due to dysbiosis of
the intestinal microbiota.
4 DISCUSSION

As a conditional pathogen that can infect aquatic organisms and
mammals, C. freundii has become a threat to aquaculture activities
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 820
and human health. In this study, crayfish was used as an infection
host to provide new insights into the pathogenic mechanism of C.
freundii. The results of the study showed that C. freundii disrupts
the structure and function of the two main digestive organs of
crayfish, the intestine and the hepatopancreas, through the
intestine-liver axis.

As a prevalent Enterobacteriaceae bacterium in the natural
environment, C. freundii is at risk of causing intestinal disease, as
corroborated by the diarrheal symptoms that occur in humans after
infection (Liu et al., 2018). Studies have shown that the intestinal
microbiota responds to changes in the host’s own physiology and
external stimuli (Piazzon et al., 2019). Pathogens, especially bacteria,
are one of the important sources of stimulation. Vibrio harveyi
infection has been reported to cause an increase in harmful genera
and a decrease in beneficial genera in the intestinal microbiota of
Epinephelus coioides (Xiao Joe et al., 2021). Similar to previous
reports, in the present study, high-throughput sequencing revealed
altered composition of the intestinal microbiota. Phenotypic
predictions of intestinal microorganisms showed higher
phenotypic abundance of potentially pathogenic and forms
biofilms after C. freundii infection. The intestinal microbiota plays
a fundamental role in the development of the host’s immune
system, modulating T-cell repertoires and regulating the T helper
(Th) cell profile (Cebra, 1999). In addition, cellular metabolites such
as butyrate induce differentiation and amplification of colonic
regulatory T cells (Atarashi et al., 2013). Therefore, intestinal
microbiota disorders are often accompanied by intestinal
inflammation. In addition to altered intestinal microbiota, we also
observed inflammatory cell infiltration in the crayfish intestine after
infection. Pathologic states, such as intestinal inflammation, are
associated with a leaky epithelial barrier. An inflammatory
microenvironment affects intestinal physical and chemical barriers
by altering the structure and function of epithelial intercellular
junctions through direct and indirect mechanisms (Luissint et al.,
2016). Consistent with the speculation, it was observed by histology
that the intestinal tissues of crayfish were structurally damaged after
infection. Disruption of the intestinal barrier reduces the function of
the intestine against commensal microbiota and invading pathogens
and enhances pathogen susceptibility. The results of this study
suggest that C. freundii infection causes disruption of the crayfish
intestinal microbiota, which further promotes intestinal
inflammation and intestinal structural disruption.

The homeostasis of the intestine-liver axis depends on the
normal structure and function of the intestine, and disruption of
the intestine leads to exposure of the hepatopancreas to intestinal
bacteria and their metabolites. The composition of bile acids
mediated by bacterial metabolism in the intestine and is
intrinsically linked to host physiology and is receiving
increasing attention as a potential mechanism for disease
states. In the intestine, primary bile acids are converted into
more hydrophobic secondary bile acids, such as lithocholic acid
and deoxycholic acid (LCA and DCA), mainly by bile salt
hydrolases (BSH) (Chiang, 2013). It has been shown that
Bacteroidetes is the dominant phyla in the distribution of BSH
(Jones et al., 2008). The present study also found an increase in
the relative abundance of Bacteroidetes in the infected group.
FIGURE 4 | Metabolism of xenobiotics by cytochrome P450 pathway. The
annotated enzyme is marked green. Enzymes in the red box are associated
with up-regulated DEGs.
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Bile acid homeostasis in organisms is primarily regulated by the
farnesoid X receptor (FXR) and G protein-coupled bile acid
receptor 1 (GPBAR1). In addition to maintaining bile acid
homeostasis, the above two receptors are involved in anti-
inflammatory and intestinal barrier construction (Inagaki et al.,
2006; Pols et al., 2011). However, some secondary bile acids, such
as deoxycholic acid, can inhibit FXR signaling, leading to
increased bile acid synthesis (Jiao et al., 2018). Moreover, FXR
expression is also negatively regulated by inflammation. In the
present study, we found that the increased abundance of bacteria
transforming bile acids at the Phylum level was associated with
an upregulation of the annotation of related pathways. This
implies that there exists the possibility of increased secondary
bile acids exacerbating inflammation and intestinal destruction.

Bile acids promote the hydrolysis of fats by emulsifying fats and
increasing the contact area with lipase to enhance the activity of
metabolic enzymes.We observed a decrease in hepatopancreas lipids
after infection by oil red O staining. The entry of bile acids into the
hepatopancreas through the damaged intestine-liver axis is one of
the plausible explanations. We also found a discoloration of the
hepatopancreas of crayfish in the course of the experiment. Studies
have shown that crustaceans have less lipids and more bile acids in
their dark brown hepatopancreas (Zhang et al., 2022).
Hepatopancreas transcriptome results showed significant
enrichment of cytochrome P450-related pathways. Cytochrome
P450 is involved in the metabolism of endogenous and exogenous
substances, suggesting the possibility of intestinal microbiota
metabolites entering the hepatopancreas. In addition,
overexpression of cytochrome P450 leads to ROS production and
further results in altered mitochondrial permeability and transition
potential (Cichoż-Lach and Michalak, 2014). These changes induce
the development of apoptosis. An increase in ROS and apoptosis in
the hepatopancreas of the infected group was also found in this
study. Damage to the hepatopancreas structure was observed by
histology. Furthermore, in addition to the activated cytochrome
P450-related pathway, bile acids can also directly damage the
hepatopancreas. Experimentally, hydrophobic bile acids are known
to induce injury to hepatocytes (Liu et al., 2015). Direct induction of
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mitochondrial reactive oxygen species (mROS) and subsequent
mitochondrial oxidative stress to initiate apoptosis has also been
shown to be one of the mechanisms by which hydrophobic bile acids
contribute to liver disease (Li et al., 2017). Thus, in addition to the
destruction of the intestinal microbiota, bile acids are involved in the
pathogenic process of C. freundii by causing hepatopancreatic
damage through the damaged intestine-liver axis.

In conclusion, this study shows thatC. freundii infection disrupts
the intestinal microbiota and promotes pathogenic bacterial
colonization and bile acid synthesis, which cause intestinal
inflammation and damage tissue structure. Pathogenic bacteria
and metabolites enter the hepatopancreas through the intestine-
liver axis and cause lipolysis and tissue damage. The results of this
study elucidate the effects of C. freundii on the hepatopancreas and
intestine of crayfish and provide a reference for studying the
pathogenic mechanism of C. freundii.
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FIGURE 5 | Analysis of damage to the hepatopancreas of crayfish. (A) ROS-positive, necrosis and apoptosis rates in hepatopancreatic cells. Results are shown as
means ± SD. (B) Histopathological observations on the hepatopancreas of the crayfish (H&E staining). The lumen of hepatic tubules is enlarged and the wall of the
tubules becomes thin (White arrow); Vacuolar degeneration of tube wall cells (Red arrow); Hepatopancreas cell necrosis (White Pentagram). (C) Intestinal
histopathological score. (*:p < 0.05; **:p < 0.01; ***:p < 0.001).
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Ctenopharyngodon Idella, as a common freshwater bony fish, is more susceptible to various diseases
than other carp species, so it has been proposed as a test organism for toxicological analysis In this
study, C. idella were anesthetized with MS-222 and 2-PE, and the related anesthetic mechanism and
toxic effects were revealed by transcriptomics and metabolomics analyses. When the concentration
of MS-222 was 80 mg/L and 200 mg/L, 179 and 887 differentially expressed genes (DEGs),
respectively, were identified in the brain tissue of C. idella. When the concentration of 2-PE was 0.6
mL/L and 1.2 mL/L, 498 and 514 DEGs were identified. The DEGs associated with MS-222
treatment were enriched in immune pathways, lipid metabolism, amino acid metabolism, and
various signaling pathways; DEGs associated with 2-PE treatment were enriched in immunity and
amino acid metabolism. In total, 304 metabolites were identified using a combination of positive
and negative ion modes in mass spectrometry. The common differential metabolites identified in the
MS-222 high and low concentration groups were 20-HETE and 12(R)-HETE; the common
significant differential metabolite identified in the 2-PE high and low concentration groups was
salidroside. In combination with the transcriptomics analysis and metabolomics analysis, the results
showed that with the MS-222 and 2-PE concentrations used in this experiment, the metabolism of
arachidonic acid in C. idella was inhibited by MS-222, and 2-PE affected the upstream and
downstream metabolic pathways of arachidonic acid metabolism, thereby affecting the metabolism
of arachidonic acid. Both anesthetics induce sedation by affecting related metabolites that affect
stress response and autoimmunity. Metabolomics results showed that neither anesthetic had a
significant effect on cortisol expression.

Keywords: anesthetics, ecotoxicology, transcriptome, metabolome, arachidonic acid
1 INTRODUCTION

Fresh fish consumption is a unique consumption pattern in China, and the market and influence are
huge. The transportation of live fish often leads to a sudden change in the living environment offish,
which leads to a stress response in fish. Compared with the normal state, the physiological and
biochemical processes such as hormone secretion and material and energy metabolism in fish
change significantly under stress, which directly affects the health of fish and even threatens life and
adversely affects the quality of their muscles (Xiaopeng et al., 2021).
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Because anesthetics have a good sedative effect, they have
been widely used in live fish transportation in recent years (Peng
et al., 2021). The rational use of anesthetics alleviates the pain of
fish, induces sedation, and reduces the mechanical damage to fish
during the process (Wenhao et al., 2020). It also lowers the
metabolism of fish, delays the deterioration of water quality, and
reduces the respiratory rate of fish, which helps them to adapt to
hypoxia stress during long-term transportation. At present, there
are more than 30 anesthetics commonly used in fish used in
aquatic products, of which 2-phenoxyethanol (2-PE) (Ortuno
et al., 2002; Inoue et al., 2004; Vaughan et al., 2008), MS-222
(Matsche, 2011; Rozynski et al., 2018), clove oil (Hekimoglu
et al., 2017; Pattanasiri et al., 2017), and carbon dioxide are the
most commonly used (Xie and Cao, 2021).

MS-222, also known as tricaine methanesulfonate or tricaine
mesylate, is one of the most commonly used anesthetics in
aquaculture production practice. MS-222 has a rapid effect on
aquatic animals and exhibits short recovery time and no toxicity
to humans. It is the only FDA-approved narcotic for fish
consumption (Yatao et al., 2019). 2-PE, also known as ethylene
glycol phenyl ether (Territory and Xiaoyan, 2016) is also a
commonly used anesthetic in fish. The exact mechanism of its
action in fish remains unclear. However, it may involve the
expansion of nerve cell membrane (Burka et al., 1997) and the
synthesis and metabolism of hormones that inhibit the central
nervous system. Because 2-PE has a safe range of administration,
it reduces animal mortality (Toni et al., 2015). 2-PE anesthetizes
animals quickly, the recovery time is short, and the side effects
are small. Narcotics are widely used in aquaculture, but the
mechanisms and toxic effects of narcotics on fish remain unclear.

Ctenopharyngodon Idella, a representative teleost fish, is the
largest freshwater-farmed fish in the world. In this study, C.
idella were exposed to different concentrations of 2-PE and MS-
222. Using a combined transcriptomics and metabolomics
analysis, the effects of these two anesthetics on the expression
of C. idella genes and metabolic pathways were investigated, and
then the mechanism of action of the two anesthetics on C. idella
was analyzed to aid the process of selecting anesthetics in fish
farming practice.
2 MATERIALS AND METHODS

The use of experimental animals and the study protocol were
reviewed and approved by the Ethics Committee of Shanghai
Ocean University.

2.1 Fish Management and
Experimental Design
Healthy fish (approximately 3 months old) with a body length of
16–18 cm and a weight of 27 ± 3 g (mean ± standard deviation)
were obtained from an aquaculture farm located in Zhejiang,
China. Fish were randomly divided into seven groups (control 1,
control 2, residual detection group, 2-PE low-concentration
group, 2-PE high-concentration group, MS-222 low-
concentration group, and MS-222 high-concentration group)
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 225
with 15 fish in each group, and each group was placed in a 512
L glass tank. For aquaculture, the water was aerated and
exchanged 30 % daily, and water temperature was maintained
at 22 ± 1°C. Consistent culture conditions were maintained for each
group. Fish were fasted for 24 h before experimental procedures.

According to the pre-experimental results, relatively low
concentrations of MS-222 (Carbon Dragon New Materials,
Suzhou) and 2-PE (MACKLIN, Shanghai) were selected to
achieve deep anesthetic effects in C. idella in 6 min. Fish were
exposed to different concentrations of the anesthetics, and
anesthesia time and status were recorded. The concentrations
of the anesthetics used for the pre-experimental tests were as
follows: MS-222 (0, 80, 150, and 200 mg/L) and 2-PE (0, 0.3, 0.6,
and 1.2 mL/L). MS-222 was dissolved in distilled 10 mL water,
whereas 2-PE was dissolved in 10 mL anhydrous ethanol, and
then 10 L solutions of the anesthetics at various corresponding
concentrations were prepared and kept in plastic barrels for
further use. Fish in the pre-experimental group were quickly
removed from the glass tanks using a net and released into plastic
buckets containing different concentrations of the two
anesthetics by. At a concentration of 80 mg/L for MS-222 and
0.6 mL/L for 2-PE, deep anesthesia was achieved in C. idella in 6
min, that is, the abdomen turned upward such that the fish
stopped swimming but did not stop breathing and recovered in 5
min after being moved to water without anesthetic.

In this study, to explore the effects of different concentrations
of anesthetics on fish, high- and low-concentration groups were
established for each anesthetic: MS-222 low-concentration group
(MD): 80 mg/L, MS-222 high-concentration group (MG): 200
mg/L, 2-PE low-concentration group (PD) and residual
detection group (RD) : 0.6 mL/L, and 2-PE high-concentration
group (PG): 1.2 mL/L.
2.2 Sampling
Seven groups were established in this study (MD, MG, PD, PG,
RD, control 1 and control 2). In MD, MG, PD, PG and control 1
group 9 fish from 15 fish in each group were randomly selected
for the whole experiment. Preparation method of anesthetic
solution is consistent with that described for the pre-
experiment. After 6 min of anesthesia, the brain tissue of fish
was removed. In RD and control 2 group, 5 fish from 15 fish in
each group were randomly selected for the whole experiment.
Preparation method of anesthetic solution is consistent with that
described for the pre-experiment. After 6 min of anesthesia, the
brain tissue, muscle tissue and liver tissue of fish was removed.

For three randomly selected fish in MD, MG, PD, PG and
control 1 group, after removing the brain tissue of the fish, the
blood and dirt were quickly removed using precooled RNase-free
water. The brain tissue was placed in a cryopreservation tube,
labeled, and stored in liquid nitrogen to be used in the
subsequent transcriptome analysis. The brain tissue samples of
the remaining six fish in each group were removed, the residual
blood was washed with normal saline, and the surface liquid was
dried using filter paper. The brain tissue was placed in a
cryopreservation tube, labeled, and stored in liquid nitrogen to
be used in the subsequent metabolomics analysis.
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For five randomly selected fish in RD and control 2 group,
Their brain, muscle and liver tissues were frozen at -20°C for
subsequent liquid chromatography residue detection.

2.3 Transcriptome Analysis
2.3.1 RNA Extraction
Total RNA was isolated from each sample using TRIzol Reagent
(Invitrogen Life Technologies), then, RNA concentration,
quality, and integrity were determined using a NanoDrop
spectrophotometer (Thermo Scientific) (Wu et al., 2016).

2.3.2 Sequencing Library Preparation and Transcript
Assembly
Both library preparation and RNA sequencing used 3 µg of RNA
samples that passed quality standards. First, mRNA was purified
from total RNA using poly-T oligonucleotide beads. Pyrolysis
with divalent cations in Illumina specific lysis buffer at high
temperature. Then, second-strand cDNA was synthesized using
DNA polymerase I and RNase H, and the remaining drape was
converted to a blunt end by exonuclease/polymerase activity, and
the enzyme was removed. After the 3’ adenylation of DNA
fragments, the Illumina PE aptamer oligonucleotides were
ligated to the samples to prepare for the hybridization step
(Hoseth et al., 2017; Ali et al., 2018). cDNA library fragments
400–500 bp in length were purified using the AMPure XP system
(Beverly, California, USA). Illumina PCR Primer Cocktail was
used to selectively enrich DNA fragments with linkers at both
ends in 15 cycles of PCR. After purification (AMPure XP
system), the product was quantified by Agilent high-sensitivity
DNA analyzer on the bioanalyzer 2100 (Agilent). The
sequencing library was then sequenced on NovaSeq 6000
platform (Illumina), (Liu et al., 2015).

2.3.3 Transcriptome Sequencing
The samples were sequenced, and the raw data obtained in a
FASTQ format were filtered with Cutadapt (v1.15) software to
obtain clean data for further analysis. The filtered reads were
aligned to the reference genome using TopHat2 upgraded
HISAT2 software. Filtered reads were mapped to the reference
genome using HISA T2 v2.0.5. HTSeq (0.9.1) was used to
estimate the original expression level of the genes, and then the
number of fragments per kilobase of transcript per million
mapped reads (FPKM) was calculated to standardize the
expression. Genes with |log2FoldChange| >1 and P value <0.5
identified using DESeq (1.30.0) were considered as differentially
expressed genes (DEGs). Bidirectional clustering analysis of all
genes was performed using the R package pheatmap (1.0.8).

2.3.4 Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Pathway Enrichment Analysis
All genes were mapped to the gene ontology (GO) database, and
the number of DEGs enriched in each term was estimated. GO
enrichment analysis of DEGs was performed using topGO
(Wang et al., 2015); the significantly enriched GO terms of
DEGs were identified, and the main biological functions of
DEGs were determined. The Kyoto Encyclopedia of Genes and
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Genomes (KEGG) pathway analysis of DEGs was performed
using ClusterProfiler (3.4.4) software.

2.4 Quantitative Reverse Transcription
PCR Verification
To validate the RNA sequencing (RNA-Seq) results, four genes
were randomly selected for a quantitative reverse transcription
PCR (qRT-PCR) analysis using a 2× SYBR GREEN Master Mix
(Vazyme Biotech Co., Ltd.). Primers were designed using the
NCBI database, and b-actin was used as the reference gene. The
thermal cycle of SYBR Green RT-PCR was as follows: 95°C for 10
min and 40 cycles at 95°C for 10 s and 60°C for 30 s. The genes to
be validated are listed in Table 1, whereas the primers
corresponding to the genes to be verified are listed in attachment.

2.5 Metabolome Analysis
2.5.1 Sample Extraction
The fish brain tissue samples were gradually thawed at 4°C. An
appropriate amount of samples was added to the mixed solution
of precooled methanol, acetonitrile and water (methanol:
acetonitrile: water = 2:2:1, v/v). Samples were mixed by
vortexing after low-temperature ultrasound for 30 min; then,
they were allowed to stand at -20°C for 10 min, and then
centrifuged at 14 000 rpm at 4°C for 20 min. The supernatant
was vacuum-dried and redissolved in 100 mL acetonitrile
aqueous solution (acetonitrile: water = 1:1, v/v), vortexed,
centrifuged at 14000 rpm at 4°C for 15 min, and the
supernatant was used as the sample for mass spectrometry.

2.5.2 Liquid Chromatography/Mass
Spectrometry Analysis
The analysis was performed using the Agilent 1290 Infinity LC
Ultra-Performance Liquid Chromatography System (UHPLC)
HILIC Column. The following conditions were used: column
temperature 25°C; flow rate: 0.5 mL/min; injection volume 2 mL;
mobile phase composition, A: water + 25 mM ammonium
acetate + 25 mM ammonia, B: acetonitrile. The gradient
elution procedure was as follows: 0–0.5 min, 95 % B; 0.5–7.0
min, B changed linearly from 95 % to 65 %; 7–8 min, B changed
linearly from 65 % to 40 %; 8.0–9.0 min, B was maintained at 40
%; 9.0–9.1 min, B changed linearly from 40 % to 95 %; 9.1–12.0
min, B was maintained at 95 %. Samples were kept at 4°C in the
automatic sampler during analysis.

After the samples were separated by HILIC chromatography,
the primary and secondary spectra were collected using the AB
Triple TOF 6600 mass spectrometer. ESI source conditions were
as follows: ion source gas1 (Gas1): 60 psi, ion source gas2 (Gas2):
60 psi, curtain gas (CUR): 30 psi, source temperature: 600°C,
IonSpray Voltage Floating: ± 5500 V (positive and negative
modes), TOF MS scan m/z range: 60–1000 Da, product ion
scan m/z range: 25–1000 Da, TOF MS scan accumulation time:
0.20 s/spectra, product ion scan accumulation time: 0.05 s/
spectra; the secondary mass spectrum was obtained by
information-dependent acquisition (IDA), and the high-
sensitivity mode was adopted. Declustering potential (DP) was
±60 V (positive and negative modes), and collision energy was 35
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± 15 eV. IDA was set to exclude isotopes within 4 Da, and the
number of candidate ions to monitor per cycle was 10. The final
data were first subjected to metabolite structure identification
and data preprocessing, then the quality of experimental data
was evaluated, and finally data analysis was performed.

2.6 Analysis of 2-PE Residue in C. Idella by
HPLC
2.6.1 Sample Pretreatment
The quality of the sample was accurately weighed and recorded.
The mass of muscle tissue was not more than 0.5000 g, and the
sample tissue with good weight was transferred to the plastic
centrifuge tube (50 mL). 10.0 mL acetonitrile-0.2 % acetic acid
aqueous solution (V : V = 6 : 4) was added, ultrasonically
extracted for 10 min, shaken for 15 min with vortex oscillator,
centrifuged at 10000 r / min for 5 min, and the supernatant was
taken with medical sterile disposable syringe (1 mL). The
supernatant was purified by 0.22 mm organic needle-type filter,
and bottled for detection.

2.6.2 HPLC Parameter
Chromatographic column: ZORBAX SB-C18 (4.6×250mm,
5.0mm); mobile phase: acetonitrile - 0.2 % acetic acid aqueous
solution (V : V = 6 : 4 ); flow rate : 0.3 mL / min; detection
wavelength : 220 nm ; column temperature : 30°C ; sample
volume: 3.0mL.
3 RESULTS

3.1 Illumina Sequencing and
Quality Assessment
To obtain the C. idella brain transcriptome expression profiles
after treatment with MS-222 or 2-PE, 15 cDNA libraries were
constructed. A total of 625 594 242 (128 251 100 in the control
group, 127 897 444 in the MD group, 121 864 582 in the
MG group, 129 677 354 in the PD group, and 117 894 762 in
the PG group) raw reads were obtained. After quality control,
577 803 582 (118 058 270 in the control group, 118 156 658 in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 427
the MD group, 112 528 690 in the MG group, 119 818 882 in the
PD group, 109 241 082 in the PG group) clean reads with a
Q30% >92.97 % were obtained for subsequent analysis.

3.2 Analysis of Differentially Expressed
Genes
The total mapping rate between reads and the reference genome
was approximately 92 %. In total, 179 DEGs (74 upregulated and
105 downregulated) were identified between the control and MD
groups; 887 DEGs (640 upregulated and 247 downregulated)
were identified between the control and MG groups; 498 DEGs
(238 upregulated and 260 downregulated) were identified
between the control and PD groups; 514 DEGs (374
upregulated and 140 downregulated) were identified between
the control and PG groups.

The analysis of the number of differentially expressed genes
using a Venn diagram (Figure 1) showed that there were six
common DEGs among all treatment groups. Four of them were
encoded proteins; of the other two DEGs, one encodes
TABLE 1 | Genes to be validated by quantitative reverse transcription PCR.

Enzyme Group Homologous gene name Homologous gene id Gene id

SPLA2 MD/PD cytosolic phospholipase A2 gamma-like isoform X1 107591457 CI01113194_00000034_00007377
PD group 3 secretory phospholipase A2-like 107712110 CI01000168_01110611_01115503
MG phospholipase B1, membrane-associated-like isoform X1 107721335 CI01000325_05510163_05515246

HRAS-like suppressor 3 107756493 CI01002368_00000450_00001761
cytosolic phospholipase A2 gamma-like isoform X1 107591457 CI01000426_00021251_00036674

PG hypothetical protein cypCar_00024211 KTG02580.1 CI01000170_00049973_00068447
ACSL MG long-chain-fatty-acid–CoA ligase ACSBG1-like 107757766 CI01000330_03692275_03699509

MG/PG long-chain-fatty-acid–CoA ligase 4-like 107732603 CI01000339_01860747_01871902
FASN PG fatty acid synthase AGT29869.1 CI01000055_01852604_01874289
July
MD: MS-222 low-concentration group.
MG: MS-222 high-concentration group.
PD: 2-PE low-concentration group.
PG: 2-PE high-concentration group.
FIGURE 1 | Venn diagram representing the number of differentially
expressed genes among different treatment groups.
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immunoglobulin Z heavy chain, and the other encodes the
protein shisa-3 homolog isoform X1. Moreover, there were
many common DEGs between different treatment groups.

3.2.1 Gene Ontology Annotation of Differentially
Expressed Genes
After completing the differential gene analysis, the DEGs were
annotated using the GO database. According to the genome
annotation data, the DEGs between groups were classified to
analyze the functions of these genes. Figure 2 show the top 20
GO terms in each group; most are related to Biological Processes.

3.2.2 Kyoto Encyclopedia of Genes and Genomes
Pathway Analysis of Differentially Expressed Genes
In this study, 329 DEGs identified between the control group and
MD group were associated with 152 known KEGG pathways, of
which 29 KEGG pathways were significantly enriched, and 14
pathways were extremely significantly enriched; 1550 DEGs
identified between the control group and MG group were
associated with 273 known KEGG pathways, of which 40 KEGG
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 528
pathways were significantly enriched, and 27 pathways were
extremely significantly enriched; 806 DEGs identified between
the control group and PD group were associated with 234 known
KEGG pathways, of which 25 KEGG pathways were significantly
enriched, and 17 pathways were extremely significantly enriched;
1079 DEGs identified between the control group and PG group
were associated with 239 known KEGG pathways, of which 49
KEGG pathways were significantly enriched, and 41 pathways
were extremely significantly enriched. The KEGG pathways
enriched with DEGs in each comparison were mostly related to
immunity and metabolism. There were no significant differences
in key genes related to cortisol production and metabolism among
the treatment groups compared with the control group. The
significant enrichment pathways of differentially differentiated
genes in each treatment group are shown in the attachment.
3.3 Analysis of Differential Metabolites
In total, 304 metabolites were identified by using a combination
of positive and negative ion modes in mass spectrometry; the
A B

DC

FIGURE 2 | The top 20 GO terms in each group. (A) Gene ontology (GO) annotation of the top 20 differentially expressed genes in the brain of Ctenopharyngodon
idella following treatment with MS-222 at a low concentration. (B) Gene ontology (GO) annotation of the top 20 differentially expressed genes in the brain of
Ctenopharyngodon idella following treatment with MS-222 at a high concentration. (C) Gene ontology (GO) annotation of the top 20 differentially expressed genes in
the brain of Ctenopharyngodon idella following treatment with 2-phenoxyethanol (2-PE) at a low concentration. (D) Gene ontology (GO) annotation of the top 20
differentially expressed genes in the brain of Ctenopharyngodon idella following treatment with 2-phenoxyethanol (2-PE) at a high concentration.The abscissa
indicates the richness factor (the number of DEGs annotated to a GO term/the total number of genes annotated to a GO term), and the ordinate indicates the GO
terms. The size of the circles in the figure represents the number of genes annotated to the corresponding GO term (upregulated or downregulated in relation to the
gene set selected in the analysis). The depth of color represents the level of dominance.
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number of metabolites identified using the positive and negative
ion mode was 169 and 135, respectively. The proportion of
metabolites according to their chemical taxonomy is shown in
the attachment.

In the MD group, 27 differential metabolites were identified,
most notably enriched in Arachidonic acid metabolism, PPAR
signaling pathway, and ABC transporters. In the MG group, 36
differential metabolites were identified, most notably enriched in
Arachidonic acid metabolism, PPAR signaling pathway, and
Carbohydrate digestion and absorption. In the PD group, 15
differential metabolites were identified, most notably enriched in
Arachidonic acid metabolism, Lysosome, and ABC transporters.
In the PG group, 14 differential metabolites were identified, most
notably enriched in Tyrosine metabolism; cAMP signaling
pathway; and Alanine, aspartate, and glutamate metabolism.
The main metabolic pathways enriched with the differential
metabolites of treatment groups except the PG group were
related to arachidonic acid metabolism. The main metabolites
involved in these pathways include linoleic acid and some
cytochrome P450 (CYP)-catalyzed arachidonic acid products,
such as 12(R)-HETE and 20-HETE. But there was no significant
difference in cortisol expression between the treatment groups
and the control group. Differential metabolites in each group are
listed in attachment. Figure 3 shows proportion of metabolites
according to their chemical taxonomy.
3.4 Combined Transcriptomics/
Metabolomics Analysis
On the basis of the results of the metabolomics and
transcriptomics analysis, the differentially expressed
metabolites and transcripts were identified; then, the
transcripts of related enzymes were identified on the basis of
the metabolites in the KEGG database; then, metabolites and
related transcripts were mapped to related metabolic pathways.

A common pathway associated with differentially expressed
metabolites and transcripts in the MD, MG, and PD groups (p
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 629
<0.05) was Linoleic acid metabolism (map00591). In the MG
group, other seven major metabolic pathways were
Glycerophospholipid metabolism (map00564), Arachidonic
acid metabolism (map00590), alpha-Linolenic acid metabolism
(map00592), Fatty acid degradation (map00071), Fatty acid
biosynthesis (map00061), Biosynthesis of unsaturated fatty
acids (map01040), and Choline metabolism in cancer
(map05231). Five major metabolic pathways were identified in
PG group: Purine metabolism (map00230), Sphingolipid
signaling pathway (map04071), Vascular smooth muscle
contract ion (map04270) , cAMP signal ing pathway
(map04024), and Prion disease (map05020).

Through joint analysis, it was found that the expression of
secretory phospholipase A2 (SPLA2) was significantly different
in each treatment group; it was significantly downregulated in
the MD, PD, and PG groups and significantly upregulated in the
MG group. Moreover, joint analysis showed that in the MG
group, the upregulation of long-chain acyl-CoA synthetase
(ACSL) downregulated hexadecanoic acid (map00071,
Figure 4). However, in the PG group, although ACSL was
upregulated, the downregulation of hexadecanoic acid was
reduced owing to the significant downregulation of fatty acid
synthase animal type (FASN; Figures 5, 6).

Therefore, on the basis of transcriptome results, qRT-PCR
was used to verify the DEGs regulating SPLA2 and FASN.
3.5 qRT-PCR Analysis
Through joint analysis, it was found that the genes that
controlled the expression of SPLA2 in C. idella differed in
different treatment groups. Although these genes correspond to
the same homologous genes in the KEGG database, they are
different genes in the C. idella genome, with different
base sequences.

After verification, it was found that the results were consistent
with the transcriptomics results, confirming the conclusions of
the transcriptomics analysis (Figure 7).
FIGURE 3 | The differential metabolites detected by metabolomics between the treatment group and the control group were classified according to their chemical
structure.
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3.6 Determination of 2-PE Residue
by HPLC
The results showed that 2-PE had a good linear relationship with
peak area in the concentration range of 5– 300 mg / L under the
chromatographic parameters 300 mg / L.

After the grass carp were bathed in 0.6 mg/L 2-PE solution for 6
min, the residue of 2-phenoxyethanol in brain, muscle and liver of
grass carpwere 0.203mg/kg, 0.063mg/kg and 0.103mg/kg, respectively.

4 DISCUSSION

Studies have indicated that stress response, which negatively
affects fish, can be alleviated by anesthesia (Le et al., 2019).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 730
However, there are many kinds of anesthetics, and the effects of
various anesthetics on the physiological metabolism of different
fish need to be further studied. The present study combined
transcriptomics and metabolomics to investigate the toxic effects
of 2-PE and MS-222 on C. idella and their effects on
physiological metabolism, the unknown mechanism of action
of related anesthetics in C. idella was supplemented
and discussed.

MS-222, a sodium channel blocker, is the most commonly
used anesthetic in aquatic organisms, including fish (Lidster
et al., 2017). Its main mechanism of action is similar to that of
other anesthetics; it inhibits sodium entry into excitable brain
cells, thereby blocking action potential (Butterworth and
Strichartz, 1990). In 1985, Lewis et al. (1985) found that MS-
222 had adverse effects on the olfactory organs of channel
catfish; they reported that the drug destroyed the cilia of the
olfactory sensory epithelium. However, in 1988, Quinn et al.,
1988) did not report a negative effect of MS-222 on the
chemical sensory abil i ty of Pacific salmon through
experiments. In 2017, (Nordgreen et al., 2014) reported that
MS-222 had no effect on several commonly used behavioral
parameters of zebrafish. However, in 2018, Felix et al. (2018)
showed that MS-222 was associated with a risk of teratogenic
mortality in early zebrafish embryos.

In 2005, Marsic-Lucic et al. (2005) showed that 2-PE was safer
than propiscin as an anesthetic in young sea bass (Dicentrarchus
labrax L.). Velisek et al. (2007) showed that the use of 2-PE at a
concentration of 0.30 mL/L did not cause any irreversible
damage to sheatfish. (Vrskova and Modra (2012) reported in
2012 that 2-PE at concentrations higher than 300 mg/L induced
embryonic growth inhibition in frogs and posed a teratogenic
risk. A 2014 study by (Mitjana et al., 2014; Bonastre et al. 2014)
noted that repeated exposure to 2-PE resulted in some tolerance
of juvenile angel fish to sedation and anesthetics, indicating that
angel fish produce compensatory effects by reducing the number
of GABA receptors, thereby prolonging the sedation and
anesthesia time. In 2016, Akbary et al. (2016) reported that 2-
FIGURE 5 | Changes in the fatty acid biosynthesis pathway in Ctenopharyngodon idella brain after 2-phenoxyethanol (2-PE) high-concentration treatment.
FIGURE 4 | Changes in the fatty acid degradation pathway in
Ctenopharyngodon idella brain after MS-222 high-concentration treatment.
July 2022 | Volume 12 | Article 931696

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wang et al. Omics Reveals Anesthetic Mechanisms
PE can be used as an anesthetic at a concentration of 0.9 mL/L,
which has certain safety for bighead carp. Rapid anesthesia at this
concentration has the least effect on physiological stress, and 2-
PE cannot be regarded as a dangerous substance at
this concentration.

This further indicates that anesthetics have different toxicity
in different species or in different growth stages of the same
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 831
species. Therefore, C. idella was used as a representative species
to further understand the effects of these two anesthetics on
aquatic animals at the transcriptomic and metabolomic level.

4.1 Effects on Differential Gene Expression
In the transcriptomics analysis, results showed that that when the
dosage of the two anesthetics achieved roughly the same depth of
anesthesia in 6 min, the number of DEGs in the MD group
compared with the control was 179, whereas the number of
DEGs in the PD group compared with the control was 498.
However, when the drug concentration was increased, there were
887 DEGs in the MG group and 514 DEGs in the PG group
compared with the control. The DEGs associated with MS-222
were enriched in immune pathways, lipid metabolism, amino
acid metabolism and various signaling pathways, whereas the
DEGs associated with 2-PE were enriched in immunity and
amino acid metabolism.
4.2 MS-222 Reduced the Expression
of 20-HETE
The liquid chromatography/mass spectrometry showed that in
the MS-222 treatment groups, the metabolites with the most
significant differences between the two concentration groups
under negative ion detection were 12(R)-HETE and 20-HETE,
and those with the most significant differences between the two
concentration groups under positive ion detection were 4-
aminobenzoate and 20-HETE. Thus, MS-222 anesthesia had
the greatest impact on the formation and metabolism of 20-
HETE in C. idella. 20-HETE is an active substance catalyzed by
CYP4A/4F to produce arachidonic acid (Garcia and
A B

FIGURE 7 | Comparison of qpcr verification results with transcriptome analysis results. (A) Quantitative reverse transcription PCR (qRT-PCR) verified the relative
expression of differentially expressed genes in Ctenopharyngodon Idella brain. Gene names are presented on the abscissa, and fold change values are presented on
the ordinate. (B) Relative expression of differentially expressed genes (DEGs) in in Ctenopharyngodon idella brain obtained by RNA-Seq. Gene names are presented
on the abscissa, and fold change values are presented on the ordinate.
FIGURE 6 | Changes in the fatty acid degradation pathway in
Ctenopharyngodon idella brain after 2-phenoxyethanol (2-PE) high-
concentration treatment.
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Schwartzman, 2017). 20-HETE induces oxidative stress by
promoting eNOS uncoupling, interferes with endothelial cell
function, and increases blood pressure (Tunctan et al., 2010).
The expression of 20-HETE in each sample was significantly
downregulated in the MS-222 treatment groups. This may be
because MS-222 reduces 20-HETE levels, thereby alleviating
oxidative stress in fish and helping induce complete anesthesia.
4.3 Upregulation of Salidroside and
Linoleic Acid Expression in Response to
2- Phenoxyethanol Toxicity
Salidroside was the most significant metabolite detected in the
negative ion mode in the 2-PE high- and low-concentration
treatment groups. The main effects of salidroside include anti-
hypoxic, anti-inflammatory, anti-viral, anti-cancer, anti-fatigue,
immune-boosting, hepatoprotective and neuroprotective effects
(Wang et al., 2018). Zhao, XY et al. found that salidroside
inhibited the activation of caspase-3/9 and cleavage of poly
(ADP-ribose) polymerase induced by endogenous H2O2. It also
decreased the expression of Bax and rescued the balance of pro-
and anti-apoptotic proteins (Zhao et al., 2013). Guan et al. found
that the antioxidant effects of salidroside were associated with
downregulation of free cytosolic Ca2+ and ROS scavenging via a
cAMP-dependent pathway (Guan et al., 2011). The fold change
value of salidroside between 2-PE high- and low-concentration
groups was ≥50, it indicates that the drug has a great influence on
the expression of this metabolite, and 2-PE may affect the
upstream and downstream pathways of this metabolite.

In the low-concentration group of 2-PE, linoleic acid was
significantly upregulated, whereas in the high-concentration
group of 2-PE, linoleic acid was upregulated but not
significantly upregulated. Linoleic acid is a fundamental
member of w-3 unsaturated fatty acids, which can be
transformed into g-linolenic acid and then into arachidonic
acid (Xu, 2013). Min, (2012) reported that linoleic acid and
methyl linoleate reduce the level of inflammation-related factors
and have a significant improvement in acute and chronic
inflammation. Wang etal. (2009) confirmed that linoleic acid
increases mitogen-induced lymphocyte proliferation, enhances
lymphocyte activity, enhances macrophage phagocytosis,
increases cell-mediated immunity, influences immunoglobulin
and ant ibody product ion, and direct ly affects the
immune activity.

These findings suggest that 2-PE is more likely to be toxic to
C. idella, in response to which fish begin to secrete anti-
inflammatory substances. The fact that the same results were
observed in the high-concentration and low-concentration 2-PE
groups also indicates high confidence.

Other significant differential metabolites from the two drug
treatment groups were also inconsistent, for example, in mS-222
treatment group, l-gulonic gamma-lactone, 4-aminobenzoate, and
3. Alpha. -mannobiose were also important differential metabolites.
D-Aspartic acid and other important metabolites were found in 2-
PE treatment group, indicating that the anesthetic mechanism of 2-
PE in fish was different from that of MS-222.
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4.4 No Significant Difference in Cortisol
Levels Among Treatment Groups
Cortisol is one of the hormones involved in stress response. After
stress, serum cortisol concentration increases (Bowser, 1985;
Semenkova et al., 2010). Transcriptome results showed that genes
related to cortisol secretion were differentially expressed between
groups; for example, UCN2–3 was significantly differentially
expressed between MD and PD, whereas SGK1 was significantly
differentially expressed among MG, PD, and PG. However, there
were no significant differences in the corticotropin-releasing
hormone gene (CRH) and its receptors CRHR1 and CRHR2.
There was also no significant difference in the salt corticosteroid
receptor gene MR3C1 and NR3C2 between the treatment groups
and the control group. Metabolic group results showed no
significant difference in cortisol levels between the treatment
groups and the control group. Therefore, the two anesthetics had
no significant effect on the cortisol level of C. idella under the
experimental conditions. This is also consistent with the findings of
Jerez-Cepa et al. (2019); when they explored the effect of MS-222 on
the hypothalamic–pituitary–interrenal axis of Sparus
macrocephalus, they found no significant difference in the
expression of plasma cortisol in fish treated with MS-222.

4.5 Effects of Two Anesthetics on
Arachidonic Acid Metabolism and
its Upstream and Downstream
Metabolic Pathways
Joint analysis showed that the expression of secretory phospholipase
A2 (SPLA2) was significantly different in each treatment group.
SPLA2 is an upstream regulator of the eicosane cascade that
provides free fatty acids to cyclooxygenase (COX), lipoxygenase,
and cytochrome P450 acid, resulting in various inflammatory
mediators (Nikolaou et al., 2019). They were significantly
downregulated in the MD, PD, and PG groups and significantly
upregulated in theMG group. Moreover, in theMD and PD groups,
the significantly different metabolites mapped to the samemetabolic
pathway as SPLA2 happened to be linoleic acid that can be
converted to arachidonic acid. In the MG group,
phosphatidylcholine is mapped to the same metabolic pathway
with SPLA2; phosphatidylcholine is hydrolyzed by SPLA2 to
produce linoleic acid. Therefore, MS-222 treatment affected the
arachidonic acid metabolic pathway of C. idella; low concentrations
of 2-PE affected the arachidonic acid metabolic pathway by affecting
the linoleic acid metabolic pathway in C. idella.

In the MD group, SPLA2 was significantly downregulated,
and linoleic acid was significantly upregulated. This may be due
to the negative impact of MS-222 on arachidonic acid metabolic
pathway, which is also consistent with the significant
downregulation of arachidonic acid metabolites 20-HETE and
12(R)-HETE in the MD group.

In theMG group, although SPLA2 was significantly upregulated,
and phosphatidylcholine was also significantly upregulated, 20-
HETE and 12(R)-HETE remained significantly downregulated,
which further indicated that MS-222 inhibited arachidonic acid
metabolism in C. idella. This change in phosphatidylcholine may be
related to toxicity-induced oxidative stress, reactive oxygen species
July 2022 | Volume 12 | Article 931696

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wang et al. Omics Reveals Anesthetic Mechanisms
(ROS) production, and lipid peroxidation and may change the
stability of the cell membrane. This may be considered one of the
toxic effects of anesthetics on C. idella.

However, in the PD group, although the expression of SPLA2
was downregulated and the expression of linoleic acid was
upregulated, the arachidonic acid metabolites 20-HETE and 12
(R)-HETE were significantly upregulated. This may be due to a
positive effect of 2-PE on arachidonic acid metabolism, which
makes the feedback regulation of metabolites on the SPLA2.
However, this finding needs to be further validated.

Unlike the other three groups, the PG group showed a significant
downregulation of SPLA2, and the expression of 12(R)-HETE and
20-HETE was slightly but not significantly increased, indicating that
the 2-PE on may promote arachidonic acid metabolism at a low
concentration and inhibit it at a high concentration.

Furthermore, the joint analysis showed that, unlike in the MG
group, although ACSL was still upregulated in the PG group, the
downregulation of hexadecanoic acid was reduced due to the
significant downregulation of FASN. Whether ACSL and FASN
have an antagonistic relationship remains to be studied.

These findings confirm that MS-222 and 2-PE affect
arachidonic acid metabolism or its upstream pathways such as
linoleic acid metabolism and phosphatidylcholine metabolism in
C. idella; however, it remains to be studied whether other
anesthetics have the same effect in C. Idella and whether the
two anesthetics have the same effect on other fish.

5 CONCLUSIONS

The metabolism of arachidonic acid in C. idella was inhibited by
MS-222. 2-PE affected the upstream and downstream metabolic
pathways of arachidonic acid metabolism, thereby affecting
the metabolism of arachidonic acid. Both anesthetics
inducedsedation by affecting related metabolites that affected
the stress response and autoimmunity. However, rapid use of
anesthetics causes more than ten-fold change in the secretion of
relatedmetabolites in C. idella in the short term, and whether it
causes metabolic disorders and progressive toxicity in C. idella
remains to be studied. Much research remains to be done on
themechanisms of anesthetics, including the effects of different
environmental conditions on anesthetics and the effects of
anesthetics on fish of different ages.
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The temperature-dependent
expression of type II secretion
system controls extracellular
product secretion and virulence
in mesophilic Aeromonas
salmonida SRW-OG1

Xin Yi1,2, Yunong Chen1,2†, Hongyan Cai1,2, Jiajia Wang1,2,
Youyu Zhang3*, ZhiQin Zhu1,2, Mao Lin1,2, Yingxue Qin1,2,
XingLong Jiang1,2 and Xiaojin Xu1,2*

1Fisheries College, Key Laboratory of Healthy Mariculture for the East China Sea, Ministry of
Agriculture and Rural Affairs, Engineering Research Center of the Modern Technology for Eel
Industry, Jimei University, Xiamen, China, 2Engineering Research Center of the Modern Technology
for Eel Industry, Ministry of Education, Xiamen, China, 3Institute of Electromagnetics and Acoustics,
School of Electronic Science and Engineering, Xiamen University, Xiamen, China
Aeromonas salmonicida is a typical cold water bacterial pathogen that causes

furunculosis in many freshwater and marine fish species worldwide. In our

previous study, the pathogenic A. salmonicida (SRW-OG1) was isolated from a

warm water fish, Epinephelus coioides was genomics and transcriptomics

analyzed. Type II secretion system was found in the genome of A.

salmonicida SRW-OG1, while the expressions of tatA, tatB, and tatC were

significantly affected by temperature stress. Also, sequence alignment

analysis, homology analysis and protein secondary structure function analysis

showed that tatA, tatB, and tatC were highly conservative, indicating their

biological significance. In this study, by constructing the mutants of tatA, tatB,

and tatC, we investigated the mechanisms underlying temperature-dependent

virulence regulation in mesophilic A. salmonida SRW-OG1. According to our

results, tatA, tatB, and tatC mutants presented a distinct reduction in adhesion,

hemolysis, biofilm formation and motility. Compared to wild-type strain,

inhibition of the expression of tatA, tatB, and tatC resulted in a decrease in

biofilm formation by about 23.66%, 19.63% and 40.13%, and a decrease in

adhesion ability by approximately 77.69%, 80.41% and 62.14% compared with

that of the wild-type strain. Furthermore, tatA, tatB, and tatC mutants also

showed evidently reduced extracellular enzymatic activities, including amylase,

protease, lipase, hemolysis and lecithinase. The genes affecting amylase,

protease, lipase, hemolysis, and lecithinase of A. salmonicida SRW-OG1 were

identified as cyoE, ahhh1, lipA, lipB, pulA, HED66_RS01350, HED66_RS19960,

aspA, fabD, and gpsA, which were notably affected by temperature stress and

mutant of tatA, tatB, and tatC. All above, tatA, tatB and tatC regulate the

virulence of A. salmonicida SRW-OG1 by affecting biofilm formation,
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adhesion, and enzymatic activity of extracellular products, and are

simultaneously engaged in temperature-dependent pathogenicity.
KEYWORDS

Aeromonas salmona, mesophilic, tatA, tatB, tatC, virulence
Introduction

Aeromonas salmonicida, which is distributed worldwide, is a

psychrophilic gram-negative bacterium and is one of the few

non-motile, facultatively anaerobic strains of the genus

Aeromonas. There are five accepted subspecies of A.

salmonicida: A. salmonicida subsp. Salmonicida (known as

typical), masoucida, achromogenes, pectinolytica, and smithia

(Austin et al., 2007; Merino and Tomás, 2016; He et al., 2022). A.

salmonicida has a wide range of hosts, infecting not only

infecting salmon and trout (Du et al., 2015), but also Cyprinus

carpio (Maurice and Tinman, 2000), Anoplopoma fimbria

(Vasquez et al., 2020), Gadusmorhua (Soto-Dávila et al., 2019),

Scophthalmus maximus (Xu et al., 2021), and Percafluviatilis

(Rupp et al., 2019). The symptoms of infection are mainly

“furunculosis” (skin ulcers) and ‘septicemia’ in salmons

(Salomón et al., 2021) and C. carpio (Bhat et al., 2021). A.

salmonicida SRW-OG1 was isolated in our laboratory from

Epinephelus coioides suffering from furunculosis in Dongshan

County, Zhangzhou City, Fujian Province (Zhong et al., 2021).

Surprisingly, the pathogen was isolated at 28°C. Through

temperature stress, we found that the bacterium is highly

mesophilic and can grow even at 37°C. That is contrary to the

conclusion of many scholars that A. salmonicida is a

psychrophilic bacteria (Meng et al., 2017).

Temperature is a pivotal environmental factor for fish

disease outbreaks. In response to temperature changes,

bacteria need to adjust their physiology to cope with the

stimuli and stresses brought about by environmental

changes (Huntingford et al., 2007). The outbreak of several

common fish diseases has an absolute relationship with water

temperature: with the decrease in water temperature, the

probability of cold water disease (Kobayashi et al., 2000),

cold water vibrosis, saprolegnia (Sformo et al., 2021), red

skin disease, and red mouth disease (Fernandez et al., 2003)

will increase significantly; conversely, elevated water

temperatures may lead to lactococcal disease, Edwards

disease , bacter ia l sepsis , and carp herpes disease .

Interestingly, some bacterial diseases occur at temperatures

far below the temperature at which bacteria reach their fastest

growth rate, known as the optimal bacterial growth

temperature. The optimal growth temperature of Escherichia
02
37
coli is 37°C, but the lethality of fish and mice is higher at 20°C

(Wu et al., 2010). Studies have shown that the effect of

temperature on bacterial metabolism is mainly manifested in

changing the activity of enzymes. However, the temperature

accommodation immune disease prevention mechanism of

bacteria is not only the acceleration-deceleration regulation of

enzymatic activity, but also affects the expression of genes in

respond through a variety of biological functions (Guijarro

et al., 2015). In the expression study of Yersinia ruckeri specific

secretory genes, it was found that the expression level of the

type IV secretory system encoded by the traHIJKCLMN

operon at the optimal growth temperature was 64% lower

than that at 18°C (Méndez and Guijarro, 2013). Similarly, the

Yrp1 protease and YhlA hemolysin of Y. ruckeri showed three

folds the gene expression at 18°C than at 28°C. To investigate

the mechanism underlying the virulence regulation at different

temperatures, the genomics and transcriptomics analysis on

A. salmonicida SRW-OG1 have been carried out. Type II

secretion system was found in the genome of A. salmonicida

SRW-OG1 (Huang et al., 2020a), while the expressions of

tatA, tatB, and tatC, which belong to Type II secretion system

(T2SS), were greatly affected by temperature stress.

T2SS is a multi-protein secretion system widely present in

Gram-negative bacteria and plays an essential role in

pathogenic mechanisms. Most of the enzymes secreted by

T2SS have degradative functions, increasing the destructive

effect of bacteria on host cells and tissues. The twin-arginine

translocation (Tat) system is a classic transmembrane

transport system of the type II secretion system. It is an

important part of the bacterial secretion system, but it is

absent in Mycoplasma, Methanogens, and Borrel ia

burgdorferi (Palmer and Berks, 2012). In Pseudomonas

aeruginosa, the Tat system mediates the first step in the

secretion of the exoproteins PlcH and PlcN (Voulhoux et al.,

2001). While Salmonella lacks the Tat system, the cell wall is

destroyed, making it more sensitive to EDTA and SDS, and the

morphology of the bacteria will become longer or chain-like

(Stanley et al., 2001). The absence of the Tat system in

Ralstonia solanacearum will seriously affect its physiological

functions, such as a severe reduction in the ability of nitrate

utilization, cell division, biofilm stabilization, and growth

tendency (González et al., 2007). Legionella pneumophila
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tatB and tatC mutants have significantly reduced ability to

form biofilms compared to wild type, resulting from a

combination of outer membrane and flagella defects (Buck

et al., 2006). The P. aeruginosa tatC mutant also showed a

conspicuously reduced biofilm formation ability due to the

weakened bacterial motility. However, the relationship

between the Tat system of many pathogenic bacteria and the

ability to form biofilms has not been studied. Moreover, some

pathogens have proved that the Tat system has no obvious

relationship with the formation of biofilms, such as

Agrobacterium tumefaciens, etc. (Ding and Christie, 2003).

In a rat model to simulate chronic lung infection with P.

aeruginosa, it was found that tatC mutants failed to cause lung

damage, indicating that the Tat system plays a crucial role in

the regulation of bacterial virulence factors (Ochsner et al.,

2002). Our previous transcriptomics analysis speculated that

the Tat system was closely related to the temperature-

dependent regulation in A. salmonicida SRW-OG1.

The genes (tatA, tatB, and tatC) knockout strains of A.

salmonicida were constructed in our studies. Meanwhile, we

extracted extracellular products at different temperatures and

used enzyme activity plates and bioinformatics analysis

to identify genes, and the expression was affected by

temperature. It was found that 18°C, 28°C, and 37°C played

various regulatory roles in extracellular proteases (ECP)

production and movement. The band with a molecular

weight of 35KDa was an ordinary band of ECP extracted at

three different temperatures. We further elucidated the

virulence regulation mechanism of the Tat system through

various physiological changes and direct regulation of the

expression of synthetase or secretase encoding genes. To

determine how these genes regulate adhesion and biofilm

formation under natural conditions and thus affect protein

output. It is helpful to understand further the role of the

secretion system in the pathogenesis of A. salmonicida, and

provide new targets and ideas for the treatment and

prevention of A. salmonicida.
Materials and methods

Bacterial strains and culture conditions

A. salmonicida (SRW-OG1) was isolated from naturally

infected Epinephelus coioides in our laboratory (Huang et al.,

2020a). After artificial infection, the strain was identified as a

pathogenic strain and confirmed as A. salmonicida by

biochemical identification and 16S rRNA sequencing. It was

stored at -80°C in the refrigerator. A. salmonicida were grown

in LB broth or agar at 18°C (pH=7, 2% NaCl, 220 r.p.m.). The

pKD46 plasmid was purchased from the BioVector plasmid

carrier strain cell gene storage center, and we previously

modified it and replaced the Amp resistance gene with the
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Cm resistance gene to obtain the pKD46-Cm plasmid.

Escherichia coli containing pKD46-Cm plasmid was

cultured in LB broth or agar at 37°C. E. coli containing

pACYC184 plasmid was stored in our laboratory and

cultured in LB broth containing 1% (w/v) NaCl and

appropriate antibiotics at 37°C. Antibiotics used were 50

mg/ml tetracycline (Tet) and 34 mg/ml chloramphenicol

(Cm) (Holden et al., 2001).
Construction of tatA, tatB, tatC mutants
of A. salmonicida

Based on the A. salmonicida tatA, tatB, and tatC gene

sequences of A. salmonicida, primers with homologous arms

were designed with SnapGene and synthesized (primer

sequences were shown in Table S1). The 5’ termini of the

primers were homologous to the 10-bp upstream and

downstream flanking regions of the knocked-out gene. The

3’ termini of the primers were homologous to the end of the

Tet resistance gene. PCR amplification was performed using

2×Pfu PCR MasterMix kit. After PCR amplification, the target

fragments (with Tet resistance) of tatA, tatB, and tatC

were respectively constructed. Plasmid pKD46-Cm was

transformed into A. salmonicida by electroporation and

cultured to OD600 = 0.3. After adding 30 mmol/L L-

arabinose, the recombinant enzymes Exo, Bet, and Gam

of pKD46-Cm were ful ly expressed. The target ing

fragments were then transformed into A. salmonicida by

electroporation. Positive clones were screened with Tet, and

positive colonies were selected for PCR analysis and gene

sequencing verification (Murphy, 1998; Datsenko and

Wanner, 2000). Primers used for PCR amplification and

sequencing were shown in Table S2. In the same way, DtatB
and DtatC mutants were constructed from wild-type

A. salmonicida.
qRT-PCR

qRT-PCR was performed using a QuantStudio 6 Flex real-

time PCR system (Life Technologies Inc., Carlsbad, CA, U.S.A)

(Rodriguez et al., 2013). The 16S rRNA gene was selected as the

reference gene (primer sequences were shown in Table S3). Each

group was subjected to 3 biological replicates. The relative

expression level of genes was calculated with the 2−DDCt

method (Zuo et al., 2019; Huang et al., 2020b).
Growth curve test

According to the previous description (He et al., 2022), we

adjusted the concentration of bacterial solution to OD600 = 0.1,
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then took 10 mL of bacterial suspension and 190 mL of sterile LB

liquid medium, mixed them, and dispensed into 96-well cell

culture plates. Eight parallel experiments were set up for each

strain. The 96-well cell culture plate was placed in a 28°C

incubator, and the OD600 was measured and recorded every

half an hour until the stable growth phase was reached, and the

growth curve was drawn according to the obtained results.
Soft agar plate exercise test

According to the previous description (Qi et al., 2022), the

concentration of the bacterial solution from wild type and three

mutant strains was adjusted to OD600 = 0.2, and 1mL of the

bacterial suspension was taken to measure the motility of A.

salmonicida by the semi-solid agar method. Colony diameters

were measured after overnight incubation at 28°C (Li

et al., 2022).
Biofilm formation test

The bacteria were cultured on LB overnight and then

suspended in 0.01M phosphate buffered saline (PBS, pH =

7.2). The bacterial suspension was adjusted to OD600 = 0.2

(2.0×108 CFU/mL) in 0.01M PBS (pH = 7.2). 200 mL
suspension was added to 96-well microporous plate

(polystyrene). Biofilm production was analyzed by incubating

96-well cell culture plates with 0.1% crystal violet solution

(Merck KGaA, Germany) for 15 minutes as previously

described (Xu et al., 2022). The stained biofilm was recorded

with a multifunctional microplate detector after dissolving 200ml
of 33% acetic acid measured by OD590 nm.
Hemolysis test

Hemolysis analysis was performed as previously described

(He et al., 2020). We adjusted the bacterial solution to the same

concentration, and used a multifunctional microplate detector to

record the OD540 nm to detect the released hemoglobin. The

total hemolysis rate was calculated by comparing the OD540 nm

of the negative control (PBS) and positive (ddH2O) samples, and

eight parallel experiments were set up for each strain.
In Vitro adhesion test

Bacterial adhesion assays were performed as previously

described (Huang et al., 2021a). 20 mL mucus of E. coioides

was evenly added onto a 22 mm × 22 mm glass slide, then placed

overnight, and fixed with methanol for 20 minutes at room

temperature. The bacterial suspension was adjusted to a final
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concentration of OD600 = 0.2 (2.0×108 CFU/mL) with PBS. 200

ml bacterial suspension was spread evenly on the glass slide

containing mucus, incubated at 28°C for 2 hours, and washed 4

times with PBS (Li et al., 2019). The bacteria were fixed in 4%

methanol for 30 minutes and stained with 0.1% crystal violet for

3 minutes. The slides were observed under a light microscope

(×1000), and 15 microscope fields were selected for bacterial

counts. Sterile PBS was used as a negative control. Three trials

were performed for each group.
Preparation of extracellular products

According to the description by (Austin and Rodgers, 1980;

Zhang and Austin, 2000), the extracellular products of A.

salmonicida cultured at different temperatures were prepared

by glass paper-covered plate technology. Briefly, 0.2ml overnight

culture (OD600 = 0.4) was applied to each TSA plate covered

with sterile glass paper. After incubation at 28°C for 48 h, the

cover was transferred to the empty culture dish cover. The

bacterial cells were scraped in 4.0 ml phosphate buffered saline

(PBS), centrifuged at pH = 7.4 (13 000 g for 30 min at 4°C).

Then, the supernatant comprising the ECPs was filtered

successively through 0.45- and 0.22-mm pore-size Millipore

Millex porosity filters and stored at −80°C until required.

According to the manufacturer’s instructions, 5mg/ml bovine

serum albumin (BSA) was used as the standard. Protein

concentration of ECP was determined by Bradford protein

assay (Kumar et al., 2019).
Extracellular enzymatic activity assay

Using the agar plate punching method, sterile casein (0.4%),

skimmed milk powder (0.4%), egg yolk (2.5%), soluble starch

(0.2%), gelatin (0.4%), blood plate (containing 5% defibrillated

sheep blood), urea (2.0%), and Tween-80 (1.0%) agar plate were

prepared with ddH2O, respectively (Denkin and Nelson, 1999;

Liu et al., 2012). The above materials were purchased from

Lambolide Biotechnology Co., Ltd. At 28°C, the wild and

knockout strains had the same activity of caseinase, protease,

lecithinase, amylase, gelatinase, urease, and lipase. At the same

time, the hemolytic activity of their extracellular products and

the amount of protein were utterly consistent. A total of 10 mL
sterile PBS (negative control) and the prepared extracellular

products were added to the corresponding wells.
Sequence alignment and
homology analysis

Amino acid sequence alignment and homology analysis of

tatA, tatB, and tatC from A. salmonicida SRW-OG1 were
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performed using NCBI database and biological software

Clustalx 1.8. Then, A phylogenetic tree was constructed

with neighbor-joining method using MEGA7.0 (XIAO

et al., 2020).
Prediction of protein secondary
structure models

The virulence gene sequences were obtained from the A.

salmonicida SRW-OG1 genome. With the I-TASSER, the

protein secondary structure model was finally established and

matched with all structures in the PDB library. A protein with

the closest structural similarity was screened, which had the

highest protein TM score (Yang and Zhang, 2015; Zhang

et al., 2017).
Statistical analysis

The expression quantitative software RSEM was used to

analyze the gene expression level, calculate the correlation
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coefficient between each sample, and ensure the rationality of

the experimental design. DESeq2 (http://bioconductor.org/

packages/stats/bioc/DESeq2/) was used to detect the differential

genes (DEGs) between the two samples, and use |log2FC|≥1 and q

value<0.05 as the screening conditions. Statistical analysis was

performed by one-way analysis of variance with Dunnett’s test

using SPSS 22.0 software (Chicago, IL, USA). P < 0.05 was

considered statistically significant.
Results

qRT-PCR validation of transcriptome
data of A. salmonicida under different
temperatures

Based on the KEGG pathway enrichment analysis of the

differentially expressed genes under 18 and 28°C (Figure 1A),

the down-regulated genes under 28°C were assigned to 16

different KEGG pathways, among which the protein export

signaling pathway has been confirmed to be involved in the

regulation of various virulence factors of pathogenic bacteria.
A

B

FIGURE 1

(A) Scatter plot of KEGG annotation distribution of differential genes; (B) Relative expression of tatA, tatB and tatC under different temperature
stress, *P < 0.05, **P < 0.01.
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In addition, the protein export signaling pathway is also a

complex network regulation system. 15 differentially

expressed genes enriched in this signaling pathway,

including tatA, tatB, and tatC. They were significantly

down-regulated under 28°C and slightly up-regulated under

37°C. The expression levels of tatA, tatB and tatC were verified

by qRT-PCR (Figure 1B). The trend of gene expression level

was consistent with the result of RNA-seq, indicating the

reliability of RNA-seq.
Amino acid sequence homology analysis
of virulence genes

To study the similarity of T2SS virulence genes among

species, the amino acid sequences of TatA, TatB and TatC

were analyzed. A total of 11 TatA sequences from Aeromonas,

Vibrio, Streptococcus and Pseudomonas were selected to

construct a phylogenetic tree by neighbor-joining method (N-J

method). The results of multiple sequence alignment showed

that the TatA in A. salmonicida SRW-OG1 was most similar to

the A. veronii protein in the database, including the amino acid

sequence of A. dhakensis from the same genus Aeromonas

clustered into a branch; the amino acid sequences of TatA in

Aliarcobacter cryaerophilus ATCC 4315 and Helicobacter felis

ATCC 49179 are increasingly distant (Figure 2).

The Neighbor-Joining method in Mega7.0 software was

used for phylogenetic analysis of TatB amino acid sequences of
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the above different genera, and the default Poisson model was

used. The results showed that the amino acid sequences in this

study were clustered into a single branch, which had the

closest genetic relationship with Aeromonas hydrophila

(strain: OnP3.1) and Aeromonas dhakensis (strain: KOR1)

with high conservation. Streptomyces rimosus subsp. rimosus

ATCC 10970 and other sequences are obviously located in

different branches (Figure 3).

10 TatC sequences from the genus Monascus, E. coli, and

Vibrio parahaemolyticus were selected to construct an

evolutionary tree. It can be seen from the phylogenetic tree:

the amino acid sequence of TatC in this study and the

sequence of A. dhakensis (strain: KOR1) belonging to the

same family in the database were the most conserved and

clustered together; while the Helicobacter suis HS1 sequence

and the Aliarcobacter cryaerophilus ATCC 43158 sequence

clustered into one branch and were far less conserved than the

amino acid sequence from SRW-OG1;Bacillus subtilis subsp.

spizizenii ATCC 6633 JCM 2499 was obviously located on a

different branch from the sequences of E. coli, Vibrio, and

Salmonella (Figure 4).
Prediction of secondary structures of
TatA, TatB, and TatC

Consensus-constrained and optimized I-TASSER used the

SPICKER program to cluster all the decoys by pairwise
FIGURE 2

Phylogenetic tree of TatA amino acid sequence of type II
secretion system.
FIGURE 3

Phylogenetic tree of TatB amino acid sequence of type II
secretion system.
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structural similarity. They predicted protein structural models

corresponding to the five most significant clusters. The

confidence of each model was quantitatively measured by

the C-score, which was calculated from the importance of

thread template alignment and the convergence parameters of

the structural assembly simulation (Li et al., 2022). The

models were ranked from high C-score to low C-score, and

the values were in the range [-5, 2]. The structural cluster

protein structural model with the highest C-score value had

the highest confidence, and vice versa. The highest C-scores of

TatA, TatB, and TatC were -1.27, -1.27and 0.11, respectively

(Figure 5A). The cluster protein structure model with the

highest C-score value was matched with all structures in the

PDB library, and the top 10 proteins whose structures were

most similar were obtained, and they were arranged in

descending order of TM-score. The protein with the highest

TM score usually has a similar function to the target due to

structural similarity, from which the biological function of the

target gene can be predicted. The highest C-scores of TatA,

TatB, and TatC were 0.673, 0.502and 0.865 (Figure 5B). While

TM-align can derive functional annotations of the gene

interested from global structural comparisons, analysis of

ligand-binding sites using COFACTOR and COACH can

better derive their biological functions from the multiplicity

of sequence and structural features. The scores for the ligand-

binding sites of TatA, TatB, and TatC were 0.13, 0.19and 0.09,

respectively (Figure 5C).
Frontiers in Cellular and Infection Microbiology 07
42
The tatA of A. salmonis was most similar to the 2LZR

protein Solution structure of the E. coli TatA protein in DPC

micelles. 2LZRis an 89-residue monotopic integral membrane

protein including a N-terminal transmembrane helix (TMH;

corresponding to residue 5 - 20 in E. coli TatA), followed by a

amphiphilic helix (APH; corresponding to residue 22 - 45 in E.

coli TatA) and an unstructured and hydrophilic cytoplasm tail.

TMH and APH form a right angle to each other, forming an

“L” shape. The connection between the two helixes is centered

on Gly21 (the “hinge brace”) (Rodriguez et al., 2013). The

helix angle is the structural conservatism maintained by filling

interaction (“hinge support”). The TatB of A. salmonicida

were most similar in structure to the 2MI2 protein of E. coli

(Solution structure of the E. coli TatB protein in DPC

micelles). The structure of the 2MI2 protein is an extended

“L-shape” cons is t ing of four hel ica l s tructures : a

transmembrane helix (TMH) a1, an amphiphilic helix

(APH) a2, and two solvent-exposed helices a3 and a4. The
higher mobility of helices a3 and a4 makes them structurally

conserved. TatC was most similar in structure to the 4B4A

protein of E. coli (Structure of the TatC core of the twin

arginine protein translocation system). The total structural

weight of 4B4A protein is 29.43 kDa, which consists of 1873

atoms, its Length (Å) is a = 123.52, b = 123.52, c = 216.41,

angle (°) a = 90, b = 90, g = 120. The TatC exists as an integral

membrane and does not allow significant ion leakage across

the membrane, thus achieving the purpose of transporting

only folded proteins to ensure the structural conservation of

the Tat system.
Enzymatic activity analysis of
extracellular products under different
culture temperatures

In this study, three culture temperatures of 18°C, 28°C,

and 37°C were selected to determine the enzymatic activity of

the extracellular products of A. salmonicida SRW-OG1

(Figure 6A). The results showed that obvious activities of

casease, amylase, lipase and lecithinase could be detected in

the extracellular products of A. salmonicida SRW-OG1 under

the three culture temperatures, but the activities of urease and

gelatinase could not be detected. In addition, obvious

transparent circles were observed at 18°C and 28°C,

indicating that the extracellular products of A. salmonicida

SRW-OG1 had hemolytic effect on sterile defibrillated sheep

erythrocytes (Table S4).

It can be seen from (Figure 6B) that the ECP enzyme

activity of A. salmonicida was significantly affected by

temperature as follows: the activities of casein and protease

at 18°C were significantly higher than those at 28°C (P< 0.05)

and 37°C (P< 0.01). In addition, the amylase activity of A.

salmonicida ECP at 18°C, 28°C, and 37°C was significantly
FIGURE 4

Phylogenetic tree of TatC amino acid sequence of type II
secretion system.
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different (P< 0. 05), which was the lowest at 28°C and the

highest at 18°C. The lipase activity at 37°C was significantly

higher than that at 18°C (P < 0.05); although the lipase

activity measured at 28°C was slightly higher than that at

18°C, there was no significant difference between the two. The

lecithinase activity measured at 37°C was significantly

(P<0.05) lower than that at 18°C and 28°C; while at 18°C

and 28°C, there was no significant difference between the two

groups (P>0.05).

The difference in extracellular enzyme activity may be

caused by two reasons: (1) temperature affects the expression

of genes related to the synthesis of extracellular enzymes; (2)

temperature affects the secretion of extracellular enzymes.

Analysis of the transcriptome of A. salmonicida under

different temperatures showed that the expression levels of

T2SS-related genes and some extracellular enzyme synthesis-
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related genes were significantly affected by temperature. To

illustrate this, we detected the expression levels of genes

regulating extracellular product-related enzyme activities by

qRT-PCR. The experimental results showed that temperature

stress had a significant effect on the expression of extracellular

enzyme encoding genes in A. salmonicida. According to our

results of enzyme activity analysis, we speculated that

protease might be directly regulated by aspA (Figure 7A);

HED66 _ RS19960 played a major role in promoting the

synthesis and secretion of amylase compared with HED66 _

RS01350; fabD and gpsA may be genes that directly synthesize

lecithinase; hemolysis might be directly combined or co-

regulated by cyoE and ahh1, so that A. salmonicidal cannot

express hemolytic properties at 37°C; lipase might be

promoted by lipA and lipB, resulting in low lipase secretion

at 37°C (Figure 7B).
A

B

C

FIGURE 5

(A) Cluster protein structure model with the highest C-score value; (B) Proteins structurally close to the target in the PDB (as identified by TM-
align); (C) COFACTOR and COACH analysis the ligand-binding site; The thin lines represent the backbone of the experimental structures, and
the thick lines are the threading templates or the final models. Blue to red runs from N- to C-terminals.
frontiersin.org

https://doi.org/10.3389/fcimb.2022.945000
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Yi et al. 10.3389/fcimb.2022.945000
Electrophoretic analysis of
extracellular products

After the extracellular product (ECP) was extracted and

confirmed to be free of bacteria, it was analyzed by SDS-PAGE

electrophoresis. The Bradford protein concentration was

determined by the known standard protein molecular mass

(5mg/ml BSA) and its ECP, and the linear regression was

performed to obtain the linear relationship equation

(y=0.6995x+0.5958, R2 = 0.9912). The ECP protein

concentration was adjusted to 1.2 mg/mL by PBS dilution. The

results showed that the extracellular protein secretion of A.

salmonicida was the lowest at 18°C, and the molecular weight

of the product was 10-40 KDa. At 28°C, the extracellular protein

secretion was more than that at 18°C, and the molecular weight

of the product was 20-55 KDa. Extracellular protein secretion

was the highest at 37°C, and its molecular weight was 15 ~ 90

KDa. The number and abundance of electrophoresis bands of A.

salmonicida ECP extracted under different temperature stresses

were quite different. However, the band with a molecular weight
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of 35KDa was a common band of ECP extracted at three

different temperatures (Figure 8). Research about the specific

differences through proteomics analysis was still necessary for

future studies.
Construction and identification of tatA,
tatB, tatC mutants

As described above, DtatA, DtatB, and DtatC were

constructed. PCR amplification of SRW-OG1 was carried out

with the identification primers on both sides of the target genes

tatA, tatB, and tatC, and the sizes were 246 bp, 447 bp and 756 bp,

respectively. PCR amplification of the respective gene in DtatA,
DtatB, and DtatC obtained a fragment about 1200 bp. The growth

curves of wild type and mutant strains were shown (Figure 9).

Compared with that of wild type, the growth rate of mutants in

the early stage was consistent with that of wild type, while the

growth rate in the later stage was slightly lower than that of wild

type, but there was no significant difference between the two.
A

B

FIGURE 6

(A) Agar plate punching method to detect extracellular protease activity; (B) After the extracellular products were cultured on the agar plate for
24 hours, the b Shineso automatic colony counter was used for the transparent circle photographing test; The values marked by a express the
mean of three independent experiments, and error bars represent standard deviation. Double and single asterisks indicate significant differences
between wild strains at different temperatures (**P < 0.05 and ***P < 0.01), respectively.
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Effects of tatA, tatB, and tatC
on virulence

By comparing the adhesion (Figure 10A), hemolysis

(Figure 10B), motility (Figure 10C), and biofilm formation

(Figure 10D) of wild-type and tatA, tatB, and tatC mutant

strains, the results showed that the number of adherent

bacteria of the wild type, DtatA, DtatB, and DtatC strains were

429 ± 32, 95 ± 4, 84 ± 7 and 162 ± 48 cells/field (Figure 10E), we

suggested that tatA, tatB, and tatC were involved in bacterial

adhesion. The measurement results of the hemolytic ability

showed that the hemolytic ability of the mutant strains

decreased compared with the wild strain. In addition, when

cultured on semi-solid agar for 12 hours, the colony diameter of

A. salmonicidal mutant strains was markedly lower than that of
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wild strain. The average movement diameter of the wild type was

10.889 mm, the average movement diameter of the DtatA strain

was 9.185 mm, the average movement diameter of the DtatB
strain was 9.764 mm, and the average movement diameter of the

DtatC strain was 9.490 mm, suggesting that these genes were

associated with bacterial motility (Figure 10F). Compared with

the wild-type strain, the mutant strains had insufficient bacterial

biofilm formation ability during the entire biofilm formation

process, especially the DtatA and DtatC showed significant

reduction of biofilm formation (Figure 10G). Therefore, the

tatA, tatB, and tatC genes had a significant positive effect on

all four virulence phenotypes in A. salmonicida. In addition, the

extracellular enzyme activities of wild type, DtatA, DtatB, and
DtatC mutants were measured (Figure 11). The results showed

that the extracellular products of wild type, DtatA, DtatB, and
A

B

FIGURE 7

(A) Relative expression of extracellular product enzyme activity genes of A. salmonicida at 18°C - 28°C; (B) Relative expression of extracellular
product enzyme activity genes of A. salmonicida at 18°C - 37°C, *P<0.05, **P<0.01.
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DtatC had obvious lecithinase, amylase, caseinase, lipase,

protease and hemolysis activities, but the activities of urease

and gelatinase could not be detected.
Discussion

In our laboratory, A. salmonicida (SRW-OG1) was isolated

from Larimichthys Crocea cultured at 28°C in Dongshan County,

Zhangzhou City, Fujian Province. Most A. salmonicida are

psychrophilic, but SRW-OG1 is mesophilic (Colquhoun and

Sørum, 2001). As far as we know, temperature plays an

important role in regulating secretion and activity of

extracellular products of pathogenic bacteria, but some details

remain unclear (Mateos et al., 1993; Khalil and Mansour, 1997;

Ma et al., 2009). Studies on the extracellular products of

pathogenic bacteria such as Vibrio alginolyticus, Edwardsiella

lentus, Aeromonas vermidis, and Aeromonas hydrophila have

discussed the influence of environmental factors on the

enzymatic activity of extracellular products (Rojas et al., 2015).

There is increasing evidence that the extracellular protease of

fish-derivedVibrio alginolyticus has an optimum temperature of 50°

C, an optimum pH of 8.0, and poor thermal stability, indicating that

the enzyme activity level of extracellular products secreted by

pathogenic bacteria is affected by environmental factors, and the

optimal reaction temperature is mainly in the range of 50-60°C
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(ZUO et al., 2006). Since the studies on extracellular products in

these literatures are beyond the water temperature range of

aquaculture, the stress temperature in this paper is set as

pathogenic low temperature of 18°C, pathogenic high

temperature of 28°C, and in virulent high temperature of 37°C.

The results of this study showed that: (1) the activity of caseinase

and protease at 18°C was significantly higher than that at 37°C; (2)

The amylase activity was the lowest at 28°C and the highest at 18°C;

(3) the lipase activity of ECP at 28°C and 37°C was significantly

higher than that at 18°C; (4) the lipase activity measured at 28°C

was slightly higher than that at 18°C, but there was no significant

difference between the two; (5) the lecithinase activity measured at

37°C was significantly lower than that at 18°C and 28°C, but the

difference in enzyme activity between the two at 18°C and 28°C was

not significant. A. salmonicida ECP had a variety of enzyme

activities, and most of the enzymes showed similar activities at

37°C, which was not pathogenic at high temperature, and 18°C,

which was highly pathogenic at low temperature. Temperature

affects the secretion of hemolytic enzyme through cyoE and ahhh1,

thereby affecting the expression of extracellular hemolytic enzyme

activity. HED66_RS01350 and HED66_RS19960 affect the synthesis

of amylase, thereby affecting the expression of amylase activity. And

lipA and lipB affect the synthesis of lipase, thereby affecting the

expression of extracellular lipase activity. FabD and gpsA affect the

secretion of lecithinase, thereby affecting the expression of

lecithinase activity. It is revealed that the pathogenesis of boil
FIGURE 8

Lane 2: Protein marker; Lanel 3 - 5: Extracellular proteins of 18°Cˎ28°Cˎ3001;37°C, respectively; Lane 6: LB medium (negative control).
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disease in Epinephelus coioides is not limited to the expression of

ECP enzyme activity, which provides a new idea for the treatment

of A. salmonicida.

The Tat system were located in the protein secretion system of

T2SS and function by secreting a fully folded protein that

specifically recognizes a twin-arginine signal peptide (Wu et al.,

2000). Meanwhile, the twin-arginine protein transport system

(Tat), as a protein transport secretion system independent of the

Sec system, is distributed on the inner membrane, and is closely

related to many physiological functions of bacteria (Bogsch et al.,
Frontiers in Cellular and Infection Microbiology 12
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1998). Therefore, to further reveal the mechanism of Tat system

affecting bacterial protein secretion, we constructed three mutants

of Tat system. By analyzing the physiological phenotypes of A.

salmonicida tatA, tatB and tatCmutant strains, combined with the

results of bacterial virulence-related phenotypes and responses to

temperature environmental stress, the intrinsic functional

mechanisms of its transcriptional regulators were explored.

Studies once suggested that the Tat system has an essential

effect on virulence in pathogenic bacteria such as Salmonella (Craig

et al., 2013), Yersinia pseudotuberculosis (Avican et al., 2016),
A

B

C

FIGURE 9

Construction and growth curve of DtatA, DtatB, and DtatC strains of A. salmonicida, Lane M: DNA molecular weight markers; Lanel 1: PCR
products of wild strain; Lane 2 - 4: PCR products of tatA mutant (A), PCR products of tatB mutant (B), PCR products of tatC mutant (C).
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Brucella melitensis (Yan et al., 2020) and so on. In Burkholderia

thailandensis, research has shown that the Tat system is vital for

aerobic but not anaerobic growth (Wagley et al., 2014). However,

in this study, the gene knockout of tatA, tatB and tatC did not

affect the virulence ofA. salmonicida by affecting the growth ability.

The growth tolerance of mutant strains was consistent with the

growing trend of wild strains. Furthermore, this study proved that

after the deletion of the tatA, tatB and tatC genes, the number of

the mutant strains in the mucus of the grouper was significantly

lower than that of the wild strain. The relative reduction of tatA

was 77.69%, tatB was 80.41%and tatC was 62.14%. These results

indicated that the tatA, tatB and tatC genes in the type II secretion

system of A. salmonicida played important roles in the regulatory

network in response to changes in environmental factors under

different environmental conditions (Cléon et al., 2015).

In addition, in Dickeya zeae, otatA, otatB and otatE mutants

significantly reduced motility and failed to form biofilms, while
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the otatCmutant did not show a significant reduction in motility

and biofilm formation (Zhang et al., 2018). We determined the

swarming motility, biofilm formation, and hemolytic capacity of

the mutant strains. The results showed no significant change in

the motility compared with the wild type; however, the biofilm

formation ability was weakened, which indicated that tatA, tatB,

and tatC were involved in the biofilm formation process of A.

salmonicida. Meanwhile, when we compared the difference in

hemolytic ability between the wild-type and mutant strains, we

found that the hemolytic activity of the tatC mutant strain was

the most reduced by 23.41%. Several genes regulate the

expression of virulence factor-related proteins and lead to

changes in bacterial hemolysis, thereby participating in the

regulation of bacterial virulence (Armbruster et al., 2019).

In conclusion, this study reported for the first time the

expression mode of tatA, tatB, and tatC genes in T2SS of A.

salmonicida under different temperatures. It preliminarily
A B

D

E

F

G

C

FIGURE 10

Characteristics of wild type, DtatA, DtatB, and DtatC mutants. Adhesion capacity (A), hemolytic capacity (B), motility (C), and biofilm formation
(D), The effect on the adhesion ability of grouper mucus (E), Motion phenotype (F), biomembrane phenotype (G) were measured. Data are
presented as mean ± SD. Three independent biological replicates were performed for each group. *P < 0.05, **P < 0.01.
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confirmed their essential roles in virulence regulation. The genes

affecting A. salmonicida amylase, protease, lipase, hemolytic

ability, and lecithinase were also identified as cyoE, ahh1, lipA,

lipB, pulA, HED66_RS01350, HED66_RS19960, aspA, fabD, and

gpsA. The results of this study could provide a new theoretical

reference for the study of the pathogenesis of A. salmonicida and

the formulation of prevention and treatment strategies.
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Occurrence and human health
risk assessment of antibiotics in
cultured fish from 19 provinces
in China

Yunyu Tang, Xiaoyi Lou, Guangxin Yang, Liangliang Tian,
Yuan Wang and Xuanyun Huang*

Key Laboratory of Control of Quality and Safety for Aquatic Products, Ministry of Agriculture and
Rural Affairs, East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Shanghai, China
The occurrence of antibiotics and potential health risk of 300 cultured fish

samples from 19 provinces in China were investigated. The levels of 28

antibiotics (15 fluoroquinolones, 4 tetracyclines, 8 macrolides and rifampin)

in 8 fish species were measured through liquid chromatography electrospray

tandem mass spectrometry. As a result, 10 antibiotics were detected with an

overall detection frequency of 24.3%, and the individual detection frequency of

antibiotics ranged from 0.33 to 16.7%. The extremely high concentrations

(above 100 µg/kg) of doxycycline and erythromycin were found in the

samples. Antibiotics with high detection frequency was noticed in

largemouth bass (41.2%), followed by snakehead (34.4%) and bream (31.2%).

Specifically, Heilongjiang, Xinjiang, Qinghai and Gansu presented high

detection frequency values of more than 60%. Moreover, the highest mean

concentration was observed in Shandong, and the concentration covered from

34.8 µg/kg to 410 µg/kg. Despite the high detection frequency and levels of

antibiotics were found in samples, ingestion of cultured fish was not

significantly related to human health risks in China, according to the

calculated estimated daily intakes and hazard quotients. These results

provided us the actual levels of antibiotics in cultured fish and human health

risk assessment of consuming fishery products.

KEYWORDS

antibiotics, cultured fish, fluoroquinolones, tetracyclines, human health
risk assessment
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Introduction

With the increase of human dietary demands, the aquatic

products containing high protein, nutrition and special flavor

have attracted wide attention of the world (Mishra, 2018). In the

past three decades, aquaculture industry in China exhibited a

rapidly increasing demand both in domestic and global markets.

Till now, China produces more than one-third of the global fish

supply (Cao et al, 2015; Wang et al., 2019). With over-exploited

domestic fisheries, intensive and high-density culture is adopted

to afford high yields and profits, while resulting in the increased

fish diseases and mortalities (Mallory, 2013). Therefore,

antibiotics are widely used for preventing and treating these

diseases (Kümmerer, 2009; Hu and Cheng, 2016). However,

excessive use of antibiotics will induce the antibiotics residues in

fish and natural water environments, which may lead to the

potential human health risk caused by the ultimate

accumulation in humans via dietary consumption (Postigo

and Richardson, 2014; Wang and Helbling, 2016; Urbano

et al., 2017). Although the guidelines of antibiotics used in

aquaculture were issued by a lot of countries, the improper

sale and use of antibiotics were of frequent occurrence (Liu et al.,

2017b). On the other hand, the antibiotics contained in fish were

found from the other potential sources such as wastewater from

agriculture areas, which can persist in the aquatic environment

for a long time and transported and distributed easily via water

systems (Alhaji et al., 2021). Additionally, it is noteworthy that

many of antibiotics used in aquaculture are the same or similar

to those for human use, such as tetracyclines, macrolides and

rifampin. A long-term crossover of these antibiotics tended to

reduce the effects for treating infectious diseases in humans

(Zhou et al., 2021). As a result, it is necessary to investigate the

occurrence and levels of antibiotics in the cultured fish.

Although the antibiotics residues in fish are at trace-level

concentrations (Cui et al., 2018), long-term exposure may raise

various human health concerns, including the enhanced

antibiotics resistance, changes in metabolism and composition

of gut microbiota (Wang et al., 2016; Caniça et al., 2019). Until

now, the occurrence and levels in types of antibiotics and aquatic

species were limited in the reported articles, which cannot reveal

the antibiotics residues levels in whole aquaculture in China. Thus,

a total of 28 antibiotics, including macrolides (e.g., erythromycin),

tetracyclines (e.g., oxytetracycline), fluoroquinolones (e.g.,

enrofloxacin) and rifampin, were monitored in 300 cultured fish

samples. The emphasis of this study was placed on the occurrence

and levels of antibiotics in various fish species collected from 19

provinces in China. Moreover, the potential human health risks

associated with antibiotics were evaluated based on the calculated

estimated daily intake of the cultured fish. This study summarized

the occurrence and levels of antibiotics in cultured fish in China

and provided the human health risk assessment of consuming

these fish.
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Materials and methods

Chemicals and sample collections

High purity standards (> 97.5%) of 28 antibiotics were obtained

from Dr Ehrenstorfer (Augsburg, Germany). The detailed

information of 8 macrolides (MLs), 4 tetracyclines (TCs), 15

fluoroquinolones (FQs) and rifampin (RIF) were listed in the

Table S1. Methanol, acetonitrile and formic acid were of

chromatographic grade, purchased from Merck Ltd. (Whitehouse

Station,USA). Ultra-pure water (18.2MW cm quality or better) was

obtained from a Milli-Q water purification system (Millipore,

Bedford, USA). Stock solutions of each antibiotic were prepared

in methanol at 500 μg/mL, and stored in the dark at −20°C.

The 300 fish containing 8 species, including grass carp

(Ctenopharyngodon idella), common carp (Cyprinus carpio),

crucian carp (Carassius carassius), tilapia (Oreochromis sp.),

bream (Parabramis pekinensis), largemouth bass (Micropterus

salmoides), snakehead (Channa argus) and large yellow croaker

(Larimichthys crocea) were collected from 19 provinces in China,

including Anhui, Gansu, Shandong, Shaanxi, Ningxia, Zhejiang,

Jilin, Hebei, Heilongjiang, Beijing, Guizhou, Tianjin, Liaoning,

Xinjiang, Qinghai, Shanghai, Guangdong, Hubei and Fujian

provinces (Figure 1). The proportions of samples in different

provinces and species were shown in Figures S1, S2. Each sample

contained 3–6 individuals in order to ensure the sample capacity.

The alive fish were purchased from trading markets. Then the

fish were stunned, dispatched and gutted by the butcher. After

that, muscles of several individuals were sliced and combined

into a bag as one sample. The samples were kept in a refrigerator

at −20°C for 12 hours and transferred to the laboratory by airlift.

In the lab, the samples were mixed, homogenized and stored at

−20°C in the dark prior to the analysis.
Sample preparation and
instrumental analysis

The antibiotics extraction and purification methods were

optimized according to the previous analytical method (Zhou

et al., 2012). Briefly, 5 g (± 0.05 g) of sample were added with 0.5

mL of 0.1 mol/L EDTANa2 solution and 10 mL acetonitrile,

followed by ultrasonication for 15 min. Subsequently, 5 g of

anhydrous sodium sulfate was added and the samples were

shaken by vortex mixing for 1 min. Then, the samples were

centrifuged at 4500 r/min for 10 minutes, and the supernatant

was transferred into a QuEChERS cube to degrease for

purification. The purified liquids were centrifuged at 4500

rpm/min for 10 minutes. Finally, 3 mL of solution was

combined with 1 mL water and filtered for analysis.

Antibiotics were detected by a Thermo Scientific HPLC

system and a Thermo TSQ Quantum Ultra triple-quadrupole
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mass spectrometer with electrospray ionization (ESI) source

(Thermo Fisher Scientific, Waltham, USA). Chromatographic

separation was performed on an C18 column (100 mm × 4.6 mm,

2.7 mm) at 40°C. The mobile phase rate was 0.3 mL/min and the

gradient elution program was described in Table S2. The

antibiotics were detected by multiple reactions monitoring

(MRM) mode with an electrospray ionization (ESI+) source

and the injected volume was 10 mL. The spray voltage was

3700 V with 320°C of capillary temperature. The sheath gas and

auxiliary gas flow rate were 30 psi and 15 psi, respectively.

Details on antibiotic mass spectrometry conditions are available

in Table S3. All the operation, data acquisition and analysis were

controlled through the Thermo Xcalibur 3.1.

The details of the limits of detection (LOD) and quantitation

(LOQ) for all antibiotics were listed in Table S1. The antibiotic

residues in fish muscle showed a good linearity in a wide range of

concentrations and corresponding correlation coefficient (R2)

ranged from 0.990 to 0.999. The recoveries of antibiotics were in

the range of 70%−115% with the relative standard deviations (RSD)

belowing 15%.
Daily exposure dose

With the aim to investigate the antibiotic residues for daily

exposure doses in edible fish, the estimated daily intake (EDI) of

individual antibiotic was calculated according to the following

equation (Chen et al., 2020):

EDI =
C� CI
BW

(1)
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where EDI (mg/(kg bw d)) is the estimated daily intake of the

antibiotic in fish; C (mg/kg) means the concentration of the

antibiotics detected in fish samples; CI (kg/day) is the daily

intake of aquatic products (0.056 kg in the Fifth China Total Diet

Study); BW (kg) stands for the body weight of the consumer

(60 kg, average adult weight).
Health risk assessment

Hazard quotients (HQ) is calculated as the ratio of EDI to

acceptable daily intake (ADI), indicating the risk of individual

antibiotic. In addition, hazard index (HI) is used to reflect

cumulative health risks for total selected antibiotics. The HI is

calculated as the sum of HQ, showing the cumulative risk of total

antibiotics in samples. The formulas are calculated as follows:

HQ =
EDI
ADI

;  HI =
Z

HQ (2)

The ADI values are available from the literature or the

authorities, as detailed in Table S1. In general, HQ ≥ 1

indicates a high risk to health, while HQ < 1 indicates a

tolerable daily intake dose (Fang et al., 2021).
Statistical analysis

The detection frequency and mean concentration of

antibiotics were calculated. The samples of which antibiotics

concentration below the limit of detection (LOD) were not
FIGURE 1

Location of sampling sites in China.
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counted for detection frequency. The values of antibiotic lower

than the LOD were replaced with those of LOD/2 when the EDI

was calculated (Zeng et al., 2020).
Results and discussion

Detection concentration and frequency
of antibiotics

Aquatic products provide abundant nutrition and protein to

human consumption, which have been a part of daily diet. To

assure the food safety, it is crucial to continuously monitor the

occurrence and levels of antibiotics in aquatic products

(Aubourg, 2018; Ni et al., 2021). Therefore, we determined the

residues of 28 antibiotics in 8 consumable fish species from 19

provinces in China. The antibiotics with concentration below

LOD were not listed in Table 1. As shown in Table 1, an overall

detection frequency of antibiotics was 24.3%, and the individual

antibiotic frequency ranged from 0.33% to 16.7%. Among 4

antibiotic classes, the FQs were detected in the samples with the

highest detection frequency of 16.3%. This observation was

consistent with previous investigations that the FQs were

frequently detected in cultured aquatic products, indicating

their common occurrence in the commercial fish (He et al.,

2016; Liu et al., 2022). Consideration of the ciprofloxacin as the

main metabolite of enrofloxacin (Xu et al., 2006; Elezz et al.,

2019), the sum of the detection frequency for ciprofloxacin and

enrofloxacin was calculated to evaluate the sample. As a result,

98% of the positive samples were detected containing

enrofloxacin, ciprofloxacin or both antibiotics, with the
Frontiers in Cellular and Infection Microbiology 04
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concentration ranging from 2.17 μg/kg to 90.8 μg/kg

(Figure 2), which were lower than the maximum residue limit

(MRL) of 100 μg/kg for the sum of the concentration for these

two antibiotics. As shown in Figure S3, the sum of the

concentration for enrofloxacin and ciprofloxacin lied during

1.0–10.0 mg/kg at the ratio of 77.6%. Similar observations were

also reported in sediment (Chen et al., 2015), water (Liang et al.,

2013) and the other organism (Li et al., 2012; Zhang et al., 2021).

These results indicated that there may be several possible reasons

for the high frequency of enrofloxacin, such as the predominant

antibiotics used for cultured fish (Ministry of Agriculture, 2007),

the antibiotics contamination of the environment (Xu et al.,

2018) and other additive (health care products, organic fertilizers

and/or vitamin additives) (Song et al., 2017; Li et al., 2018).

The detection frequency of TCs was 6.33% in this study.

Among 4 monitored TCs, doxycycline was the dominant

antibiotic, accounting for 4.33% of the detection frequency. It

is noteworthy that 53.8% of samples detected on TCs presented

high concentrations of doxycycline above 50 μg/kg (Figure 2).

Moreover, three samples showed relatively high concentrations

of 106 μg/kg, 111 μg/kg and 410 μg/kg on doxycycline, which

were higher than the MRL of 100 μg/kg. Generally, the antibiotic

concentration in commercial fish was below the MRL, but few

exceptions exceeding the limits were reported (Kang et al., 2018;

Liu et al., 2018). Additionally, Griboff et al. (2020) reported that

the MRL for doxycycline was exceeded in 44% of the fish

samples from supermarkets and aquaculture farms in

Argentina. These observations may be ascribed that

doxycycline was frequently used during the growth and adult

stages of fish, leading to the high concentration of doxycycline in

culture water, which resulted in the bioaccumulation in cultured
TABLE 1 Detection frequency of antibiotics in different fish species.

Antibiotics % (N)a

(n=300)
grass
carp

common
carp

crucian
carp

tilapia bream largemouth
bass

snakehead large yellow
croaker

Oleandomycin 0.33 (1) – – – – – – – 2.38 (1)

Erythromycin 0.33 (1) – – – – – – – 2.38 (1)

Azithromycin 0.67 (2) – – – – – 11.8 (2) – –

Macrolidesb 1.00 (3) – – – – – 11.8 (2) – 4.76 (2)

Oxytetracycline 0.33 (1) – – – – – – – 2.38 (1)

Chlortetracycline 2.00 (6) – 6.52 (3) 2.38 (1) 7.41 (2) – – – –

Doxycycline 4.33 (13) 1.61 (1) 13.0 (6) 2.38 (1) – 6.25 (2) – 9.38 (3) –

Tetracyclinesb 6.33 (19) 1.61 (1) 19.6 (9) 4.76 (2) 7.41 (2) 6.25 (2) - 9.38 (3) –

Ciprofloxacin 1.33 (4) – 2.17 (1) – – 3.12 (1) – 6.25 (2) –

Enrofloxacin 16.7 (48) 16.1(10) 10.9 (5) 9.52 (4) 18.5 (5) 21.9 (7) 29.4 (5) 25.0 (8) 9.52 (4)

Enoxacin 0.67 (2) – 2.17 (1) – – – – 3.12 (1) –

Fuoroquinolonesb 16.3 (49) 16.1 (10) 13.0 (6) 9.52 (4) 18.5 (5) 21.9 (7) 29.4 (5) 25.0 (8) 9.52 (4)

Rifampin 0.67 (2) 1.61 (1) – – – 3.12 (1) – – –

Total 24.3 (73) 19.4 (12) 30.4 (14) 14.3 (6) 25.9 (7) 31.2
(10)

41.2 (7) 34.4 (11) 14.3 (6)
a% (N), detection frequency, % (the number of positive detection). -, < limits of detection (LODs).
bSum of frequency in corresponding category for individual.
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fish (Zhang et al., 2021). Compared with the doxycycline,

oxytetracycline (0.33%) and chlortetracycline (2.00%) showed

low detection frequency, with the concentrations in the range of

32.8−85.8 μg/kg. However, high levels of oxytetracycline and

chlortetracycline were found in USA (Done and Halden, 2015),

Spain (Grande-Martıńez et al., 2018) and Nigeria (Alhaji et al.,

2021). Griboff et al. (2020) reported that the extensive use of TCs

would lead to antibiotic resistance by some bacterial species

in aquaculture.

The MLs are commonly used as feed additives in fish

cultivation for growth promotion and disease prevention and

treatment (Zhao et al., 2010; Liu et al., 2017b). MLs accounted

for a minor detection frequency of 1.00% in all samples. Among

the 8 MLs, oleandomycin, erythromycin and azithromycin were

detected in 0.33%, 0.33% and 0.67% of the samples, respectively.

It should be noted that only one sample was detected on

erythromycin, but its concentration was up to 206 μg/kg,

together with the concentrat ion of 25.4 μg/kg on

oleandomycin. Two samples showed the concentrations of

30.2 μg/kg and 11.5 μg/kg on azithromycin (Figure 2),

respectively. In this regard, Chen et al. (2015) reported that

erythromycin was the main antibiotic with the concentrations

ranging from 2498 to 15,090 μg/kg in the adult Fenneropenaeus

penicillatus from Hailing Island. However, much lower

concentrations of 3.5–12 μg/kg were detected in cultured fish

from other typical aquaculture (Chen et al., 2018). These

observations indicated that the large difference of

concentrations in aquatic products might be ascribed to the

different potential source of MLs, including disease treatment,

residues in sediments and/or water of aquaculture ponds and

feeds additives (Zhang et al., 2023).
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Rifampin is widely used to treat bacterial infections and

tuberculosis as a human antibiotic (Lu et al., 2009; Seung et al.,

2004). Besides, rifampin can prevent the RNA production by

bacteria to resist vaccinia virus (Norton and Holland, 2012;

Charity et al., 2007). It is reported that rifampin can effectively

control the bacterial diseases of fish, such as edwardsiellosis and

columnaris disease (Olivares-Fuster & Arias, 2011). At present,

there are no relevant policies, regulations and standards for its

use in China. However, it is found that rifampicin is being used

in aquaculture (Li et al., 2020). It is noteworthy that rifampin can

easily enter the edible tissues of aquatic products due to the fat

soluble characters, resulting in accumulations in human body,

which tends to promote the antibiotic resistant bacteria (Rico

et al., 2012) and health risk to human, such as the skin

discoloration, pruritus, nausea or vomiting (Zaki et al., 2013).

Among 300 samples, a frequency detection of rifampin was just

0.67% with the concentration of 5.2 μg/kg and 6 μg/kg,

respectively. In regard to such low frequency detection, it

could be considered little health risk associated with

rifampin residues.
Concentration and detection frequency
of fish species

Overall, at least one antibiotic was tested positive in each fish

species. As shown in Table 1, the detection frequency of

antibiotics in fish species was all higher than 10%. The

largemouth bass showed the highest detection frequency of

41.2%, resulting from 29.4% of FQs and 11.8% of MLs.

However, the antibiotic concentrations of largemouth bass
FIGURE 2

Concentrations of antibiotics in the positive samples.
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were just detected in the ranges of 2.77−30.2 μg/kg (Figure S4).

The detection frequency of 34.4% was found in snakehead, with

25.0% of FQs and 9.38% of TCs detection. The distributions of

the positive snakehead samples were 45.5%, 45.5% and 9.00% in

the concentration ranges of 1.0−10.0 μg/kg, 10.0−50.0 μg/kg and

50.0−100.0 μg/kg (Figure 3), respectively. Similar detection

frequency was observed in bream and common carp for 31.2%

and 30.4%, respectively. However, 50% of the detected

concentration values appeared in the range of 50.0−100.0 μg/

kg for common carp. Among the whole fish species, the tilapia,

grass carp, crucian carp and large yellow croaker showed lower

detection frequency of 25.9%, 19.4%, 14.3% and 14.3%,

respectively. Whereas, high concentration of 410 μg/kg on TCs

was detected for grass carp, and 231 μg/kg on MLs for large

yellow croaker. In terms of rifampin, the detection frequency of

1.61% and 3.12% were noticed for grass carp and

bream, respectively.

It is noteworthy that largemouth bass had the highest

detection frequency than those of other fish species due to the

severe microbial infectious diseases, leading to huge economic

loss in largemouth bass farming (Deng et al., 2011; Ma et al.,

2013). The lowest detection frequency occurred in crucian carp

and large yellow croaker, which was mainly attributed to the low

frequency of FQs. The FQs were detected in all fish species and

showed relatively higher detection frequency than any other

antibiotics. This observation indicated that the consumption of

FQs in fish farm was relatively high in China (Zhang et al., 2012)

and FQs were used in various fish species (Liu et al., 2018). Gao

et al. (2012) reported that the actual maximum used

enrofloxacin was mainly acted as feed additives in aquaculture
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among the FQs. Amidst all of fish species, common carp had

high detection frequency (19.6%) and concentration (34.8−111

μg/kg) of TCs in this study, although high concentrations of TCs

manly appeared in benthic fish species (Liu et al., 2018). Types

and species of aquatic fish and/or aquaculture environments

may serve as an explanation for the different detection frequency

of the antibiotics in cultured fishes.

As shown in Figure 3, the concentrations of positive samples

were mainly located in the region of 1.0−10.0 μg/kg for the

majority of fish species. The common carp samples contributed

the high occurrence and levels of antibiotics contamination,

showing the proportion of 50% in 50.0−100.0 μg/kg and 14.3%

over 100 μg/kg. Moreover, the concentrations beyond 100 μg/kg

were also detected in grass carp and large yellow croaker with

8.3% and 16.7% of positive samples, respectively. These

observations indicated that fish species afforded an effect on

the antibiotic distribution. Meanwhile, the concentrations

differed among various aquatic species might be associated

with the different antibiotics bioaccumulation.
Concentration and detection frequency
of provinces

The detailed antibiotic detection frequency of provinces is

summarized in Table 2. Anhui, Shaanxi, Ningxia and Fujian

provinces were not listed due to no antibiotics detection in these

provinces. The highest detection frequency of antibiotics was

66.7% obtained from Heilongjiang (Figure S5), with the

concentrations ranging from 2.64 μg/kg to 85.8 μg/kg
FIGURE 3

Distributions of concentration in different aquatic species.
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(Table 3). The total detection frequency in Xinjiang, Qinghai,

Guizhou and Gansu were 64.7%, 62.5%, 60.0% and 55.6%

respectively. Among above five provinces, Heilongjiang also

showed the highest mean concentration of 83.5 μg/kg,

followed by 74.7 μg/kg in Qinghai (Table S5). The rest of three

provinces owned similar mean concentrations of antibiotics in

the range of 55.1−59.6 μg/kg. Shandong had 36.0% of positive

samples totally detected on TCs, with the highest mean

concentration of 88.2 μg/kg TCs among overall 19 provinces,
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containing the high concentrations of 111 μg/kg, 157 μg/kg and

410 μg/kg (Figure S5). Shanghai presented the low detection

frequency of 6.67% with the mean concentration of 52.3 μg/kg.

The detection frequency of 10.0−33.3% was found in other

provinces, and the mean concentrations lied in the range of

52.6–66.0 mg/kg.
Comparing with those in typical aquaculture provinces, such

as Guangdong, Hubei and Fujian, the detection frequency of

antibiotics in provinces located in the regions where were a great
TABLE 3 Concentrations of antibiotics in different provinces.

Sites N (n)a Range (µg/kg)b Mean (µg/kg)c

Beijing 12 (4) 3.54 − 96.6 64.4

Shandong 25 (9) 34.8 − 410 88.2

Zhejiang 24 (5) 2.39 – 32.8 53.3

Jilin 13 (2) 2.59 – 75.8 58.0

Hebei 16 (3) 3.11 – 8.04 52.9

Heilongjiang 9 (6) 2.64 −85.8 83.5

Gansu 9 (5) 4.73 – 24.4 57.6

Guizhou 5 (3) 2.89 – 40.2 59.6

Tianjin 9 (1) 5.61 52.6

Liaoning 40 (8) 2.63 – 5.72 52.7

Xinjiang 17 (11) 2.72 – 10.9 55.1

Qinghai 8 (5) 2.17 – 90.8 74.7

Shanghai 30 (2) 13.1 – 16.2 52.3

Guangdong 30 (8) 2.70 – 76.1 66.0

Hubei 10 (1) 9.06 52.9
aN, the number of sample in sites; (n) the number of positive sample.
bThe concentration for positive detection.
cAntibiotic concentrations below LOD were replaced with those of LOD/2.
TABLE 2 Detection frequency of antibiotics in relation to province.

Sites % (N)a Macrolides (%/n) Tetracyclines (%/n) Fuoroquinolones (%/n) Rifampicin (%/n)

Beijing 33.3 (4) – 16.7 (2) 16.7 (2) –

Shandong 36.0 (9) – 36.0 (9) – –

Zhejiang 20.8 (5) – 4.17 (1) 16.7 (4) –

Jilin 15.4 (2) – – 15.4 (2) –

Hebei 18.8 (3) – – 18.8 (3) –

Heilongjiang 66.7 (6) – 33.3 (3) 33.3 (3) –

Gansu 55.6 (5) – – 55.6 (5) –

Guizhou 60.0 (3) – 20.0 (1) 40.0 (2) –

Tianjin 11.1 (1) – – 11.1 (1) –

Liaoning 20.0 (8) – – 20.0 (8) –

Xinjiang 64.7 (11) – – 58.8 (10) 5.88 (1)

Qinghai 62.5 (5) 25.0 (2) – 37.5 (3) –

Shanghai 6.67 (2) – 6.67 (2) – –

Guangdong 26.7 (8) 3.33 (1) 3.33 (1) 16.7 (5) 3.33 (1)

Hubei 10.0 (1) – – 10.0 (1) –
a% (N), sum of frequency in provinces, % (the number of positive detection). -, < limits of detection (LODs).
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distance away from the aquatic farmed areas (Figure 1), were

obviously higher (55.6−66.7%), including Heilongjiang, Gansu,

Guizhou, Xinjiang and Qinghai. This observation may be

rationalized by the fact that the antibiotics were applied during

the transportation to ensure the survival rate of the fish.

Moreover, as mentioned above, the high concentrations

mainly occurred in Shandong. The concentration of 33.3% of

positive samples exceeded 100 μg/kg in Shandong and 12.5% in

Guangdong (Figure S5), which may be ascribed to significant

effects of aquaculture environment and drug-using habits in fish

farmed areas (Kang et al., 2018; Zhang et al., 2021). These results

suggested that the fish with illegal antibiotics use and/or

insufficient withdrawal time were marketed in these regions

(Menkem et al., 2019).

The FQs were observed in almost all provinces except for

Shandong and Shanghai, and the mean concentration was in the

range of 7.5 mg/kg to 25.1 mg/kg (Table S5). The TCs were

detected in 7 provinces and the mean concentration in the range

of 40.3−76.2 mg/kg. MLs were just found in Qinghai and

Guangdong, with the mean concentration of 9.09 mg/kg and

11.7 mg/kg, respectively. RIF just accounted for a minor

proportion of 5.88% and 3.33% in Xinjiang and Guangdong,

respectively. Compared with previous research, the levels of FQs

in this study were obviously lower than those of samples from

Liao River, Haihe River and Baiyang Lake (Bai et al., 2014; Liu

et al., 2017a; Chen et al., 2018), while the mean concentrations of

TCs were comparable to those of farmed fish in Dalian and

Hubei in China (Liu et al., 2013; Liu et al., 2018), Spain (Chafer-

Pericas et al., 2011), and rainbow trout in Iran (Barani and

Fallah, 2015), but it was much higher than those in Liao River

Bay (Bai et al., 2014). These observations suggested that the
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different concentration of antibiotics may be associated with the

different pollution levels in these regions.
Estimated daily intake and health
risk assessment

Consumption of antibiotic-contaminated aquatic productsmay

cause potential risks to human health. The MRL was set for the

antibiotic residues in animal food to assess the health risk for human

consumption (Ministry of Agriculture, 2019). Fish consumption

would pose a potential health risk when the values of antibiotic

residues in edible fish were higher than its MRL. The MRLs for

doxycycline and erythromycin in fish were 100 and 200 μg/kg wet

wt, respectively. In the present study, the high concentrations of

doxycycline were 106 μg/kg and 111 μg/kg in common carp, 410 μg/

kg in grass carp and 206 μg/kg of erythromycin in large yellow

croaker. These results indicated that consumption of these

contaminated fish might pose health risks to humans.

Additionally, the potential human health risks should also be

evaluated based on the dietary exposure of these antibiotics. In this

respect, hazard quotient (HQ) was calculated by comparing the

estimated daily intake (EDI) with the acceptable daily intake (ADI)

established by WHO to assess the potential health risks associated

with human consumption of contaminated fish (Boonsaner and

Hawker, 2013; Liu et al., 2017b). Hence, the EDI and HQ were

calculated to evaluate the health risk assessment of cultured fish in

various aquatic species and provinces in this study. The calculated

EDI values of the individual antibiotics ranged from 4.9×10-4 to

1.3×10-2mg/(kg bw d) (Table S6). Although the detection frequency

of FQs was the highest, the calculated HQ was just 4.5×10-3 due to
TABLE 4 HQ of 28 antibiotics based on the estimated daily exposure dose per aquatic species.

Antibiotics HQ×10-
2

grass
carp

common
carp

crucian
carp

tilapia bream largemouth
bass

snakehead large yellow
croaker

Oleandomycin 0.011 – – – – – – – 0.020

Erythromycin 0.022 – – – – – – – 0.10

Azithromycin 0.012 – – – – – 0.054 – –

Macrolidesa 0.091 0.075 0.075 0.075 0.075 0.075 0.12 0.075 0.18

Oxytetracycline 0.19 – – – – – – – 0.20

Chlortetracycline 0.20 – 0.26 0.21 0.22 – – – –

Doxycycline 0.25 0.31 0.37 0.21 – 0.23 – 0.21 –

Tetracyclinesa 0.83 0.87 1.00 0.79 0.78 0.79 0.75 0.77 0.76

Ciprofloxacin 0.032 – 0.028 – – 0.029 – 0.092 –

Enrofloxacin 0.12 0.14 0.16 0.036 0.31 0.066 0.061 0.14 0.039

Enoxacin 0.024 – 0.026 – – – – 0.028 –

Fuoroquinolonesa 0.45 0.46 0.49 0.36 0.63 0.40 0.39 0.54 0.37

Rifampin 5.0E-06 5.38E-06 4.67E-06 4.67E-06 4.67E-
06

6.25E-
06

4.67E-06 4.67E-06 4.67E-06

Totalb 1.37 1.40 1.57 1.23 1.49 1.26 1.25 1.39 1.30
aSum of hazard quotient of antibiotics in corresponding category for individual.
bThe sum of the HQ for individual antibiotic; -, < limits of detection (LODs).
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the relatively low concentrations (Table 4). The highest EDI value

was 0.041mg/(kg bwd) obtained inTCs,whichmight be ascribed to

the several high concentration values detected on doxycycline. As a

result, the HQ value of TCs was 8.3×10-3, suggesting no direct

detrimental effects from consumption of TCs-contaminated fish

because the HQ value was much lower than 1. It is noteworthy that

the HI values of four antibiotics classes were less than 1, indicating

that no significant risk was associated with overall antibiotics

residues from the ingestion of cultured fish for human health.

Among the different fish species, the EDI values of total

antibiotics ranged from 0.051−0.057 mg/(kg bw d) besides

common carp. The estimated daily exposures to TCs and FQs in

common carp were considerably higher than those in the other

species.Asaresult, thehighestEDIandHQvaluesof0.064mg/(kgbw
d) and 1.57×10-2 were found in common carp, suggesting that

ingestion of common carp would pose higher health risk than any

other fish species. Considering thatHQ values of various fish species

were all lower than1, showing that thepotential risk tohumanhealth

was relatively low by consumption of fish purchased from market.

Similar risk assessment for cultured fishwas observed inmany other

researches (Bercu et al., 2008; Varol and Sünbül, 2019; Zhou et al.,

2020; Ye et al., 2021). On the other hand, the HI values of

Heilongjiang and Qinghai were 2.09×10-2 and 2.06×10-2,

respectively, which were relatively higher than those of 1.18×10-2

−1.84×10-2 in other provinces (Table S7). It can be considered that

consuming fish from these areas would not pose a health risk to

humans. However, it needs to be pointed out that the human health

risk assessment of the antagonistic or synergistic relationship among

various antibiotics shouldbe further investigated (Kümmerer, 2009).

Moreover, the toxicity of the metabolites and transformation were

not considered in this risk assessment (Cleuvers, 2004; Lu et al.,

2020). As a result, a larger-scale monitoring and more

comprehensive risk assessment are necessary to assess the risks

related to dietary exposure for human health in the future work.

In conclusion, the occurrence and levels of 28 antibiotics were

monitored in 300 fish samples collected from19 provinces in China.

The overall detection frequency of antibiotics was 24.3%. The

highest detection frequency of 16.3% was for FQs and 41.2% for

largemouth bass. Moreover, the high detection frequency of more

than 60% in Heilongjiang, Xinjiang, Qinghai and Gansu. The

highest mean concentration was noticed in Shandong, and the

concentration covered from 34.8 μg/kg to 410 μg/kg. Thus, it is

necessary to do further investigation on larger-scale and

comprehensive risk assessment research to understand the

condition of antibiotic residues in aquatic products and prevent

adverse effects that may be caused by these antibiotics. In addition,

compared with the ADI proposed by WHO, the calculated EDI

values of antibiotics in various fish species and provinces were very

low, indicating no direct detrimental effects related to consuming

cultured fish for human health in China. These results provided us

the actual occurrence and levels of antibiotics in cultured fish and

human health risk assessment of consuming fishery products.
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Quick detection of Carassius
auratus herpesvirus (CaHV)
by recombinase-aid
amplification lateral flow
dipstick (RAA-LFD) method

Lang Gui1†, Yun Zhao1†, Dan Xu1, Xinyu Li1, Jianhua Luo2,
Wenzong Zhou3* and Mingyou Li1*

1Key Laboratory of integrated rice-fish farming, Ministry of Agriculture and Rural Affairs, Shanghai
Ocean University, Shanghai, China, 2Key Laboratory of Exploration and Utilization of Aquatic
Genetic Resources, Ministry of Education, Shanghai Ocean University, Shanghai, China, 3Eco-
environmental Protection Research Institute, Shanghai Academy of Agricultural Sciences,
Shanghai, China
Crucian carp (Carassius auratus) is one of the major freshwater species and is

also a common food fish in China. Recently, Carassius auratus herpesvirus

(CaHV) could induce fatal viral disease with high mortality of crucian carp,

which had caused huge economic losses. In this study, we described a rapid

and simple recombinase-aid amplification (RAA) assay coupled with lateral flow

dipstick (LFD), which could achieve sensitive diagnosis of tumor necrosis factor

receptor (TNFR) of CaHV within 35 min at 40°C. Our RAA-LFD method had a

satisfactory detection limit of 100 gene copies per reaction, which was 100-

fold more sensitive than traditional PCR. In addition, no cross-reaction was

observed with other viral pathogens, including koi herpesvirus (KHV), cyprinid

herpesvirus 2 (CyHV-2), infectious hematopoietic necrosis virus (IHNV), spring

viremia of carp virus (SVCV) and grass carp reovirus (GCRV). Furthermore, the

overall cost of the method was cut in half compared to previous studies. In

conclusion, RAA-LFD assay is therefore, a promising alternative for point-of-

care testing (POCT) of CaHV, which is feasible and of certain value in

application of aquatic disease control.

KEYWORDS

carassius auratus herpesvirus (CaHV), tumor necrosis factor receptor (TNFR),
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Introduction

Crucian carp (Carassius auratus) is a genus of Carassius in

the family Cyprinidae (Xiao et al., 2011). More than 1000 years

ago, crucian carp was domesticated in China and introduced

into Europe and most parts of the world since the 17th century

(Chen, 1956; Balon, 2004; Gao et al., 2012; Podlesnykh et al.,

2015). It has the advantages of fast growth, short reproductive

cycle, tender meat and high nutritional value (Liao et al., 2013).

With the continuous development of breeding technology, the

output of crucian carp in China alone has reached 2.7556 million

tons in 2019 (Bureau of Fisheries and Fishery Administration

under Ministry of Agriculture and Rural Affairs, Nation Fishery

Technology Extension Center and C. S. o. Fisheries, 2020).

Carassius auratus herpesvirus (CaHV, KU199244) is

assigned to family Alloherpesviridae and genus Cyprinivirus.

CaHV is a fatal pathogen of crucian carp, which can cause

100% mortality within one week (Zhang and Gui, 2018; Gui and

Zhang, 2019). The isolation of CaHV was firstly reported from

the tissues of diseased crucian carp with acute gill hemorrhages

in 2016 (Fang et al., 2016). Due to the devastating economic

losses, CaHV rapidly becomes a subject for applied research in

aquaculture industry. CaHV is a linear double-stranded DNA

virus, the entire genome consists of 275,348 bp with 150

predicted open reading frames (ORFs) including tumor

necrosis factor receptor (TNFR, ORF 146R) (Zeng et al., 2016).

Aquatic virus including reoviruses, rhabdoviruses and

herpesviruses, have brought serious harms to fish and been

considered as emerging threats to global aquaculture (Murray,

2012). Cyprinid herpesvirus 2 (CyHV-2) causes acute gill

hemorrhage and high mortality in goldfish (Carassius auratus)

and crucian carp (Tang et al., 2020; Wen et al., 2021).

Phylogenetic analysis showed that CaHV was closely related to

CyHV-2 with 98.8% similarity (Liu et al., 2018). ORF 146R is a

specific gene of CaHV. Koi herpesvirus (KHV) is formally

known as cyprinid herpesvirus-3 (CyHV-3), mainly infects

common carp (Cyprinus carpio) and koi (Cyprinus carpio koi)

(Hedrick et al., 2005; Yi et al., 2014). Infectious hematopoietic

necrosis virus (IHNV) causes clinical disease and mortalities in a

wide variety of salmonid species (Dixon et al., 2016). Spring

viremia of carp virus (SVCV) has serious effect on crucian carp

and grass carp (Ctenopharyngodon idella) with 90% mortality

(Liu et al., 2022). Grass carp reovirus (GCRV) can cause

hemorrhagic disease and result in tremendous loss of grass

carp industry (Wang et al., 2012; Wang et al., 2013; Rao and

Su, 2015).

Fish herpesviruses diseases have an incubation period, latent

or persistent infection is one of the unique characteristics (Zhang

and Gui, 2015). Diagnostic assays for CaHV detection were

reported, such as multiplex polymerase chain reaction (PCR),

paraffin section assay (Fang et al., 2016) and real-time PCR (Li

et al., 2019; Zhao et al., 2020). However, precise instruments and

trained technicians are required for the traditional detected
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methods, which are unachievable in limited-resource settings

including aquafarms and aqua stores.

Recombinase-aid amplification (RAA) has been a novel

isothermal nucleic acid rapid amplification technology in

recent years for aquatic diseases pathogen detection, such as

IHNV (Chen et al., 2020), CyHV-2 (Preena et al., 2022), GCRV

(Wang et al., 2020). The reaction is typically completed in

approximately 30 min at 37–42°C (Bei et al., 2010). Lateral

flow chromatography strip (LFD) is suited for the visualization

of RAA amplicons, as it facilitates analysis of results with the

naked eye (Li et al., 2018), and the results can be observed

directly in 5-10 minutes (Urusov et al., 2019). Therefore, RAA-

LFD method could be applied for point-of-care testing (POCT)

for the early infection prevention and control of CaHV.

Based on our previous study of the extraction of DNA from

fish skin mucus within 30 seconds with low cost (USD $0.02) (Gui

et al., 2022), we established a rapid, sensitive and cheap method to

detect CaHV within 35min from sample collection to result

interpretation. Our study could provide a simple, rapid, and

low-cost detecting application for POCT in aquaculture industry.
Materials and methods

Viruses

CaHV DNA was extracted from the crucian carp infected

with CaHV, by using skin mucus swabbing and the disc method

as we described before (Gui et al., 2022). Briefly, healthy crucian

carp were injected intraperitoneally with diseased fish tissue

filtrate (viral suspension) kindly provided by Dr. Qiya Zhang

(Institute of Hydrobiology, Chinese Academy of Sciences).

Other viruses, including CyHV-2 (NC_019495), KHV

(NC_009127), IHNV (NC_001652), SVCV (NC_002803), and

GCRV-JX01 (MG189638.1), were previously stored in the

laboratory. DNA of CyHV-2 and KHV were extracted with a

Viral RNA/DNA Extraction Kit (Code No. 9766, Takara

Biotechnology Co., Ltd., China), which was carried out in

accordance with the instructions of the kit. RNA of GCRV-

JX01, IHNV and SVCV were extracted with TRIzol reagent

(Invitrogen, USA), which was performed in accordance with the

manufacturer’s instructions. Complementary DNA (cDNA) was

reverse transcribed by using PrimeScript reverse transcription

system (Code No. 2680A, Takara Biotechnology Co., Ltd.,

China) in accordance with the product protocol, as described

in previous study (Wang et al., 2018; Feng et al., 2022). All

samples were stored at − 80°C until use.
Design of primers

The conserved sequences of TNFR (ORF 146R) (GenBank

accession no KU199244.1:268307-269281) were chosen as target
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regions. RAA nucleic acid amplification technology is different

from conventional PCR in primer design, the length should be

between 30-35 nucleotides (NT) and ideally generate a 100–300

bp amplicon. Thus, five pairs of candidate primers for RAA

assays were designed based on RAA primer design principles,

the optimal primers were determined by the RAA agarose gel

electrophoresis (RAA-AGE) assay. For visualization of the

amplified RAA products by a lateral flow dipstick, a DNA

probe was designed based on the suitable target sequence

between the optimal upstream and downstream RAA primer.

Biotin labels were added at 5′-end of the downstream primer to

detect the cellular nucleotide. The probe was labeled with

fluorophores (FAM) at 5′-end and a polymerase extension

blocking group, C3-spacer at 3′-end. In addition, a

tetrahydrofuran residue (THF) was added as an internal basic

nucleotide analogue. Conventional PCR primers were also

designed targeting the conserved sequences of CaHV-TNFR

gene by Primer Premier 6.0 software. All primers and probe

(Table 1) were synthesized and labeled by Suzhou Azenta

Biotech Co., Ltd.
Polymerase Chain Reaction (PCR) and
construction of recombinant plasmid

Conventional PCR was carried out using PCR-F/R primers

specific for TNFR gene of CaHV with product sizes of 789 bp (in

Table.1). The cDNA of IHNV, SVCV, GCRV and DNA of

CyHV-2, KHV were used as templates to verify the specificity of

the established PCR method for CaHV detection, respectively. A

25 µL volume of PCR amplification reaction consisted of 12.5 µL
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of loading dye mix (Code No. RR003Q, Takara Biotechnology

Co., Ltd., China), 1 µL of the primers (10 µmol/L) and 2 µL of

DNA template, 8.5 µL ddH2O was added at last. The reaction

conditions consisted of an initial denaturation at 95 °C/5 min,

followed by 32 cycles of denaturation at 95 °C/30s, annealing at

58 °C/30s, extension at 72 °C/50s with a final extension of 72 °C/

10 min. Amplicons were visualized by using 1.2% agarose gel

electrophoresis, and 100-2000bp DNA marker (Code No.

B500350 Sangon Biotech Co., Ltd., Shanghai) was used

in experiment.

The TNFR amplicon was inserted into pGEM-T-Easy vector

(Promega, Madison, WI, USA), and stored at − 20°C until

further use. After identified by sequencing, the concentration

of the recombinant plasmid pGEM-T-TNFR was about 80ng/mL
by using Nanodrop 2000 (Thermo Fisher Scientific, Waltham,

MA, United States). Based on the size of vector (3015 bp) and the

insert (789 bp), the copy number was 1010 copies/mL converted

according to the formula:

Plasmid copy number (copies/mL) = [plasmid concentration

(ng/mL) × 10-9× (6.02×1023)]/[total fragment length

(bp)×660g/mol]

Total fragment length = vector length(bp)+fragment

length(bp)
Recombinase aid amplification (RAA) and
lateral flow dipstick (LFD) assay

On the basis of the RAA nucleic acid amplification kit

(fluorescence method) instructions (ZC Bio-Sci&Tech Co.,

Ltd., Hangzhou), the RAA reaction system comprised of A
TABLE 1 The sequences of primers and probes designed in this study.

Gene name Prime
name

Sequences (5’-3’) Product size
(bp)

Function

TNFR-
ORF146R

RAA-F1 TGTTCGACTCATACCCCTACCCACCAGACTA 139 RAA

RAA-R1 ATCGAGAGCAACGTCGGTTTCCAACCATTCA

RAA-F2 CTGTTCGACTCATACCCCTACCCACCAGACTACC 148

RAA-R2 ACTCGCGGATCGAGAGCAACGTCGGTTTCCAACC

RAA-F3 CTGTTCGACTCATACCCCTACCCACCAGACTAC 138

RAA-R3 CGAGAGCAACGTCGGTTTCCAACCATTCACTG

RAA-F4 CTAATCGCTGTCCTCTTGACCCTATCGGGCCTGGA 98

RAA-R4 GTTGGCTTGGTGATTGCACGTCTGGTGGGTAGTCT

RAA-F5 TGCTTCTAATCGCTGTCCTCTTGACCCTATCG 108

RAA-R5 TGATTGTTGGCTTGGTGATTGCACGTCTGG

RAA-LF CTGTTCGACTCATACCCCTACCCACCAGACTACC RAA-LFD

RAA-LR Biotin-ACTCGCGGATCGAGAGCAACGTCGGTTTCCAACC

RAA-Probe FAM-CTACCCACCAGACTACCCACCAGACGTGCAA(THF)TCACCAAGCCAACAATC-
Spacer

PCR-F ACCCCTACCCACCAGACTAC 789 PCR

PCR-R TCGAGGTTCGTTTTGGCGTA
fro
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buffer 41.5mL, forward primer (10mmol/L) 2mL, reverse primer

(10mmol/L) 2mL, template 2mL. These components were added

into the lyophilized RAA reaction tube. Then 2.5µL of B buffer

(magnesium acetate, 280 mM) was placed on the cap of the

reaction tube to commence the reaction. The tube was covered

and mixed thoroughly, and centrifuged at low speed for 10

seconds. After reaction at 39°C for 30min, 50mL phenol

chloroform was added to purify the amplicons. The purified

products were mixed with 6×DNA loading buffer (Sangon

Biotech Co., Ltd., Shanghai), and then visualized by 2%

agarose gel electrophoresis (AGE).

Additional, LFD (USTAR Biotechnologies Co., Ltd.,

Hangzhou) and RAA-nfo Kit (ZC Bio-Sci&Tech Co., Ltd.,

Hangzhou) were utilized for the RAA-LFD assay. 50mL
amplification system of RAA was performed according to the

manufacturer’s instruction as follows, A buffer 40.9mL, forward
primer 2mL, reverse primer 2mL, probe 0.6mL and 2mL template

DNA were added into the lyophilized RAA reaction pellets

containing the enzyme nfo (Endonuclease IV). Then 2.5µL of

B buffer (magnesium acetate, 280 mM) was placed on the cap of

the reaction tube to commence the reaction. After mixed

properly by centrifugation, the reaction tubes were

immediately incubated at 39°C for 30min. LFD assay was used

to detect the product of RAA-nfo. 10mL amplified product was

mixed with 100ul PBS buffer, and the lateral flow dipstick was

inserted into the solution at room temperature. The results could

be observed after 5 min. The criteria for optimal reaction

conditions were as follows, clear and obvious test line (T) and

quality control line (C) formed in LFD strips, indicating that

nucleic acid fragments to be detected were contained in the

sample. Meanwhile, only quality control line could be recorded

in the sample of negative control (Urusov et al., 2019).

Therefore, the optimization conditions of RAA-LFD

were determined.
Optimization of RAA-LFD detection
method conditions

The recombinant plasmid pGEM-T-TNFR (105 copies/mL)
was used as template. The suitable primers were selected after

RAA-AGE method. The optimal primer was used for RAA-LFD

diagnostic methods. Primer concentration, reaction temperature

and incubation time were optimized in subsequent tests. The

concentration of primers (RAA-LF/LR) were diluted from 10mM
to 0.156mM by two-fold serial dilution, incubated at 39°C for

30min. Then, RAA reactions were performed respectively at

35°C, 36°C, 37°C, 38°C, 39°C, 40°C and 41°C, and the reaction

was carried out at the optimal primer concentration for 30 min.

Finally, optimal reaction time was also determined, RAA

reaction mixtures were incubated respectively in a constant

temperature metal bath for 20min, 25min, 30min and 35min

at the optimal primer concentration and temperature.
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Sensitivity of RAA-LFD assay

To test the sensitivity of RAA-LFD assay, different copies

(107 ~ 100 copies/µL) of the recombinant plasmid were used as

templates for both RAA-LFD detection and conventional PCR-

AGE detection.
Specificity of RAA-LFD assay

RAA-LFD assay was performed to detect CaHV and the

other fish viruses including CyHV-2, KHV, IHNV, SVCV and

GCRV under the optimized conditions.
Results

Clone of CaHV TNFR by PCR

Only the sample of CaHV generated 789 bp product with

successful PCR amplification, which confirmed the specificity of

primer pairs (PCR-F/R) to identify CaHV (Figure 1). The TNFR

amplicon was inserted into pGEM-T-Easy vector and the

recombinant plasmid pGEM-T-TNFR was constructed.
CaHV RAA primer screening by RAA-AGE

Primers RAA-F2/R2 and F3/R3 with product sizes of 148 bp

and 138 bp, respectively, gave the highest band intensity

(Figure 2). However, primer RAA-F2/R2 yielded better results

by comparing to primer RAA-F3/R3 during RAA-LFD detection

(data not shown), resulted in the selection of RAA-F2/R2 in the

remaining experiment. The 148 bp product obtained by RAA-

F2/R2 showed 100% similarity to CaHV TNFR (ORF146R) gene

by sequencing.
Optimal reaction conditions of RAA-LFD

The primer concentration, reaction time and temperature

were optimized in this experiment. The optimal reaction

conditions were as follows: quality control line and test line

were clear and the brightest, primer concentration was the

lowest, and reaction time was the shortest. Thus, the optimal

reaction conditions were determined. The primer concentration

was 0.625mM, the reaction temperature was 40°C and the

reaction time was 30 min (Figure 3).
Sensitivity test

The CaHV-harboring plasmids (pGEM-T-TNFR) were 10-

fold diluted, and the sensitivity of RAA-LFD and conventional
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PCR-AGE was compared based on the concentration from 107

to 100 copies/mL. The results shown that the lowest detectable

limit was 102 copies/mL for RAA-LFD (Figure 4A), and 104

copies/mL for conventional PCR (Figure 4B). The sensitivity of

RAA-LFD assay was 100 times higher than that of conventional

PCR-AGE assay.
Specificity test

With the DNA of CaHV, CyHV-2, KHV and cDNA of

GCRV, IHNV, SVCV as templates, the products were amplified

by RAA-LFD assay. As shown in Figure 5, only the RAA product

of CaHV showed both test line and quality control line on

dipstick. However, the products of other viruses and negative

control could only show quality control line, which indicated

that the specificity of RAA-LFD assay was good, and this method

was tenable.
Discussion

Fish herpesviruses could cause mild disease in natural

conditions, which are responsible for severe losses of

aquaculture industry in recent years (Gotesman et al., 2013;

Xu et al., 2013). Over 14 herpesviruses have been considered to

be associated with disease outbreaks in fish recent years

(Kibenge, 2019). Therefore, it is very important to explore a
Frontiers in Cellular and Infection Microbiology 05
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specific, sensitive and cheap method to better prevent and

control fish herpesviruses

Several specific and sensitive methods have been developed

for detection of viruses in fish, such as reverse transcription

(RT)-PCR, nested PCR test, real-time PCR (qPCR), reverse-

transcriptase real-time PCR (RT-rPCR) and reverse-

transcriptase droplet digital PCR (RT-ddPCR) (Gilad et al.,

2004; El-Matbouli et al., 2007; Sadler et al., 2008; Honjo et al.,

2010; Yuasa et al., 2012; Purcell et al., 2013; Zeng et al., 2014; Jia

et al., 2017). However, the requirement of specialized equipment

and trained technicians of those methods limit the applications

outside the laboratory environment.

Isothermal amplification technologies, such as RPA/RAA

and loop mediated isothermal amplification (LAMP) assays,

have features of high specificity, rapidity and simplicity of

detection of various viruses (Congdon et al., 2019; Fan et al.,

2020). In comparison between RPA/RAA and LAMP, RPA just

demands a single pair of primers and lasts around 30 min,

whereas LAMP requires 6 primers and lasts around 60 min,

which illustrates that RPA is more convenient and economical

than LAMP for aquatic diseases detection (Zhang et al., 2014;

Lobato and O’Sullivan, 2018; Diagne et al., 2020). Therefore, the

feasibility of RPA/RAA assay for CaHV detection was assessed,

and the obtained results were compared with those of PCR as the

reference method.

Among the various visualization methods for RAA/RPA

amplicons, LFD is an endpoint detection technology for visual

observation of amplification products for POCT. We optimized
FIGURE 2

RAA primer screening. 1, RAA-F1/R1 (139bp); 2, RAA-F2/R2 (148bp); 3, RAA-F3/R3 (138bp); 4, RAA-F4/R4 (98bp); 5. RAA-F5/R5 (108bp). M: DNA
Marker (100~2000 bp).
FIGURE 1

PCR results of different virus with TNFR primer (PCR-F/R). 1, SVCV; 2, GCRV; 3, IHNV; 4, KHV; 5, CyHV-2; 6, negative control (water); 7, CaHV.
M: DNA Marker (100~2000 bp).
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the reaction conditions of RAA-LFD assay, the results showed

that high concentration of primers would cause false positive

results (Figure 3A), which might due to the false-positive signals

from primer–dimers (Yang et al., 2020). RAA-LFD assays

demonstrated excellent sensitivity by facilitating the detection

of low copy numbers of the CaHV-harboring plasmids (pGEM-

T-TNFR). Our RAA-LFD assay showed a comparable limit of

detection (100 copies), exhibited by most of the RPA assays

developed for fish viruses, such as largemouth bass ranavirus
Frontiers in Cellular and Infection Microbiology 06
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(58.3 copies) (Guo et al., 2022), CyHV-2 (100 copies) (Preena

et al., 2022) andMicropterus salmoides rhabdovirus (170 copies)

(Feng et al., 2022). However, it needs to be further verified by

testing more samples of natural infection before being practically

applied as routine diagnostic methods.

RPA-LFD assays are relatively expensive by comparing to

conventional PCR methods, which would last more than 1h and

cost approximately $20 each reaction from DNA sample

extraction to visualized result obtaining (Qin et al., 2021).
A

B

C

FIGURE 3

Optimization of RAA-LFD reaction conditions. The optimal primer concentration was 0.625mM, the reaction temperature was 40°C and the
reaction time was 30 min. (A) screening of primer and probe concentration; (B) screening of reaction temperature; (C) screening of reaction
time. +: positive group (plasmid pGEM-T-TNFR, 105copies/mL). −: negative control (water). C, control line; T, test line.
A

B

FIGURE 4

Sensitivity of RAA-LFD and PCR-AGE assays. (A) RAA-LFD; (B) PCR-AGE; 1-8: 107copies/mL~100 copies/mL. N, Negative control; C, control line;
T, test line; M, DNA Marker (100~2000 bp).
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However, based on a swabbing and disc method for DNA

extraction established in our lab (Yi et al., 2014), the total

reaction time from DNA extraction to RAA-LFD assay could

be completed within 35 min and cost lower than USD $10.

Therefore, our method has a great potential to be as a useful tool

for reliable and quick POCT of CaHV infection, especially in

resource-limited conditions such as aqua farms and stores.
Conclusions

A simple and reliable RAA-LFD assay detecting CaHV was

developed for the first time which could accomplish successful

detection of 100 copies of the viral TNFR gene within 35 min at

40°C. This presents a rapid and sensitive POCT of CaHV under

resource-limited conditions.
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FIGURE 5

Specificity test of RAA-LFD. N, negative control; C, control line; T, test line.
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A modification of nested PCR
method for detection of
Enterocytozoon hepatopenaei
(EHP) in giant freshwater prawn
Macrobrachium rosenbergii

Yuan Wang1,2,3†, Jinyang Zhou1,2,3†, Menghe Yin1, Na Ying1,
Yang Xiang1, Wenchang Liu1, Junqiang Ye4, Xincang Li1,
Wenhong Fang1* and Hongxin Tan2,3*

1Key Laboratory of East China Sea Fishery Resources Exploitation, Ministry of Agriculture and Rural
Affair, East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Shanghai, China, 2Shanghai Engineering Research Center of Aquaculture, Shanghai Ocean
University, Shanghai, China, 3Shanghai Collaborative Innovation Center for Cultivating Elite Breeds
and Green-culture of Aquaculture Animals, Shanghai, China, 4Fisheries Technology Promotion
Station of Fengxian District, Shanghai, China
The microsporidian Enterocytozoon hepatopenaei (EHP) has become a critical

threat to the global shrimp aquaculture industry, thus necessitating early

detection by screening. Development of a rapid and accurate assay is crucial

both for the active surveillance and for the assessment of shrimp with EHP

infection. In the present study, a distinct strain of E. hepatopenaei (EHPMr) was

found inMacrobrachium rosenbergii. The SWP1 gene analysis revealed it was a

new genotype that differed with the common strain isolated from the

Litopenaeus vannamei (EHPLv). A nested SWP-PCR method was modified to

fix the bug that the original inner primers could not recognize the EHPMr strain.

The redesigned inner primers successfully amplified a product of 182 bp for

both the EHPMr strain and the EHPLv strain. The new primers also had good

specificity and high sensitivity, which may serve as an alternative for EHP

genotyping. This study provided a method for detection of EHP in the

biosecurity of Macrobrachium rosenbergii farming, and the developed

protocol was proposed for the routine investigation and potential carrier

screening, especially for molecular epidemiology.

KEYWORDS

microsporidia, Enterocytozoon hepatopenaei, Macrobrachium rosenbergii, nested
PCR, spore wall protein
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1 Introduction

Enterocytozoon hepatopenaei (EHP) is a microsporidian

responsible for hepatopancreatic microsporidiosis (HPM)

outbreaks in cultured shrimp (Tourtip et al. , 2009;

Chaijarasphong et al., 2021). In recent years, EHP has been

discovered in several countries, such as Malaysia, Vietnam,

India, Indonesia, Thailand, China, and Venezuela, and it has

caused huge economic losses (Biju et al., 2016; Tang et al., 2017;

Flegel, 2018; Behera et al., 2019; Hou et al., 2021). Its widespread

distribution has increased the threat to the global shrimp

aquaculture industry. The maintenance of shrimp broodstock

and the management of the hatchery, nursery and grow-out are

facing enormous challenges in the prevention and control of

EHP disease.

The giant freshwater prawn, Macrobrachium rosenbergii,

native to the tropical and subtropical areas of Southeast Asia,

is one of the important economic prawn species in the world

(Azad et al., 2021). It was introduced into China from Japan in

1976 (Dong et al., 2020). Being popular for its large individual

size, fast growth, delicious flesh and high nutritional value, it has

become one of the important cultured species in China (Wei

et al., 2021). Shrimp hosts known to be infected by EHP include

P. monodon, L. vannamei, Litopenaeus stylirostris, and a

suspected species (Penaeus japonicus) (Chaijarasphong et al.,

2021), but there are few reports about M. rosenbergii being

infected by EHP.

Specific pathogens screening and detection from the shrimp

postlarvae stages have become the important measures taken by

farmers to ensure the success of aquaculture. The nested PCR

diagnostic technique is widely used because of its high accuracy

and low instrument requirements. However, the accuracy and

sensitivity of the nested PCR assays established based on

different gene sequences are different. Previous research has

confirmed that the primers designed based on the EHP SSU

rRNA gene can cross-react with other similar microsporidians

and generate false positives, but the primers designed based on

the spore wall protein (SWP) gene can avoid false positives and

are more sensitive than the former (Jaroenlak et al., 2016).

Therefore, the nested PCR assay targeting the SWP gene

(SWP-PCR) has been adopted by the fishery industry and

widely used in the detection of shrimp seedlings. Furthermore,

this method has also been selected as the EHP detection standard

for the fishery industry in China (SC/T 7232-2020 code of

diagnosis for Enterocytozoon hepatopenaei disease).

In March 2020, the above SWP-PCR method was applied by

our laboratory to screen for pathogens in M. rosenbergii

seedlings. Interestingly, we found that the positive target

fragment did amplify by the outer primers, but no band was

amplified by the inner primers. In subsequent studies, we

confirmed the EHP strain derived from L. vannamei (EHPLv)

and the EHP strain derived from M. rosenbergii (EHPMr) were
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different in SWP gene, although the SSU rDNA sequence of

these two EHP strains showed ~99% identity. The above SWP-

PCR method was not suitable for the detection of EHPMr. The

goal of this study was to develop a sensitive and specific nested

PCR method for simultaneous detection of two EHP strains.
2 Material and methods

2.1 Samples collection

The EHP-infected L. vannamei and the EHP-infected M.

rosenbergii were collected from the same farm in Fengxian

District, Shanghai Province, China (N30°53’18.6”, E121°

35’32.3”), in March 2020. The farm suffered severe EHP

infection in 2019. The infected L. vannamei were 2.0 ~ 3.0 cm

in length. The unnormal M. rosenbergii were 1.0 ~ 1.8 cm in

length. Both healthy L. vannamei and healthy M. rosenbergii

were collected from the normal ponds on another farm in

Fengxian District. Samples were transported to the laboratory

with oxygen and then fixed in 95% ethanol for PCR analysis. The

handling of shrimps followed the guidelines for the Ethical

Committee of Experimental Animal Care at the Shanghai

Ocean University of China.
2.2 DNA extraction

For EHP detection, 10 individual samples of each shrimp

and prawn were dissected. The hepatopancreas DNA was

extracted using an animal organization DNA Extraction Kit

(Tiangen Biotechnology, China) according to the manufacturer’s

instructions, and stored at −20°C for PCR assays.
2.3 SWP1 gene amplification and cloning

The target genes were amplified using the nested SWP-PCR

method. Briefly: the PCR mixtures (25 mL) for both steps

contained 0.625 units of Ex Taq DNA polymerase (Takara

Bio) and 0.2 mM of each primer. For the first PCR reaction,

outer primers SWP1F and SWP1R (Table 1) were used to

amplify a 514 bp fragment. The PCR cycling conditions

include an initial denaturation at 95°C for 5 min, followed by

30 cycles of 95°C for 30 s, 58°C for 30 s, and 68°C for 45 s, and a

final extension at 68°C for 5 min. The PCR products were

checked using 1% agarose gel with DNA ladder.

The DNA fragments of the SWP1 gene from both EHP

isolates were purified and cloned into the pMD18-T vector. The

resulting plasmids were transferred into competent cells DH5a
and cultured in Luria-Bertani (LB) medium. Recombinant

colonies were selected by the Blue-White screening. The
frontiersin.org
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transformants were identified by colony PCR and then cultured

in a shaking incubator for 4 hours. Finally, the positive colonies

were sequenced using M13 sequencing primers by the ABI

3730xl DNA Analyzer.
2.4 Sequence and phylogenetic analysis
of SWP1 gene

For sequence homology analysis, the full-length SWP1 gene

(EhSWP1, GenBank accession nos. MG015710, GenPept

accession nos. AVQ09707) previously published by Jaroenlak

et al. (2018) was used as the reference sequence, which was

amplified from EHP strain isolated from P. vannamei. After

cloning and sequencing, the nucleotide sequences obtained were

edited and alignments performed using Clustal W and compared

with other nucleotide sequences in the GenBank using the

BLAST program at National Center for Biotechnology

Information (NCBI).

For the SWP1 gene phylogeny, multiple nucleotide sequence

alignment was carried out using Clustal W. The “find best DNA/

Protein models” program was run to determine the best-fit

model with the lowest Bayesian information criterion (BIC).

Phylogenetic tree was constructed using Neighbor-Joining

method based on the Tamura 3-parameter model in MEGA-X.

Bootstrap with 1000 replications was set to assess

branch support.
2.5 New inner primers designed for
simultaneous detection

To solve the problem that the primers SWP2F and SWP2R

could not amplify the SWP1 gene of EHPMr, the new inner

primer pairs were designed with the aid of Primer Premier 6.0

software. Based on multiple sequence alignments results, primer

positions were derived from the conserved regions of SWP1 gene

from all EHP isolates. Specificity of the primers was initially

checked using primer blast (www.ncbi.nlm.nih.gov/tools/
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primer-blast/). The new inner primer pairs, forward primer

SWP2F′ (5’-GCAGAGTGTTGTTAAGGGTTTAAG-3’) and

reverse primer SWP2R′ (5 ’-GCTGTTTGTCWCCAA

CTGTATT-3’), were designed to target 182 bp internally to

the first PCR product (Table 1).
2.6 Comparison of original method and
modified method for detection of two
EHP isolates

To compare the validity of newly designed inner primers and

the original inner primers, the external PCR products of three

SWP-PCR positive L. vannamei (EHPLv) and three SWP-PCR

positive M. rosenbergii (EHPMr) were selected as DNA

template respectively.

For the original SWP-PCR method, the inner primers

SWP2F and SWP2R (Table 1) were used to generate a 147 bp

fragment. The thermal cycling conditions include an initial

denaturation at 95°C for 5 min, followed by 20 cycles of 95°C

for 20 s, 64°C for 30 s, and 68°C for 20 s, and a final extension at

68°C for 5 min (Jaroenlak et al., 2016).

For the modified SWP-PCR method, 2nd-step (nested) PCR

was carried out with the inner primers SWP2F′ and SWP2R′
(Table 1) to amplify a 182 bp product. PCR cycling conditions

were initiation denaturation at 95°C for 5 min, followed by 20

cycles of 95°C for 30 s, 55°C for 30 s, and 68°C for 20 s, and a

final extension at 68°C for 5 min. All secondary PCR products

were analyzed by electrophoresis on a 1% agarose gel.
2.7 Sensitivity of the modified nested
PCR assay

The plasmid containing the SWP1 gene of the EHPLv
(named pGEM-SWP1) was extracted from the positive

colonies as described above. The series of 10-fold dilutions of

pGEM-SWP1 were used as positive templates. The single PCR

with the two primers sets SWP2F/2R and SWP2F′/2R′ were
TABLE 1 Primers for PCR method.

Primer Name Sequence (5′-3′) Site Amplicon size (bp) References

SWP1F TTGCAGAGTGTTGTTAAGGGTTT 130 514 Jaroenlak et al., 2016

SWP1R CACGATGTGTCTTTGCAATTTTC 643

SWP2F TTGGCGGCACAATTCTCAAACA 167 147

SWP2R GCTGTTTGTCTCCAACTGTATTTGA 313

SWP2F′ GCAGAGTGTTGTTAAGGGTTTAAG 132 182 This study

SWP2R′ GCTGTTTGTCWCCAACTGTATT 313
the site is based on the reference sequence (GenBank accession nos. MG015710).
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carried out respectively, for testing the comparative sensitivity of

the modified nested PCR and original nested PCR.
2.8 Specificity of the modified nested
PCR assay

The genomic DNAs of five different aquatic microsporidians

were selected to evaluate the specificity of the designed inner

primers. Enterospora epinepheli isolated from Epinephelus spp.;

Nucleaspora hippocampi isolated from Hippocampus erectus

(Wang et al., 2022); Enterocytospora artemiae isolated from

Palaemonetes sinensis; Ameson portunus isolated from

Portunus trituberculatus; Potaspora sp. (unidentified) isolated

from Exopalaemon carinicauda. Enterospora and Nucleaspora

were the closely related genus in the Enterocytozoon group

Microsporidia (EGM) that mainly infect gastrointestinal tracts

of their hosts (Stentiford et al., 2019). E. artemiae infected the

hepatopancreas and gut of crustacean hosts (Rode et al., 2013).

Ameson and Potasporawere selected as the representative species

of microsporidia infecting the skeletal muscles of hosts (Ding

et al., 2016;Wang et al., 2017). The DNA template extracted from
Frontiers in Cellular and Infection Microbiology 04
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EHPMr-infected M. rosenbergii was used as a positive control.

The nested PCR conditions referred to the above.
3 Results

3.1 Comparison of SWP genes between
two strains of EHP

3.1.1 Nucleic acid sequence analysis
The obtained partial SWP1 gene of EHPLv (EhLvSWP1) and

the partial SWP1 gene of EHPMr (EhMrSWP1) were both 514 bp

in size (Figure 1). Sequence analysis revealed that the EhLvSWP1

shared a 100% nucleotide sequence identity with the reference

EhSWP1. Whereas the EhMrSWP1 shared a 93% nucleotide

sequence identity with the EhSWP1. This indicated that the

EhMrSWP1 represented the presence of a novel genotype. In

comparison with EhLvSWP1 and EhSWP1, the EhMrSWP1

showed 36 single base mutations, including eight transitions

and 28 transversions, and no insertion and deletion (Figure 1).

The obtained nucleotide sequence of EhMrSWP1 was deposited

in GenBank database under accession number MW269619.
FIGURE 1

Alignment of partial nucleotide sequences of the SWP1 gene of EHPLv, EHPMr, and reference EHP (MG015710). The nucleobases with white differ
from the consensus. The numbers on the right indicate the nucleotide position.
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3.1.2 Amino acid sequence comparison
The comparison of predicted protein sequences revealed that

EHPLv shared a 100% identity with the reference EHP from L.

vannamei (GenPept accession nos. AVQ09707), whereas EHPMr

shared a 98.25% amino acid sequence identity to the reference

EHP (Figure 2). Remarkably, among the obtained 171 amino

acids, three amino acid exchanges: serine mutated to alanine at

sites 77 and 143, and asparagine mutated to serine at site 112.

3.1.3 Phylogenetic analyses
On the phylogenetic tree (Figure 3), all EHP isolated were

grouped together in a large branch with a high support (99%).

Group 1 is largest group containing most EHP that infecting the

L. vannamei. Within Group 2, EHPMrclustered together with an

EHP strain obtained from L. vannamei (KY593129).
3.2 Detection of EHPLv and EHPMr by the
existing SWP-PCR and the modified
SWP-PCR

To validate the two protocols, the hepatopancreas DNAs,

isolated from naturally EHPLv-infected L. vannamei samples and

naturally EHPMr-infectedM. rosenbergii samples, were subjected

to the first round of amplification. The outer primers SWP1F/1R

successfully amplified a 514 bp DNA fragment from both

infected L. vannamei and infectedM. rosenbergii (Figure 4, top).

In the second round, the inner primers SWP2F/2R amplified

the expected 147 bp fragment from all EHPLv-infected L.

vannamei but were negative for any of the EHPMr-infected M.

rosenbergii (Figure 4, middle), it means the existing SWP-PCR

method can only detect the EHPLv. Whereas the novel inner

primers SWP2F′/2R′ produced the predicted 182 bp fragment

for both infected shrimp and infected prawn (Figure 4, bottom),

indicating that the modified SWP-PCR method can detect not

only EHPLv but also EHPMr.

In addition, comparing the second-round PCR products by

the two methods, the typical products of the existing SWP-PCR
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method contained an unexpected DNA fragment which

migrated very closely together with the target band of 147 bp

(Figure 4, middle), similar to previous reports (Jaroenlak et al.,

2016; Munkongwongsiri et al., 2022). While only one prominent

band of 182 bp was formed by the novel primers, indicating that

the modified method improved the specificity of PCR

amplification (Figure 4, bottom).
3.3 Sensitivity of the nested PCR

The sensitivity of the two nested PCR was tested using the

10-fold dilution series of pGEM-SWP1 plasmid DNA. The result

was shown in Figure 5. In the single PCR, the modified method

displayed a high sensitivity identical to the original SWP-PCR

method, which could detect as low as 103 copies of pGEM-SWP1

per reaction mix.
3.4 Specificity of the nested PCR

In cross-amplification assays, none of the other

microsporidian showed any amplification product in the

nested PCR (Figure 6). This confirmed the specificity of the

designed primers for EHP detection.
4 Discussion

4.1 The application of new nested PCR
for discovering the EHP mutants

Microsporidia are known as the obligate intracellular

parasite. To adapt to the host cell life, its genome has been

extremely compressed (Corradi and Slamovits, 2011). The

natural genetic variation of pathogenic microorganisms can

determine the success of infecting the host and favorable

mutations may help to expand its host range (Bonneaud and
FIGURE 2

Alignment of partial protein sequences of the SWP1 from EHPLv, EHPMr, and reference EHP (GenPept accession nos. AVQ09707). The amino
acids with white differ from the consensus. The numbers on the right indicate the amino acid position in the published sequence.
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FIGURE 3

Phylogenetic tree of SWP1 gene of EHP isolates with other microsporidia. Nosema pernyi is used as the outgroup. Bootstrap values are
indicated on the branches.
FIGURE 4

Nested PCR for the detection of the two EHP stains in Litopenaeus vannamei and Macrobrachium rosenbergii by using the SWP2F/2R primers
and SWP2F′/2R′ primers, respectively. Lanes V1~V3: the hepatopancreatic DNA of EHPLv-infected Litopenaeus vannamei; Lanes R1~R3: the
hepatopancreatic DNA of EHPMr-infected Macrobrachium rosenbergii; M: molecular weight marker; +: positive control, SWP1 gene plasmid
DNA; v-: negative control, the hepatopancreatic DNA of healthy Litopenaeus vannamei, R-: negative control, the hepatopancreatic DNA of
healthy Macrobrachium rosenbergii.
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Longdon, 2020). Variants have been found in a variety of

microspor id ia , such as Encepha l i tozoon cunicu l i ,

Encephalitozoon hellem, Encephalitozoon intestinalis and

Enterocytozoon bieneusi (Duzlu et al., 2019; Li et al., 2019).

According to the results of this study, a mutant strain of EHP has

been detected in M. rosenbergii for the first time, and the

difference of its SWP1 gene suggested that EHP is also quietly

changing itself to infect other crustacean hosts.

The nested PCR method has become the common method

for disease surveillance because of its high specificity and

sensitivity. However, due to the strain differentiation of EHP,
Frontiers in Cellular and Infection Microbiology 07
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the single specific primers cannot recognize different strains of

EHP. To solve this problem, in this study, we designed a pair of

degenerate primers to meet the demand for the EHP mutants’

detection in disease control and prevention.

Furthermore, the combined use of SWP2F′/2R′ primer pairs

and SWP2F/2R primer pairs will help us to identify EHPLv and

EHPMr strains. In a batch of shrimp infected with EHP, if SWP2F

′/2R′ is positive and SWP2F/2R test is negative, it suggests that

this batch of samples is infected with EHPMr strain; if SWP2F′/2R
′ is positive and SWP2F/2R test is also positive, it shows that this

batch of samples is infected with EHPLv strain.
FIGURE 5

Comparison of sensitivity of the inner primers (SWP2F/2R) and new inner primers (SWP2F′/2R′) to amplify the SWP1 gene. M: molecular weight
marker; 1-9:1×108 -1×100 copies of 10-fold dilutions of pGEM-SWP1; N: negative control, DNA samples of healthy P. vannamei.
FIGURE 6

Validation of the specificity of improved nested PCR detection. M: molecular weight marker; lane 1, Enterospora epinepheli; lane 2, Nucleaspora
hippocampi; lane 3, Enterocytospora artemiae; lane 4, Ameson portunus; lane 5, Potaspora sp.; +: positive control.
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4.2 SWP1 gene can be a recognizing site
for EHP genotyping

Most researches on genotyping ofmicrosporidiamutant strains

use ITS site as diagnostic target and seldom use SWP gene.

However, in recent years, more and more studies demonstrated

that SWP gene was a promising target for genotyping. Xiao et al.

(2001) found that the SWP1 gene of E. cuniculi had genetic

diversity; Ou et al. (2021) confirmed the canine-adapted

genotypes (Group 11) of E. bieneusi are one unique group of

genotypes, andgenetically divergent fromother genotype groups by

the sequence difference in SWP1 gene. Polonais et al. (2010) found

that the EhSWP1 C-terminal of four strains of human

microsporidia E. hellem showed significant interspecific and

intraspecific polymorphisms, suggesting that SWP gene is more

suitable for genotyping than internal transcribed spacer (ITS) or

small subunit ribosomal DNA (SSU-rDNA) sequences.

To investigate the spread of EHP in global shrimp

aquaculture, genotyping will become an important problem

that needs to be solved in epidemiology. The polymorphism of

SWP1 gene in different isolates will make it a good marker for

studying EHP genotyping. In addition, the mutation of SWP1

gene may help to increase our understanding of the adhesion of

EHP spore wall proteins to different host cell surface receptors.
5 Conclusion

In summary, it is the first report on characterization of the

SWP1 gene from a newEHP genotype. Themutation of the SWP1

gene will be useful to understand the molecular mechanism that

EHP adapts to different hosts. Furthermore, this study provides a

modified nested PCR assay for EHP detection in both

L. vannamei and M. rosenbergii. The modified method

possesses excellent specificity and comparable sensitivity with

the previous nested PCR method, which is proposed for the EHP

mutants’ investigation in epidemiological studies.
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Staphylococcus sciuri causes
disease and pathological
changes in hybrid
sturgeon acipenser baerii
× acipenser schrencki

Mengwei Zhang1,2†, Mingyang Xue2†, Zidong Xiao2, Wei Liu2,
Nan Jiang2, Yan Meng2, Yuding Fan2, Xiaoling Liu1*

and Yong Zhou2*

1Department of Aquatic Animal Medicine, College of Fisheries, Huazhong Agricultural University,
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Hybrid sturgeon is the main species of sturgeon cultured in China, with the

advantages of a fast growth rate, early sexual maturity, fertile offspring, and more

stable genetic traits. In May 2021, a large number of deaths characterized by

superficial hemorrhage and liver damage occurred in a sturgeon farm in Yichang,

Hubei Province, which posed a significant risk to hybrid sturgeon captive breeding.

We isolated a pathogenic bacterium namedD-59 from the diseased sturgeonwith

apparent symptoms. The pathogen was identified as Staphylococcus sciuri using

16S rRNA gene phylogenetic analysis combined with biochemical identification.

Regression experiments showed that D-59 exhibited clinical signs similar to those

of diseased sturgeon in the farm after intraperitoneal injection into hybrid sturgeon.

High-throughput sequencing of gut microbes in D-59-infected sturgeon showed

that the number of gut microbial species decreased in infected sturgeon, the

number of some intestinal commensal bacteria decreased, and the balance of the

intestinal microorganisms was disrupted. Histopathological sections indicated

many inflammatory cells, congestion, and even necrosis in the tissue of diseased

sturgeon. Analysis of blood indexes revealed an increase in the proportion of

mononuclear cells and a decrease in the proportion of lymphocytes in the

peripheral blood of diseased sturgeon. Significantly elevated serum levels of

aspartate aminotransferase and alanine aminotransferase, whereas alkaline

phosphatase, total protein, albumin, and globulin were decreased in diseased

sturgeon. Antimicrobial susceptibility tests demonstrated that D-59 is susceptible

to florfenicol, enrofloxacin, and neomycin sulfate. This study aimed to highlight the

dangers of Staphylococcus sciuri infection during hybrid sturgeon culture and to

provide recommendations for diagnosis and treatment.

KEYWORDS
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Highlight
Fron
1. Staphylococcus sciuri (D-59) was isolated from hybrid

sturgeon and identified as the pathogenic bacteria.

2. The strain was susceptible to florfenicol, enrofloxacin,

neomycin sulfate, doxycycline, ampicillin, penicillin,

gentamicin, minocycline, tetracyclines, and amikacin.

3. Pathological sections showed significant pathological

changes in the liver, spleen, kidney and intestine.

4. S. sciuri infection has led to a disruption of intestinal

homeostasis and a reduction in the number of intestinal

commensal bacteria.

5. Haematological parameters indicators show severe

impairment of liver function in affected sturgeon.
1 Introduction

Acipenser sinensis is a species of Acipenseriformes,

Acipenseridae, and Acipenser, the evolutionary rate of which is

slower than other vertebrates and is known as a living fossil (Bemis

et al., 1997). The main species of sturgeon cultivated in China are

Acipenser baerii, Acipenser schrenckii, and hybrid sturgeon (Wei

et al., 2004). Sturgeon are giant fish, with late sexual maturity and a

long breeding cycle during the culture process; therefore, cross-

breeding is an effective way to improve its germplasm. The main

commercially farmed hybrid sturgeon species in China include

Huso dauricus♀ × Acipenser schrenckii♂, Acipenser schrenckii♀ ×

Huso dauricus♂, and Acipenser baerii ♀ × Acipenser schrenckii ♂,
which have the characteristics of good adaptation, fast growth rate,

early sexual maturity (5–6 years old), fertile offspring, and stable

genetic traits (Wei et al., 2004). In recent years, the sturgeon

aquaculture industry has attracted much attention, and the

circulation of sturgeon roe, sturgeon fry, and commercial

sturgeon in the markets has risen significantly (Bronzi et al.,

2019). Nevertheless, diseases of sturgeon are increasing annually,

causing growing amounts of damage. There have been reports of

bacterial infection in sturgeon culture in China, such as by

Aeromonas hydrophila (Meng et al., 2011), Plesiomonas

shigelloides (Jiang et al., 2021), and Vibrio metschnikovii (Xiao

et al., 2022).

Widespread mortality of hybrid sturgeon caused by bacterial

infection occurred in a sturgeon farm in Yichang, Hubei

Province, China, in the summer of 2021.We inquired with the

farm owner that initially only two ponds of sturgeon showed

slow movement, decreased appetite, severe anal redness and

swelling, and surface bleeding. Half a month later, the disease

spread to ten adjacent ponds, where the diseased fish were

severely inappetent, slow-moving, with red, swollen anuses

and bleeding bodies, the mortality rate was increasing day by

day, up to about 25% per day. During this period, treatment with
tiers in Cellular and Infection Microbiology 02
82
antibiotics such as sulfonamide was not effective. We measured

the temperature and dissolved oxygen of the water in the affected

ponds, the temperature of all ten ponds was stable at 18°C and

the dissolved oxygen was sufficient at 6mg/L. We then isolated

and tested for parasites, common viruses and bacteria in

sturgeon, and did not detect parasites or viruses, but isolated

one strain of bacteria. In this study, a strain of bacteria named D-

59 was isolated from the diseased sturgeon and identified as

Staphylococcus sciuri by isolation and purification, Gram

staining, microscopic observation, and physiological and

biochemical tests. The pathogenicity of strain D-59 was

verified by regression infection experiments on healthy hybrid

sturgeon. Subsequently, to investigate its pathogenesis, high-

throughput sequencing was used to detect microbial changes in

the intestinal tract after infection with strain D-59 and to assess

hematological and histopathological indicators in the diseased

sturgeon. The susceptibility of this pathogenic bacterium to

different antibiotics was clarified using antimicrobial

susceptibility test. To date, there have been no reports that S.

sciuri can cause disease in hybrid sturgeon. This study aimed to

provide a scientific reference for the diagnosis and treatment of

S. sciuri infection in hybrid sturgeon.
2 Materials and methods

2.1 Fish

Diseased sturgeon (Acipenser baerii ♀ × Acipenser schrencki

♂) were collected from a sturgeon breeding company in Yichang,

Hubei Province and the healthy sturgeon were acquired from a

sturgeon farm in Jingzhou, Hubei Province, with a body length

of 25 ± 2 cm and body weight of 83.73 ± 6.07 g. Healthy sturgeon

were temporarily reared in a recirculating water culture system

for 14 days before infection, with the water temperature

maintained at 20°C and fed a standard diet twice daily. All

animal experiments were approved by the Animal Experimental

Ethical Inspection of Laboratory Animal Centre, Yangtze River

Fisheries Research Institute, Chinese Academy of Fishery

Sciences (ID Number: YFI 2021-zhouyong-07).
2.2 Sample collection

Three diseased sturgeons with apparent symptoms of the

disease and three healthy fish were randomly selected and

euthanized in water with 250 mg/L of ethyl 3-aminobenzoate

methane sulfonate (MS-222) (Sigma, St. Louis, MO, USA), then

taken out and placed on ice with 75% alcohol sprayed on the

surface. A 1% heparin-impregnated syringe was used to collect

550 mL of fresh blood via caudal lateral vein puncture, a portion

of which was used to make blood smears (n = 3 per fish). The

remaining blood was placed in Eppendorf tubes overnight at 4°
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C, centrifuged at 4000 × g for 10 minutes, and the resulting

serum was stored at −80°C for subsequent serum biochemical

index analysis. Liver, spleen, kidney, and intestine were collected

and fixed in 4% paraformaldehyde for histopathological analysis.

A portion of the intestinal tissue was placed in 1.5 mL sterile

Eppendorf tubes, snap-frozen in liquid nitrogen, and stored at

−80°C for intestinal microbiological analysis.
2.3 Pathogen isolation

Livers and kidneys of diseased fish were sampled in a

biosafety cabinet (ESCO, Singapore) using a sterile inoculation

loop. Agar plates comprising brain heart infusion medium (BHI;

HopeBio, Qingdao, China) were inoculated with the liver and

kidney samples and incubated upside down at 28°C for 24 h. The

dominant colonies with consistent morphologies were replated

on BHI agar plates. Single colonies were picked and inoculated

into BHI liquid medium and incubated at 28°C with 200 rpm

shaking until the bacterial density reached an OD600 = 0.5. A

small quantity of bacterial fluid was taken with a sterile

inoculation loop, plated, and used for Gram staining. The

bacterial solution was stored in glycerol (25% final

concentration). The isolated strain was named D-59.
2.4 Morphological observation

A small amount of bacterial solution was aspirated, diluted

with phosphate‐buffered saline (PBS), plated, dried at room

temperature and then stained using a Gram stain kit

(Jiancheng, Nanjing, China) (Liu et al., 2020). Staining and

morphological characteristics were observed under a light

microscope (Olympus, Tokyo, Japan). The morphological

appearance of the bacteria was also observed under a scanning

electron microscope (Hitachi, Tokyo, Japan).
2.5 Biochemical identification

Using the Biolog bacterial identification kit (Biolog,

Hayward, CA, USA) the purified culture of strain D-59 and

the strain isolated from the regression infection test were

inoculated onto IF-A inoculation solution. The inoculum of

D-59 was inoculated into GEN III plates (Biolog) at 100 mL per

well, incubated in the Biolog fully automated microbial

identification system, and identified automatically.
2.6 16S rRNA gene analysis

To further identify strain D-59, bacterial DNA was extracted

from strain D-59 using a Bacterial Genomic DNA Kit (Tiangen,
Frontiers in Cellular and Infection Microbiology 03
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China), and amplified by PCR. The primers comprised the universal

bacterial primers 27F: 5′-AGAGTTTGATCATGGCTCAG-3′ and
1492R: 5′-TACGGTTACCTTGTTACGACTT-3′ (Loy et al., 2002).
Thermal cycling included denaturation at 95 °C for 5 min,the

amplification conditions were 35 cycles of 94 °C for 30 s, annealing

at 55 °C for 30 s, and extension at 72 °C for 90 s; with a final extension

at 72 °C for 10min (Pei et al., 2021). The amplification products were

electrophoresed through a 1.5% agarose gel, isolated, and sent to

Wuhan Tianyi HuayuGene Technology Company Limited (Wuhan,

China) for sequencing. The sequencing results were compared with

sequences deposited at NCBI (https://www.ncbi.nlm.nih.gov). After

retrieving highly similar sequences, multiple alignments were

performed using MEGA 7.0 software (Kumar et al., 2016). The

neighbor-joining method was to construct phylogenetic trees. 1000

replicate bootstrap analysis was used to estimate the reliability of each

tree topology.
2.7 Intestinal microbial diversity

Gut samples were taken from healthy and diseased hybrid

sturgeon, and bacterial genomic DNA was extracted using a

bacterial DNA kit (Omega Biotek, Winooski, VT, USA). The

extracted DNA was used as a template for the amplification of

the V3–V4 high variable region of the 16S rRNA gene using the

GeneAmp 9700 system (Applied Biosystems, Foster City, CA,

USA) . The pr imers were 341F 5 ′-ACTCCTACGG

GAGGCAGCAG-3 ′and 806R 5 ′ -GGACTACHVGG

GTWTCTAAT-3′ (Xu et al., 2022).Thermal cycling comprised

an initial denaturation at 95°C for 2 min, the amplification

conditions were 30 cycles of 95°C for 15 s, annealing at 55°C for

30 s, and extension at 72°C for 30 s; with a final extension at 72°C

for 10 s. After checking the DNA quality using 1% agarose gel

electrophoresis, the samples were sequenced on the Illumina

MiSeq PE300 high-throughput sequencing platform (Illumina

Inc., San Diego, CA, USA). The composition of the gut

microbiota was analyzed at the phylum and genus levels in the

healthy and diseased groups using the R software. Alpha-

diversity indicators and beta-diversity indicators of the gut

microbiota were calculated at the website (http://www.

genescloud.cn/analysisProcess). Principal coordinates analysis

(PCoA) was used to analyze the operation taxonomic units

(OTUs) for each sample.
2.8 Pathogenicity

Infection tests for pathogenicity were performed using

bacteria isolated from diseased fish tissues. The purified D-59

strain was incubated in BHI liquid medium for 20 h at 28°C with

shaking at 200 rpm.Using the plate colony counting method to

measure the concentration of bacterial solution, take 1 ml of

bacterial solution to make 10 different 10-fold incremental
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dilutions, then take out 100 ml from each dilution and spread it

evenly on BHI agar medium, 28°C for 24 h. Record the number

of colonies formed in each dish, and calculate the total number

of live bacteria per mL of the original sample based on the

dilution times. The remaining bacterial solution was put at 4°C.

After the concentration of the bacterial solution is calculated,

centrifuged at 4000 × g for 10 min. The supernatant was

discarded and the pellet was resuspend in PBS to obtain

dilutions of 1×105CFU/mL, 1×106CFU/mL, 1×107CFU/mL,

1×108CFU/mL, 1×109 CFU/mL. Then, 180 healthy sturgeon

were temporarily kept in the tank for 14 days and randomly

divided into 6 groups of 30 fish each, including 5 experimental

groups and 1 control group. After anesthesia using MS-222, 0.3

mL of sterile PBS was injected intraperitoneally in the control

group, and 0.3 mL of different concentrations of bacteria were

injected intraperitoneally in the test groups, respectively.

Mortality was counted daily, and dying fish with obvious signs

of morbidity were collected for aseptic dissection to re-isolate the

bacteria. The Reed‐Muench method was used to calculate the

median lethal dose (LD50) of strain D‐59 toward hybrid sturgeon

(Reed, 1938).
2.9 Hematological analysis

2.9.1 Differential white blood cell count
Monocytes, eosinophils, neutrophils, and lymphocytes were

sorted and counted in the peripheral blood of diseased sturgeon.

Air-dried blood smears were stained with Richter-Gimza

staining solution (Chen et al., 2019). Leukocytes were counted

under a light microscope with 200 leukocytes per blood smear

for lymphocytes, granulocytes, and monocytes (Martins

et al., 2009).

2.9.2 Serum biochemical indicators
Measurement of serum biochemical parameters, including

alanine aminotransferase (ALT), aspartate aminotransferase

(AST), alkaline phosphatase (AKP); and blood protein

metabolism parameters, globulin (GLB), total protein (TP) and

albumin (ALB) was accomplished using a fully automated

biochemical analyzer (Sysmex, Kobe, Japan) (Bayunova

et al., 2002).
2.10 Histopathological observation

Tissue samples were fixed with 4% paraformaldehyde for 24

h. Dehydrated in 70%, 80%, 90%, 95%, and 100% ethanol,

permeabilized with xylene twice,waxed twice(for about 35 min

each time). The samples were embedded in paraffin, sectioned

(at about 5 mm), stained with hematoxylin-eosin (HE), and
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observed under a light microscope (Olympus) to determine the

pathological changes of the tissue.
2.11 Antimicrobial susceptibility test

Antimicrobial susceptibility testing was performed

according to CLSI standards (CLSI, 2021). CAMHB was used

to determine the MIC of florfenicol, enrofloxacin, neomycin

sulfate, doxycycline, ampicillin, penicillin, gentamicin,

minocycline, sulfanilamide, tetracyclines, amikacin, polymyxin

B drug-sensitive paper sheets were purchased from Hangwei

(Hangwei, Hangzhou, China). D-59 bacterial solution (100 mL)
was spread evenly on a CAMHB agarose plate using a sterile

applicator stick. After the medium was dried, drug-sensitive

paper sheets were placed on the agar surface and the plates were

incubated at 28°C for 24 h. The diameter of the inhibition circle

around each drug‐sensitive paper sheet was measured using

vernier calipers (Xia et al., 2019). The susceptibility of the strains

to the antibiotics was evaluated by the diameter of the bacterial

inhibition circle with reference to the drug sensitive paper sheet

instructions (CLSI, 2018).
2.12 Statistics

The data were analyzed using SPSS software version 19.0

(IBM Corp., Armonk, NY, USA). Statistical analysis was

performed using analysis of variance (ANOVA). The

significance of differences between means was evaluated using

Duncan’s multiple range test. Differences were considered

significant at a level of P < 0.05.
3 Results

3.1 Clinical symptoms

Bleeding around the mouth, abdomen, and two bone plates,

a red and swollen anus, part of the pelvic fin was white, and mild

ulceration were observed (Figure 1A). An autopsy showed that

the diseased fish had congested gill filaments, bleeding muscles,

enlarged liver with bleeding spots, congested red-black intestines

(Figure 1B), and hemorrhagic ascites (Figure 1C). The

microscopic examination did not reveal parasitic worms or

fungal infections on the body surface, gill filaments, or fins of

the diseased fish.The tissues of the diseased sturgeon were

subsequently tested for white sturgeon iridovirus (WSIV),

white sturgeon herpesviruses-I, II (WSHV-I, II), and

Shovenose sturgeon iridovirus (SSIV), and the PCR results

were negative.
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3.2 Morphological characteristics

The isolated D-59 strain was incubated on BHI plates at 28°

C for 24 h, forming white or creamy white round colonies with a

diameter of 1–2 mm, with smooth surfaces, neat, rounded, and

raised edges. Gram staining, and light microscopy revealed cells

arranged as spherical grape bunches or individually scattered

gram-positive cocci (Figure 2A). Scanning electron microscopy
Frontiers in Cellular and Infection Microbiology 05
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allowed observation of spherical-shaped organisms with a

diameter of approximately 0.50 mm (Figure 2B).
3.3 Biochemical identification

Biochemical tests were carried out on isolated bacteria using

a biochemical analyzer, and the results are shown in Table 1. D-
FIGURE 1

Clinical symptoms of hybrid sturgeon: (A) Bleeding around the mouth, abdomen, and both sides of the bony plate; redness and swelling of the
anus; whitening of the ventral fin with slight ulceration (black arrows). (B) Bleeding gill filaments, bleeding muscles, swollen liver with bleeding
spots, red-black intestinal congestion (red arrows). (C) Ascites.
FIGURE 2

Morphological characteristics of strain D-59: (A) Gram stain (scale bar 10 mm); (B) Scanning electron microscopy (scale bar 1.00 mm).
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59 was positive for Dextrin, D-maltose, D-Trehalose, D-

cellobiose, Gentiobiose, Sucrose, D-Turanose, Stachyose, and

acidic pH 6 reaction. The reactions were negative for lincomycin,

niaproof, mucic Acid, quinic acid, vancomycin, tetrazolium blue,

p-hydroxy-phenylacetic acid, D-malic acid, and L-fucose. Based

on the above morphological observations and biochemical

identification results, the isolate was tentatively identified as

Staphylococcus sciuri.
3.4 16S rRNA gene sequence analysis

The sequencing results were analyzed by BLAST in the NCBI

GenBank database, and the sequences with high similarity were

found to be the 16S rRNA gene sequences of S. sciuri strains

(Figure 3). The BLAST search results indicated that the 16S

rRNA gene fragment of isolate D-59 (SRR20887062) clustered

with S. sciuri (JX134627.1).These results proved that the

bacterium was S. sciuri at the molecular level.
3.5 Intestinal microorganisms

To study the microbiota in the gut of sturgeon infected with

S. sciuri, we performed 16S rRNA gene sequencing. The phylum

level bacterial taxonomic composition of the gut of healthy

sturgeon showed a high abundance of proteobacteria (43%),

followed by fusobacteria (30%), bacteroidetes (16%), and

firmicutes (8%). The abundance of some microflora in the gut

of diseased sturgeon was altered. The abundances of

proteobacteria (17%), Fusobacteria (0.1%), and Bacteroidetes

(4.5%) were reduced in the diseased group compared with

those in the healthy group. However, the abundance of

firmicutes (76%) was increased (Figure 4A). Higher abundance

at the genus level was observed for Cetobacterium (29%),

Acinetobacter (17%), Bacteroides (11%), and Parabacteroides

(3%) (Figure 4B). The diseased group had an elevated

abundance of Candidatus_Arthromitus (68%). The numbers of

Cetobacterium (0.08%), Bacteroides (3.3%), and Parabacteroides

(0.3%) were decreased (Figure 4B). Analysis of the chao1 and

Shannon indices showed a significant decrease in the chao1

index and no significant change in the Shannon indices in the

diseased group (Figures 4C, D). This indicated that S. sciuri

infection led to a reduction in the number of microbial species in

the gut of sturgeon, but did not lead to changes in microfloral

diversity. Principal coordinate analysis (PCoA) plots based on

unweighted Unifrac metrics were used to detect flora

relationships in the healthy and diseased groups (Figure 4E).

The results showed that the distributions of intestinal

microorganisms in the normal and diseased groups were in

different regions. This suggested that the invasion of S. sciuri
Frontiers in Cellular and Infection Microbiology 06
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altered the composition of the intestinal microorganisms. To

understand the differences in OTUs between the diseased group

and the healthy group, all OTUs with an average abundance

greater than 1 were selected for Venn diagram analysis (high-

abundance union OTUs). A total of 370 OTUs were shared by all

samples, whereas the numbers of unique OTUs were1825 in the

group control group, 1020 in the D-59 group (Figure 4F).
3.6 Pathogenicity

As shown in Figure 5, sturgeon in the group injected with the

bacterial solution concentration of 1×105 CFU/mL began to die

on day 3, and the survival rate was 70% after 5 days of

inoculation and remained unchanged. However, sturgeon

inoculated with 1 × 109 CFU/mL showed mortality from the

first day, reaching 100% at 6 days after inoculation. The LD50 of

strain D-59 was calculated as 2.60 ± 0.19 × 103CFU/g.

Sequencing of 16S rRNA gene of the bacteria isolated from

sturgeon with obvious signs of disease were compared with those

of S. sciuri.
3.7 Differential white blood cell count

As shown in Figure 6, D-59 infection of hybrid sturgeon

affected its blood parameters. Leukocyte sorting counts were

performed by making blood smears from the peripheral blood of

healthy and diseased sturgeon. The number of monocytes

accounted for 12.32% of leukocytes in the control group, but

was significantly higher in the bacterially infected group,

reaching 36.69% (P < 0.01).The number of lymphocytes in the

blood was significantly lower in the diseased group (30.16%)

compared to the healthy group (61.01%) (P < 0.01). Although

there was a trend towards an increase in neutrophils and

eosinophils, it was not statistically significant (P > 0.05).
3.8 Serum biochemical indicators

The serum biochemical parameters of diseased and healthy

sturgeons were compared. Compared with those in the healthy

fish, the alanine aminotransferase level increased from 7.7 U/L to

75.3 U/L and the aspartate aminotransferase level increased

from 100 U/L to 575 U/L (Figure 7A, P < 0.01); the level of

alkaline phosphatase decreased from 251.7 U/L to 118.3 U/L

(Figure 7A, P < 0.01). Serum total protein (14.2 g/L), albumin

(3.5 g/L), and globulin (10.7 g/L) were significantly lower

(Figure 7B, P < 0.01) in sturgeons infected with D-59

compared with those in healthy fish (total protein (28.7 g/L),

albumin (12.1 g/L) and globulin (16.6 g/L) (Figure 7B).
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TABLE 1 Physiological and biochemical identification of D-59.

Reaction item Result* Reaction item Result*

A1 Negative control N E1 Gelatin P

A2 Dextrin P E2 Glycyl-L-Proline B

A3 D-Maltose P E3 L-Alanine P

A4 D-Trehalose P E4 L-Arginine B

A5 D-Cellobiose P E5 L-Aspartic Acid B

A6 Gentiobiose P E6 L-Glutamic Acid P

A7 Sucrose P E7 L-Histidine B

A8 D-Turanose P E8 L-Pyroglutamic Acid B

A9 Stachyose B E9 L-Serine B

A10 Positive control P E10 Lincomycin N

A11 Acidic PH PH6 P E11 Guanidine HCl B

A12 Acidic PH PH5 N E12 Niaproof 4 N

B1 D-Raffinose B F1 Pectin P

B2 a-D-Lactose B F2 D-Galacturonic Acid B

B3 D-Melibiose B F3 L-Galactonic Acid Lactone B

B4 b-Methyl-D-Glucoside P F4 D-Galactonic Acid P

B5 D-Salicin P F5 D-Glucuronic Acid P

B6 N-Acetyl-D-Glucosamine P F6 Glucuronamide P

B7 N-Acetyl-b-Maanosamine P F7 Mucic Acid N

B8 N-Acetyl-D-Galactosamine P F8 Quinic Acid N

B9 N-Acetyl Neuraminic B F9 D-Saccharic Acid B

B10 1% NaCl P F10 Vancomycin N

B11 4% NaCl P F11 Tetrazolium Violet B

B12 8% NaCl P F12 Tetrazolium Blue N

C1 a-D-Glucose P G1 P-Hydroxy-Phenylacetic Acid N

C2 D-Mannose P G2 Methyl Pyruvate B

C3 D-Fuctose P G3 D-Lactic Acid Methyl Ester B

C4 D-Galactose P G4 Lactic Acid P

C5 3-Methyl Glucose B G5 Citric Acid B

C6 D-Ducose B G6 a-Keto-Glutaric Acid P

C7 L-Fucose N G7 D-Malic Acid N

C8 L-Rhamnose B G8 L-Malic Acid P

C9 Inosine B G9 Bromo-Succine-Acid B

C10 1% Sodium Lactate B G10 Nalidixic Acid B

C11 Fusidic Acid N G11 Lithium Chloride P

C12 D-Serine B G12 Potassium Tellurite B

D1 D-Sorbitol P H1 Tweem 40 P

D2 D-Mannitol P H2 g-Amino-Butyric-Acid P

D3 D-Arabitol P H3 a-Hydroxy- Butyric-Acid P

D4 Myo-lnositol P H4 b–Hydroxy-D, LButyric-Acid B

D5 Glycerol B H5 a-Keto-Butyric Acid B

D6 D-Glucose-6-po4 P H6 Acetoacetic Acid P

D7 D-Fructose-6-po4 P H7 Propionic Acid B

D8 D-Aspartic acid B H8 Acetic Acid P

D9 D-Serine N H9 Formic Acid B

D10 Troleandomycin N H10 Aztreonam P

D11 Rifamycin SV N H11 Sodium Butyrate B

D12 Minocycline N H12 Sodium Bromate N
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3.9 Histopathological observation

Sections of intestinal, liver, spleen, and kidney tissues from

healthy sturgeon are shown in (Figures 8A–D), and tissue

sections of the intestine, liver, spleen and kidney of the

diseased sturgeon are shown in (Figures 8a–d). Apparent

lesions were observed in the diseased liver, spleen, kidney, and

intestine tissues of the diseased fish. The intestinal villi were

disorganized, and intestinal epithelial cell hyperplasia and

shedding of the necrotic intestinal mucous membrane were

observed (Figure 8a). Dilated hepatic sinusoids and

perivascular inflammatory cell infiltration were observed in the

diseased group but not in the healthy group (Figure 8b). A

significant increase in melanocyte macrophage centers was

observed in the liver and spleen of the infected group

(Figures 8b, c). There was significant pathology in the kidneys

of the infected group, such as swollen renal glomeruli, and

necrosis or even disappearance of interstitial kidney

tissue (Figure 8d).
3.10 Antimicrobial susceptibility test

Antimicrobial susceptibility test were performed on D-59

using a variety of antimicrobial analogs. The susceptibility of D-

59 to each drug was calculated based on the diameter of the

inhibition circle. D-59 was observed to be sensitive to florfenicol,

enrofloxacin, neomycin sulfate, doxycycline, ampicillin,

penicillin, gentamicin, minocycline, tetracyclines, and

amikacin. In contrast, D-59 was moderately sensitive to

polymyxin B and resistant to sulfonamide (Table 2).
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4 Discussion

The gram-positive cocci, S. sciuri, is a taxonomically

primitive species of Staphylococci, which is widely present in

nature and is associated with many farm animals and their food,

pet animals, and various wildlife (Aldridge, 1988; Piessens et al.,

2012). Zoonotic transfer of Staphylococcus is common between

domestic animals and humans, and can be transmitted through

direct contact, environmental contact, and animal-derived food

processing (Mama et al., 2019). In addition, dust and surface

water can also serve as vectors of transmission of this bacterium

(Couto et al., 2000; Dakic et al., 2005; Gomez et al., 2017). S.

sciuri has high salt tolerance (up to 27%) and a wide survival

temperature range (4°C– 45°C), and is thus well-adapted to

extreme ecological conditions (Majumdar and Gupta, 2020). In

the case of staphylococcal infections, mechanical barriers such as

skin and mucous membranes are not sufficient to provide

protection to the host, as oral ingestion or skin contact are the

main routes of infection (Dakic et al., 2005). Some components

of Staphylococcusmight suppress the innate immune response in

the early stages of Staphylococcus infection, and previous studies

found that S. sciuri infection of neonatal mice suppressed

macrophage function in the early stages of infection, thereby

promoting bacterial colonization of tissues (Chen et al., 2007; Li

et al., 2011). S. sciuri suppresses innate immune factors in corals,

leading to widespread coral disease (Divya et al., 2018). Canak

and Timur first isolated S. sciuri from a mixed bacterial infection

of Sparus aurata (Canak and Timur, 2020). Wang et al. reported

the isolation of S. sciuri in yellow catfish (Pelteobagrus

fulvidraco) that died of bacterial disease (Wang et al., 2017). In

the present study, highly pathogenic S. sciuri was isolated from
FIGURE 3

Phylogenetic tree of strain D-59. The phylogenetic relationships of the D-59 genotype identified in this study with the 16S rRNA nucleotide
sequences of other reported genotypes. The MEGA 7.0 program was used to construct the phylogenetic tree using multiple sequences
matching the sequences of nine members of the genus Staphylococcus and the Neighbor-joining method. The number at each branch
indicates the percentage of bootstrap values for 1000 replicates. The scale bar indicates the number of substitutions per site.
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cultured hybrid sturgeon. The isolated bacteria were identified

by Gram staining combined with 16S rRNA gene sequence

analysis. The regression infection experiment revealed that the

disease was consistent with that of natural-onset sturgeon, the

LD50 was calculated as 2.60 ± 0.19 × 103 CFU/g. S. sciuri can be

isolated from artificially infected sturgeon in accordance with

Koch’s law and is thus one of the pathogenic bacteria that can

cause disease in hybrid sturgeon.

As the largest immune organ in large fish, the intestinal

microbiota is essential to regulate the immune system of aquatic
Frontiers in Cellular and Infection Microbiology 09
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animals and prevent the invasion of pathogenic microorganisms

(Ma et al., 2018; Filipp et al., 2019). Maintaining a dynamic

balance and stability of the microbiota in the intestinal

environment is crucial to maintain the host’s health; under

unfavorable conditions, the balance of the host intestinal

microbiota is disturbed (Blander et al., 2017). Significant

changes in intestinal microorganisms is a potential diagnostic

criterion for disease (Shin et al., 2015). In this study, the

abundance of the Firmicutes and Candidatus_Arthromitus

reached 77% and 68%, respectively, at the phylum level in the
A B

D

E F

C

FIGURE 4

Gut microbial analysis. (A) Relative abundance at the phylum level. (B) Relative abundance at the genus level. (C) Chao1 index. (D) Shannon
index. (E) Unweighted unifrac PCoA. (F) A Venn diagram showing the number of unique and shared operational taxonomic units (OTUs) of gut
bacteria of healthy sturgeon and D-59 infected sturgeon.
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diseased group, and the abundances of Proteobacteria,

Fusobacteria, Bacteroidetes, Cetobacterium, Bacteroides,

Parabacteroides groups decreased. Although Firmicutes has

been considered as a beneficial bacterium among intestinal

microorganisms, the abnormal increase in Firmicutes and the

decreased abundance of Bacteroidetes in the diseased group

might be caused by obesity, as evidenced by the hepatocyte-

filled adipocytes in the pathological sections of the liver diseased

group. Increased abundance of Candidatus_Arthromitus is

considered as a possible cause of enterocolitis (Del-Pozo et al.,

2010; Wang et al., 2021). Reduced abundance of colonized

probiotic bacteria in the gut weakens the intestinal epithelial

barrier and can cause failure of transmission of signals to the

host that regulate the immune system (Bermudez-Brito et al.,
Frontiers in Cellular and Infection Microbiology 10
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2012). Sturgeon infected with S. sciuri have a reduced abundance

of colonized commensal bacteria in the gut, and the inability of

probiotic bacteria to communicate with the host through pattern

recognition receptors would lead to enteritis. A similar decrease

in abundance was observed in grass carp with enteritis (Tran

et al., 2018). Overall, during S. sciuri infection, the reduction in

gut microbial species intestinal colonizing commensal bacteria

decreased led to the development of enteritis.

ALT, AST, and AKP are important enzymes to assess fish

health, and their levels are related to liver tissue damage, various

diseases, parasitic infections, and poisoning (Xu et al., 2021).

Elevated serum levels of ALT and AST might reflect the transfer

of enzymes to the serum caused by liver damage (Shahsavani

et al., 2010). This corresponds to the symptoms of severe
FIGURE 5

Regression infection analysis of D-59. Survival of hybrid sturgeon by injection of different concentrations of D-59 strain: The control group was
injected intraperitoneally with 0.3 mL of sterile PBS, and the test group was injected intraperitoneally with 0.3 mL of 1 × 105 CFU/mL,1 × 106

CFU/mL,1 × 107CFU/mL,1 × 108 CFU/mL, 1 × 109 CFU/mL bacterial fluids, and was monitored for 10 d.
FIGURE 6

Differential white blood cell count. Mon: monocytes; Neut: neutrophils; Eos: eosinophils; Lym: lymphocytes; the proportion of monocytes was
significantly increased (P < 0.01) and the proportion of lymphocytes was significantly decreased (P < 0.01) in diseased sturgeons. Although there
was a trend of increase in neutrophils and eosinophils, it was not statistically significant (P > 0.05). **p < 0.01.
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hemorrhage in the liver of the diseased sturgeon. The innate

immunity parameter AKP is commonly used to monitor non-

specific immunity in fish. AKP acts as an important lysosomal

enzyme in fish, hydrolyzing and digesting invading pathogens

during the immune response (He et al., 2017). In this study, AKP

levels in diseased sturgeon were significantly decreased,

suggesting that D-59 infection reduced the non-specific

immune defense of sturgeon against pathogenic bacterial

invasion. The same serological changes were found in hybrid

sturgeon infected with Vibrio metschnikovii (Xiao et al., 2022).

Total protein (TP) in serum is synthesized by the liver and

includes albumin (ALB) and globulin (GLB) (Sepulveda et al.,

2012). Significant reduction in TP, ALB, and GLB were observed

in studies of Streptococcus lactis-free infected tilapia, and Vibrio

harveyi infected sea bass (Mao et al., 2020; Zhou et al., 2020).

Herein, similar changes were observed in the serum proteins of

hybrid sturgeon after D-59 infection, which might be closely

related to the effect of S. sciuri infection on protein synthesis in

the liver.

Usually the number of white blood cells (WBCs) in

peripheral blood can be used as an indicator to determine the

presence of infectious diseases, because healthy fish have fewer

WBCs (Shameena et al., 2021a). In the present study, the

proportion of monocytes increased significantly in diseased

sturgeon. In contrast, the proportion of lymphocytes decreased

significantly, which was consistent with the change in WBCs

after Yersinia ruckeri infection in hybrid sturgeon (Fajardo et al.,

2022). The increase in monocytes and neutrophils can be

considered a positive response of the host cellular immune

system to D-59 infection (Sebastião et al., 2011). In addition,

increased WBCs might play an important role during D-59

infection by stimulating the inflammatory response and

hematopoietic tissue, thus enhancing the immune system by

producing antibodies that can act on the disease (Shameena
Frontiers in Cellular and Infection Microbiology 11
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et al., 2021b). In contrast, the significant decrease in lymphocytes

might be related to damage to the liver and spleen tissues and

continuous blood loss.

Histopathology is an important method to reveal the

pathogenesis of lesions and to make pathological judgements.

The histopathology of diseased sturgeon is primarily

inflammatory , wi th some t i s sue necros i s . S imi lar

histopathological changes were described in sturgeon infected

with Plesiomonas shigelloides (Jiang et al., 2021), Streptococcus

iniae (Behera et al., 2018), Aeromonas hydrophila, and

Aeromonas veronii (Di et al., 2018). It is highly likely that this

tissue damage is a result of the bacterial toxins produced by S.

sciuri, which are extremely toxic to organs.

The targeting of S. sciuri through drug sensitivity tests,

accurate drug administration, precise drug administration, and

avoidance of antibiotic abuse is required. D-59 is sensitive to

florfenicol, enrofloxacin, neomycin sulfate, doxycycline,

ampicillin, penicillin, gentamicin, minocycline, tetracyclines,

and amikacin. In contrast, D-59 was moderately sensitive to

polymyxin B and resistant to sulfonamide. This differs from the

antimicrobial drug susceptibility of 158 strains of S. sciuri

isolated within the livestock environment, in which more than

half of the strains had a high rate of resistance to tetracycline,

penicillin, benzocillin, and fusidic acid (Schoenfelder et al.,

2016). This suggests that there are differences in drug

susceptibility of the same species of bacteria originating from

different animal sources or regions. Hence, to avoid drug abuse,

antimicrobial drugs should be selected to treat bacterial diseases

in fish based on the results of drug sensitivity tests.

S. sciuri has poor host specificity and has been isolated from

human skin, mastitis in cattle, diseased goats, dogs, rice, aquatic

animals, and the aquatic environment (Rahman et al., 2005;

Abraham et al., 2017; Abdelsalam et al., 2021). This suggests that

its ability to spread among animals, plants, and the environment
A B

FIGURE 7

Serum biochemical indices. (A) Significant increase in alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(AKP) (P < 0.01). (B) Significant decrease in total protein (TP), albumin (ALB), and globulin (GLB) in the serum of sturgeon infected with D-59
(P < 0.01). **P < 0.01.
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FIGURE 8

Histopathological observation. (A–D) show the intestines, livers, spleens, and kidneys of healthy sturgeons, respectively. (a) Intestinal
pathological changes; intestinal epithelial cell hyperplasia (black arrows), shedding of the intestinal mucous membrane (triangles), necrotic
(quadrangular). (b) Changes in liver pathology; dilated hepatic sinusoids (black arrows), infiltrated inflammatory cells (quadrangular), increased
number of perivascular melanocyte macrophage centers (triangles). (c) Pathological changes in the spleen; increased numbers of melanocyte
macrophage centers (triangles). (d) Kidney pathological changes; swollen renal glomeruli (black arrows), necrosis or even disappearance of
interstitial kidney tissue (black arrows). Scale bar: 50 mm, magnification 20× objective lens.
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should be taken seriously. Members of the S. sciuri group carry a

wide variety of antimicrobial genes, e.g., virulence genes, most of

which are also present in other Staphylococci. This indicates that

S. sciuri can serve as a large exchangeable gene pool for other

Staphylococci and bacterial genera. The use of antibiotics against

bacterial diseases is still the primary method used during

aquaculture production; therefore, rotating the use of effective

antimicrobial drugs to avoid causing the emergence of superbugs

would be a feasible approach in in response to diseases caused by

S. sciuri. In particular, emphasis should be placed on daily

management, such as disinfection of utensils during breeding

to avoid cross-contamination and prevention of the exchange of

drug resistance and virulence genes between different strains of

Staphylococcus as much as possible.

In general, S. sciuri is a highly pathogenic bacterium for

hybrid sturgeon. It spreads easily in the aquatic environment;

therefore, attention should be paid to the cleanliness of breeding

water and the disinfection of equipment during the aquaculture

process. S. sciuri causes serious pathological damage to the liver,

kidneys, and intestines, thus feeding management needs to be

strengthened to improve the fish’s immunity. Targeted

medication is recommended and the misuse of antibiotics is

prohibited to avoid the development of drug-resistant bacteria

or the transmission of drug-resistant genes to other species.
5 Conclusion

In this study, a strain of bacteria named D-59 was isolated

from infected hybrid sturgeon and was confirmed as

Staphylococcus sciuri using 16S rRNA gene, morphological

observation, and bacterial biochemical identification. Analysis
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of changes in the gut microbiota of diseased sturgeon revealed

that S. sciuri infection resulted in disruption of gut homeostasis,

and a reduction in the abundance of gut commensal bacteria. By

observing the histopathological changes following bacterial

infection and the measurement of serological parameters, and

comparing them with the results of previous studies, we showed

that the D-59 strain caused severe damage to the liver tissue of

animals, accompanied by persistent hemorrhage and a decrease

in non-specific immune defenses. Drug sensitivity tests showed

that D-59 is sensitive to florfenicol, enrofloxacin, neomycin

sulfate, doxycycline, ampicillin, penicillin, gentamicin,

minocycline, tetracyclines, and amikacin. Overall, the results of

the present study provide a scientific basis for the etiology,

diagnosis, and treatment of diseases caused by S. sciuri in

cultured sturgeon.
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Identification of Shewanella
putrefaciens as a novel
pathogen of the largemouth
bass (Micropterus salmoides)
and histopathological analysis
of diseased fish

Xinyu Jiang, Xiaoyu Wang, Lei Li , Chen Niu, Chao Pei,
Lei Zhu and Xianghui Kong*

Engineering Lab of Henan Province for Aquatic Animal Disease Control, College of Fisheries, Henan
Normal University, Xinxiang, China
The largemouth bass (Micropterus salmoides) is an economically important

aquaculture species in China, and its production has increased rapidly in recent

years. Although Shewanella putrefaciens is known to infect several fish species,

its role in infecting M. salmoides is relatively unknown. Here, we isolated a

gram-negative bacterial strain (termed XX2021) from farmed largemouth bass.

Based on the results of 16S rRNA sequencing and phylogenetic analyses, the

isolate was identified as S. putrefaciens. The virulence of XX2021 was

dependent on water temperature, such as the LD50 values were 4.21×104,

7.26×105, and 2.47×106 CFU/g fish weight at 10°C, 18°C, and 25°C, respectively.

Four virulent genes—including dksA, hem, lonR, and fur—were screened

through a PCR assay. The results of an antibiotic resistance test showed that

XX2021 was sens i t ive to kanamycin , cefotax ime, doxycycl ine,

sulfamethoxazole, florfenicol, tetracycline, and gentamicin; showed

intermediate susceptibility to streptomycin, ampicillin, and norfloxacin; and

was resistant to nalidixic acid and penicillin. XX2021-infected fish showed

clinical symptoms typical of S. putrefaciens infection. In addition, we re-

isolated XX2021 from infected fish and confirmed its identity using 16S rRNA

sequencing. Histopathological changes were observed in the intestine, head

kidney, spleen, and liver of diseased fish. This study presents the first report of

the pathogenic effects of S. putrefaciens in farmed largemouth bass. Our

findings may help develop effective disease control strategies for aquaculture

fish and prevent disease outbreaks under low water temperatures.

KEYWORDS

Shewanella putrefaciens, Micropterus salmoides, virulence, water temperature,
antibiotic resistance
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Introduction

Shewanella putrefaciens is a non-fermentative, motile, gram-

negative bacillus with chief phenotypic attribute of H2S production

(Holt et al., 2005). The species belongs to the genus Shewanella,

named after the microbiologist James Shewan who had made

outstanding contributions to the field of marine microorganisms

(MacDonell and Colwell, 1985). In mammals, Shewanella spp. are

associated with various infections—such as ear, skin, and soft tissue

infections—and bacteremia (Holt et al., 2005; Janda, 2014).

Shewanella putrefaciens is also known as an important spoilage

bacterium of seafood (Jia et al., 2018; Liu et al., 2018; Jia et al., 2019).

Previous studies have reported Shewanella spp. infections in several

aquatic animals such as European sea bass (Dicentrarchus labrax),

loach (Misgurnus anguillicaudatus), common carp (Cyprinus

carpio), rainbow trout (Oncorhynchus mykiss), goldfish (Carassius

auratus auratus), European eel (Anguilla anguilla), American eel

(Anguilla rostrata), and tilapia (Oreochromis niloticus) (Kozinska

and Pekala, 2004; Korun et al., 2009; Lu and Levin, 2010; Qin et al.,

2014; Turgay et al., 2014; Pękala et al., 2015; Wang et al., 2020). The

infected tilapia showed skin hemorrhage, fin rot and shallow

necrotizing ulcers on the skin with congestion and enlargement of

the liver, spleen and kidneys (Manal, 2017). However, the role of S.

putrefaciens in causing diseases in aquaculture is poorly understood.

Largemouth bass (Micropterus salmoides) are native to North

America. In the past few years, this species has become an

economically important freshwater aquaculture fish in China (Bai

et al., 2008; Li et al., 2017). China produced 619, 519 t of largemouth

bass in 2020, increased almost 30% of its total production than that

in 2019. The occurrence of disease outbreaks in Chinese

aquacultures has become more frequent in recent years, causing

considerable damage to the aquaculture of largemouth bass (Ma

et al., 2013). In March 2021, largemouth bass being cultured in

Henan Province experienced persistent mortalities at a water

temperature of approximately 10°C. The clinical symptoms of the

affected individuals were indicative of a bacterial disease. In this

study, we isolated a strain of S. putrefaciens (termed XX2021) from

diseased largemouth bass and identified it as the main pathogen.

We also evaluated the sensitivity of XX2021 to 12 antibiotics and

examined the histopathological changes in the intestines, head

kidney, liver, and spleen in diseased fish. To the best of our

knowledge, this is the first study to report S. putrefaciens as a

pathogen of largemouth bass. Our results provide a reference for the

prevention and treatment of the diseases caused by S. putrefaciens

infection in largemouth bass under low temperatures.
Materials and methods

Fish

Thirty diseased fish (100 ± 12 g) cultured in three ponds

(13,333 m3/pond; 40,000–45,000 fish/pond) were randomly
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selected for this study. The fish were transported in ice boxes

to the laboratory for diagnosis and anesthetized with MS-222,

following which the pathogen was isolated. Healthy fish (n =

360, 15 ± 2 g) were purchased from a local bass farm.

Largemouth bass were acclimatized in aerated tanks at 25 ± 2°

C for 14 d. The water temperature was decreased by 2°C per day

until it reached 10°C or 18°C. The lethal dose 50 (LD50) of the

pathogen (XX2021) was measured at different water

temperatures. For tissue sampling, fish were anaesthetized with

MS-222 (40 mg/L, Sigma-Aldrich).
Isolation and identification of the
pathogen

Bacteria were isolated from spleen and muscle tissue of

diseased largemouth bass. The isolates were streaked on LB

agar medium, followed by incubation at 28°C for 36 h, and the

dominant isolated bacteria were re-streaked on the medium

three times.

Total genomic DNA was extracted from isolates using

bacterial DNA extraction kits (Sangon Biotech, China). The

universal primers (27F: 5’-AGAGTTTGATCCTGGCTCAG-3’

and 1492R: 5’TACGGCTACCTTGTTACGACTT-3’) were used

for PCR amplification of the bacterial 16S rRNA gene (Weisburg

et al., 1991).

Selected 16S rRNA sequences of Shewanella spp. were

aligned using CLUSTAL multiple alignment in MEGA 5.0.

The neighbor-joining method was used to construct a

phylogenetic tree after bootstrapping (10,000 replicates). The

JTT matrix-based method was used for tree construction. All

positions in the alignment that contained gaps or eliminated

data after pairwise sequence comparisons (pairwise deletion)

were removed, as described previously (Jiang et al., 2016).
Phenotypical characterization

The physiological and biochemical identification of XX2021

was performed as described previously (Yuan et al., 2021). The

Biolog GenIII MicroPlate technique (protocol B, Biolog) was

used for this experiment, and final results were recorded at 24

and 48 h of incubation. The physiological and biochemical

characteristics of XX2021 could be identified by the

phenotypic fingerprint shown on the Biolog GenIII MicroPlate

system. The morphology of the bacteria was examined with

Gram staining and observation under a scanning electron

microscope with the method discribed by Aid et al. (2020).

The hemolytic activity of the bacteria was determined using the

blood agar plate method. Briefly, the bacteria were inoculated on

the medium containing 5% sheep blood. After 36 h of incubation

at 28°C, hemolytic isolates were identified based on the presence

of a- or b-hemolysis around the colonies.
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Antimicrobial sensitivity testing

Antimicrobial sensitivity was tested as previously described

(Pei et al., 2021). In brief, S. putrefaciens strain XX2021 was

spread on Muller–Hilton agar medium, and different kinds of

antimicrobial discs were placed on the streaked cultures. Discs

containing streptomycin (10 mg), sulfamethoxazole (25 mg),
florfenicol (30 mg), doxycycline (30 mg), tetracycline (30 mg),
kanamycin (30 mg), gentamicin (10 mg), nalidixic acid (30 mg),
norfloxacin (10 mg), cefotaxime (30 mg), ampicillin (10 mg), and
penicillin (10 mg) were used. After 24 h of incubation at 28°C, the
diameters of inhibition zones around the discs were measured.

The bacteria were classified as susceptible (S), intermediate

susceptible (I), or resistant (R), based on the guidelines of the

National Committee for Clinical Laboratory Standards.
Infection test and detection of virulence
genes

To determine whether the disease was caused by XX2021, we

performed an infection test in healthy largemouth bass as

described previously (Pei et al., 2021). Bacterial concentrations

were determined by plating 10-fold serial dilutions of the isolates

onto LB plates. To examine the LD50 of XX2021 at different

water temperatures, largemouth bass were randomly divided

into three groups (120 fish/group) and acclimatized to different

temperatures. Each group was further divided into six

subgroups, including five infection subgroups and one control

subgroup (20 fish/subgroup). Infection groups were injected

intraperitoneally with XX2021 at a concentration of 102–106

CFU/g fish weight in 10-fold increments. The control groups

were injected with an equal dose of sterile phosphate-buffered

saline. The experiment was performed twice. The mortality of

fish was monitored for 7 d, and LD50 was determined using

probit regression analysis in SPSS 20.0 (SPSS Inc., IBM Corp.,

USA). The bacteria were re-isolated and re-identified from

infected largemouth bass. Twelve potential virulence genes in

Shewanella spp. were detected from the genomic DNA of

XX2021 with specific primers (Table 1) (Saticioglu et al., 2021).
Histological examination

Histological examination was performed as described

previously (Pei et al., 2021). Tissues collected from the spleen,

liver, head kidney, and intestines of control and XX2021-injected

fish were fixed with 4% paraformaldehyde for 12 h, submerged

in 70% alcohol, dehydrated in tertiary butyl alcohol (10%–

100%), and embedded in paraffin. Thereafter, paraffin-

embedded tissues were cut into 5-mm-thick sections using a

microtome (Thermo HM340E, American) and then stained with
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hematoxylin and eosin. The histological slides were examined

with a light microscope (Olympus BX51, Japan).
Results

Clinical signs and symptoms

In diseased largemouth bass obtained from the local farm,

the clinical symptoms included hemorrhage in the abdomen

(Figure 1A) and ulceration on the back and abdomen

(Figures 1B, C). The diseased fish also showed appetite loss

and sluggish behavior (slow swimming and weak reactions to

stimuli). Healthy largemouth bass infected with the isolated

bacteria showed symptoms similar to the infected fish in

the natural.
Morphological and molecular
characteristics of the bacterial pathogen

Upon Gram staining, the isolated bacteria (XX2021) were

found to be gram-negative under optical microscopy

(Figure 2A). When observed under a scanning electron
TABLE 1 Primers for virulence gene testing.

Genes Primer sequences (5’–3’) Excepted size/bp

nqrF-F CGCCTTAGCGAGTCAAAGTA 446

nqrF-R CATTCACGGTAGAAACGATGT

lon-F CGAGATGTGGTGGTCTATCC 326

lon-R TTGTCTTCTAAAGGCTCTGATT

atpA-F TCGGTGCCGTAGTAATGGGTC 192

atpA-R CAGGTGCAATCACTTCAACAGGAG

guaA-F AACTGATTGCCCGTCGTATC 346

guaA-R GGTTTCCCTTCGCTATTGAC

luxS-F TGCTCCTGCGGTACGTGTTG 254

luxS-R CTTGATGCTCGGTTGGCTCT

crp-F AAGGCGACTTTATTGGTGAG 205

crp-R AAATTGCCGACTTTCTGACT

dksA-F ACGCTAAGCAACTGGGTCAC 252

dksA-R AGGAATCACAGAAGCCGAAA

exu-F TAGTGCCCGCCATCGGTGAA 66

exu-R TACCGTTCCATTGGCTAAAA

hem-F CCACAGTGTTAGCCATTCAG 254

hem-R TGATAGTCACGCATAGCCAC

fur-F CTGCTCGATATTGGTGAAGA 165

fur-R GCCACAGGATAGGCAAACTA

ompR-F GTCAACAAGGTAGCCTCATTCC 258

ompR-R CATCACCGTGGTACATTTCG

fla-F ACTCAGCCTGTAATGATGTAA 172

fla-R CGTAACGCTAACGATGGTAT
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microscope, most isolated bacteria were rod-shaped and lacked

flagella. The diameter of the isolated bacterium was

approximately 0.8 mm (Figure 2B). The colonies on LB plates

were buff, circular, convex, and light red in color. The BLAST

analysis revealed that the 16S rRNA gene of XX2021 shared the

highest similarity (99.7%) with that of the S. putrefaciens strain

(accession number: NR119141.1). A phylogenetic tree was

constructed based on the 16S rRNA amino acid sequences of

Shewanella spp., and XX2021 clustered together with S.

putrefaciens (accession number: NR119141.1) (Figure 3).

The physiological and biochemical test results indicated that

the bacterial isolate showed positive biochemical reactions for

fructose and could grow on a substrate containing 1% (but not

8%) NaCl. It showed negative reactions for raffinose, glucose,

sorbitol, rhamnose, and inosine. The substrate utilization

patterns and biochemical profiles of XX2021 and S.

putrefaciens are listed in Table 2. Based on these results, we

identified the isolated bacteria (XX2021) as S. putrefaciens.
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Evaluation of virulence at different
temperatures and analysis of
virulence genes

To examine the effect of temperature on the virulence of

XX2021, we performed an infection test in healthy largemouth

bass. Following injection with the pathogen, the fish mostly died

on days 2–6. The highest cumulative mortality rate was 65%

when fish were injected with bacteria (concentration, 106 CFU/g

fish weight) at 10°C (Figure 4). The LD50 of XX2021 was

4.21×104, 7.26×105, and 2.47×106 CFU/g fish weight at 10, 18,

and 25°C, respectively. We also identified 12 potential virulence

genes using the PCR method; the virulence genes lonR, dksA,

hem, and fur were screened out (Figure 5). The isolates did not

exhibit a- or b-hemolysis on sheep blood agar (Figure S).
Determination of antibiotic resistance

We examined antimicrobial resistance and susceptibility

patterns of XX2021 by measuring the diameter of the zone of

inhibition around each antibiotic disc. The isolate was susceptible
FIGURE 1

Clinical symptoms of XX2021-infected largemouth bass. (A)
Hemorrhage in the abdomen (red arrow); (B) Ulceration on the
back (red arrow); (C) Ulceration on the abdomen (red arrow).
FIGURE 2

Morphology of XX2021 observed under an optical microscope at
100× magnification and a scanning electron microscope. (A)
Bacteria (XX2021) were found to be gram-negative under optical
microscopy; (B) Most isolated bacteria were rod-shaped and lacked
a flagellum. The diameter of XX2021 was approximate 0.8 mm.
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(S) to cefotaxime, sulfamethoxazole, florfenicol, doxycycline,

tetracycline, kanamycin, and gentamicin; showed intermediate

susceptibility (I) to ampicillin, norfloxacin, and streptomycin; and

was resistant (R) to nalidixic acid and penicillin (Table 3).
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Histopathology

Histopathological examination showed that the intestines, head

kidney, spleen, and liver exhibited well-organized structures in the

control group (Figures 6A–D). However, the XX2021-infected group

had fewer goblet cells, and exhibited cell degeneration and epithelium

vacuolization with vagueness of the cuticula in the intestine

(Figure 6a). Numerous inflammatory cells had infiltrated the head

kidney (Figure 6b), and abundant hemosiderin granules (yellow-

brown pigment) were observed in the spleen of infected fish

(Figure 6c). The tissues of infected fish also showed serious

vacuolization of cells, clearly pyknotic nuclei, and an increased

number of Kupffer cells in the liver (Figure 6d).
Discussion

In this study, we isolated and identified a bacterium

(XX2021) from diseased largemouth bass. Physiological and

biochemical analyses demonstrated that XX2021 had

phenotypic properties consistent with those of S. putrefaciens.

This is the first recording of a S. putrefaciens strain as a pathogen

of largemouth bass. The XX2021 isolate was gram-negative, and

most cells were rod-shaped and lacked a flagellum (Figures 1A,

B). Shewanella putrefaciens strains isolated from seawater

samples in Denmark have been characterized as non-

fermentative bacilli with a single polar flagellum (Holt et al.,
TABLE 2 Physiological and biochemical characteristics of strain
XX2021.

Characteristics XX2021 S. putrefaciens*

Raffinose – –

Rhamnose – –

Glucose – –

Sorbitol – –

Melibiose V –

Arginine V –

Fructose + +

Inosine – –

D-Maltose – NT

D-Cellobiose + NT

Acetic Acid + NT

Mannose NT +

Aesculin NT –

0% NaCl NT –

1% NaCl + NT

8% NaCl – NT

9% NaCl NT +

pH6 – NT
“+”, postivie; “–” negative; V, variable; NT, not tested. * From Qin et al. (2014).
FIGURE 3

Neighbor-joining (NJ) phylogenetic tree constructed based on the 16S rRNA nucleotide sequences of Shewanella species. The percentage of
bootstrap values is shown next to the branches based on 10,000 bootstrap replications. The XX2021 sequence is indicated by the blue square.
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2005). A highly pathogenic bacterium (AP629) belonging to

Shewanella spp. was isolated from a sea cucumber (Apostichopus

japonicus), and these cells were also characterized as short bacilli

with a single polar flagellum (Li et al., 2010). Notably, S.
Frontiers in Cellular and Infection Microbiology 06
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putrefaciens strains with a flagellum have been detected at

water temperatures above 13°C (Gram et al., 1999). In

humans, Shewanella infections are most common during

especially warm summers or in countries with a warm climate

(Holt et al., 2005). In this study, XX2021 was isolated from

largemouth bass acclimatized to a water temperature of

approximately 10°C. Our results are consistent with those of

Manal (2017), who isolated a strain of S. putrefaciens from O.

niloticus during the winter season. Moreover, XX2021 was

isolated from fresh water and could grow in 1% (but not 8%)

NaCl (Table 2). In contrast, S. putrefaciens strains with a

flagellum have been isolated from seawater, which has a higher

NaCl concentration than freshwater (Holt et al., 2005). These

results indicate that S. putrefaciens strains isolated from

freshwater or seawater may have different phenotypes due to

adaptation to their living environment.

Shewanella putrefaciens is a type of zoonotic pathogen. In

humans, the most common clinical symptom of S. putrefaciens

infection occur on the skin or in soft tissue (Ryan et al., 2018;

Patel et al., 2020; Benaissa et al., 2021). In this study, infected

largemouth bass exhibited several clinical symptoms, including

loss of appetite, slow swimming, ulceration on the back and

abdomen, and hemorrhage in the abdomen (Figure 1). Similar

symptoms have also been reported in tilapia, carp, goldfish, and

trout infected by S. putrefaciens (Kozinska and Pekala, 2004;

Turgay et al., 2014; Manal, 2017).

The antimicrobial susceptibility test showed that XX2021

was susceptible to sulfamethoxazole, tetracycline, gentamicin,

and florfenicol. Similar results havebeen reported by Altun et al.

(2014) and Manal (2017). A strain of S. putrefaciens isolated

from diseased sea bass was found to be resistant to sulfonamides

and tetracycline (Korun et al., 2009). Moreover, although a strain

of S. putrefaciens isolated from tilapia showed susceptibility to

norfloxacin and streptomycin (Manal, 2017), XX2021 showed

intermediate susceptibility to these two antibacterial agents.

XX2021 also showed complete resistance to both nalidixic acid

and penicillin, Therefore, these anti-infection agents should be

withdrawn from the therapeutic plan of fish infected by

S. putrefaciens.
A

B

C

FIGURE 4

Survival rates of largemouth bass challenged by various doses of
XX2021 at different water temperatures during the first 7 days
post infection. (A) 10°C; (B) 18°C; (C) 25°C.
FIGURE 5

Agarose gel electrophoresis of the PCR products of virulence genes. M: DL2000 marker. Lane 1: nqrF, 2: lonR, 3: atpA, 4: guaA, 5: lux, 6: crp, 7:
dksA, 8: exu, 9: hem, 10: fur, 11: ompR, 12: fla.
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Shewanella putrefaciens is a pathogenic bacterium that has

been isolated from both marine and freshwater fish (Korun et al.,

2009; Qin et al., 2014). Infected fish exhibit emaciation, a

distended anus, ulceration on the back and abdomen, and

hemorrhage in the abdomen (Pękala et al., 2015). However,

one strain of S. putrefaciens (SpPdp11) isolated from the skin of

healthy gilthead seabream (Sparus aurata) has been used as a

probiotic. Dietary administration of live SpPdp11 has been

shown to significantly increase the expression levels of IgM

and protease, the activity of cellular peroxidase, and respiratory

burst activity (Varela et al., 2010; Tapia-Paniagua et al., 2014;

Cerezuela et al., 2016; Cámara-Ruiz et al., 2020).

Globally, S. putrefaciens is known as an important spoilage

microorganism of fish during cold storage (Yan and Xie, 2020).

Here, we found that the LD50 of XX2021 was related to the water

temperature, such that the virulence of the isolate was higher at

10°C than at 25°C. This suggests that temperature is a key factor

affecting the virulence of S. putrefaciens. Similar results have

been reported in the channel catfish (Ictalurus punctatus), which

is farmed in North America. Specifically, S. putrefaciens has been

shown to infect these fish at water temperatures below 10°C

(Mohammed and Peatman, 2018). However, in aquacultures, the

optimum temperature for infection by most bacteria is higher

than 18°C. Some studies have reported that S. putrefaciens can

attach to biotic or abiotic surfaces to form biofilms, which

contribute to the degradation of seafood quality. The

formation of biofilms is promoted at low temperatures, and

they protect bacteria from adverse environmental conditions,

including the low temperatures (Bagge et al., 2001; Yan and Xie,

2020). These findings suggest that S. putrefaciens can infect fish

at low water temperatures.

In this study, we detected 12 potential virulence genes in

Shewanella spp. Of these, four were found in the genome of

XX2021. Thereinto, dksA encods the RNA polymerase binding
Frontiers in Cellular and Infection Microbiology 07
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transcription factor, and fur regulates the intracellular iron

transport, storage and utilization in Gram-negative bacteria.

These virulence genes provide the basis for follow-up studies

on vaccine development and pathogenesis research. In addition,
TABLE 3 Antibiotic susceptibility profiles of isolated S. putrefaciens..

Antimicrobial Disc
content

Mean Inhibition
Zone

Sensitivity

(mg) Diameter (mm)

Cefotaxime 30 40.0 S

Sulfamethoxazole 25 35.0 S

Florfenicol 30 35.0 S

Doxycycline 30 30.0 S

Tetracycline 30 23.0 S

Kanamycin 30 22.0 S

Gentamicin 10 20.0 S

Ampicillin 10 16.0 I

Norfloxacin 10 16.0 I

Streptomycin 10 14.0 I

Nalidixic acid 30 13.0 R

Penicillin 10 0.0 R
S, Susceptible; I, Intermediate susceptible; R, Resistant.
FIGURE 6

Histological changes in largemouth bass challenged by the
XX2021 strain. (A-D) are the intestines, head kidney, spleen, and
liver of a healthy fish, respectively; (a) Goblet cell absence (black
arrow), epithelium vacuolization (red arrow), and cell
degeneration and vagueness of the cuticula (the area circled in
red) in the intestine. (b) Head kidney infiltrated by numerous
inflammatory cells (the area circled in red). (c) Abundant
hemosiderin granules (red arrows) in the spleen. (d) Serious
vacuolization of cells (black arrow), clearly pyknotic nuclei (blue
arrow), and an increased number of Kupffer cells (red arrows) in
the liver.
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the tissues of XX2021-injected largemouth bass showed

histopathological changes in the intestine, head kidney, spleen,

and liver (Figure 6). Tissue degeneration was likely caused by

bacterial toxins. Kupffer cells are involved in the pathogenesis of

liver injury caused by bacterial infection (Su, 2002). We found

that the number of Kupffer cells in the liver was significantly

higher after the injection of XX2021. Similar results have also

been reported by Manal (2017). Additionally, the infected fish

showed hemosiderin accumulation in the spleen. This may have

been because the destruction of blood cells leads to the release of

hemoglobin, thus increasing the level of hemosiderin (Qamar

et al., 2020). Similar histological findings have been reported in

rabbitfish (Siganus rivulatus), tilapia, and sea bass infected with

S. putrefaciens (Saeed et al., 1990; Korun et al., 2009; Manal,

2017; Sood et al., 2020).
Conclusions

In this study, we isolated a strain of S. putrefaciens (termed

XX2021) from diseased largemouth bass. The bacteria infected

the fish at low water temperatures and caused high mortality.

Our findings provide a basis for the development of effective

diagnostic strategies for S. putrefaciens infection in aquacultures.

In addition, we provide novel insights into the prevention of

bacterial diseases at low temperatures. Future studies are needed

to better elucidate the pathogenic mechanisms of S. putrefaciens

at low temperatures.
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Biological characteristics and
genomic analysis of a novel
Vibrio parahaemolyticus phage
phiTY18 isolated from the
coastal water of Xiamen China

Bo Liu1†, Tingyi Zheng1†, Rui Quan1, Xinglong Jiang1,
Guixiang Tong2, Xinxian Wei2 and Mao Lin1,3*

1Fisheries College, Jimei University, Engineering Research Center of the Modern Technology for Eel
Industry, Ministry of Education, Xiamen, Fujian, China, 2Guangxi Key Laboratory of Aquatic Genetic
Breeding and Healthy Aquaculture, Guangxi Academy of Fishery Sciences, Nanning, China, 3Key
Laboratory of Healthy Mariculture for the East China Sea, Ministry of Agriculture and Rural Affairs,
Xiamen, Fujian, China
Vibrio parahaemolyticus is a common pathogen usually controlled by antibiotics in

mariculture. Notably, traditional antibiotic therapy is becoming less effective

because of the emergence of bacterial resistance, hence new strategies need to

be found to overcome this challenge. Bacteriophages, a class of viruses that lyse

bacteria, can help us control drug-resistant bacteria. In this study, a novel Vibrio

parahaemolyticus phage phiTY18 isolated from the coastal water of Xiamen was

explored. Transmission electron microscopy showed that phiTY18 had an

icosahedral head of 130.0 ± 1.2 nm diameter and a contractile tail of length of

66.7 ± 0.6 nm. The phage titer could reach 7.2×1010 PFU/mL at the optimal MOI

(0.01). The phage phiTY18 had a degree of tolerance to heat and acid and base. At

the temperature of 50°C (pH7.0, 1h) the survival phages reached 1.28×106 PFU/mL,

and at pH 5-9 (30°C, 1h), the survival phages was greater than 6.37×107 PFU/mL

Analysis of the phage one-step growth curve revealed that it had a latent period of

10min, a rise period of 10min, and an average burst size of the phage was 48 PFU/

cell. Genome sequencing and analysis drew that phage phiTY18 had double-

stranded DNA (191,500 bp) with 34.90% G+C content and contained 117 open

reading frames (ORFs) and 24 tRNAs. Phylogenetic tree based on major capsid

protein (MCP) revealed that phage phiTY18 (MW451250) was highly related to two

Vibrio phages phiKT1024 (OM249648) and Va1 (MK387337). The NCBI alignment

results showed that the nucleotide sequence identity was 97% and 93%,

respectively. In addition, proteomic tree analysis indicated that phage phiTY18,

phiKT1024, and Va1 were belong to the same virus sub-cluster within Myoviridae.

This study provides a theoretical basis for understanding the genomic
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characteristics and the interaction between Vibrio parahaemolyticus phages and

their host.
KEYWORDS

Vibrio parahaemolyticus, bacteriophage, biological characteristics, whole
genome, myoviridae
Introduction

Vibrio parahaemolyticus is a common Gram-negative

bacterium in aquaculture environment. Vibrio parahaemolyticus

is short, rod-shaped, or arc-shaped, without spore and capsule

structure, and with single polar flagella (Broberg et al., 2011). It is

pathogenic to fish, shrimp and shellfish in the sea and can also

infect the human body, therefore, it is a kind of zoonotic bacterium.

Traditionally, farmers often used oxytetracycline, tetracycline, and

quinolone antibiotics against Vibrio parahaemolyticus (Elmahdi

et al., 2016). However, more resistant trains have developed

because of antibiotic abuse, which poses a great threat

to aquaculture.

In this study, we report a novel phage, phiTY18, isolated

from seawater in Xiamen, Fujian, China, using Vibrio

parahaemolyticus TY18 as the host. The study investigates the

basic morphological, physiological, and biochemical

characteristics and the whole genome of phiTY18 to provide a

theoretical basis for future research or application at the control

of Vibrio parahaemolyticus.
Materials and methods

Isolation and purification of the phage

The host strain, Vibrio parahaemolyticus TY18, was isolated

and collected in our laboratory. Phage phiTY18 was isolated

from seawater using the standard phage enrichment and double-

layer agar methods (Ul Haq et al., 2012). The seawater samples

were first mixed in a clean bucket, followed by the addition of the

host, which was cultured to the logarithmic phase, and

the subsequent overnight culturing of the mixture at 30°C.

The mixture was then centrifuged at 10000×g/min, and the

supernatant was filtered through a 0.22 mm filter membrane (Li

et al., 2016). Phage plaques were displayed and observed using

the double-layer agar methods (Vats et al., 1987; Zhang et al.,

2017). A single plaque was selected and purified thrice, followed

by placing the purified phages in SM buffer (100 mM NaCl, 8

mM MgSO4, 50 mM Tris-HCl (pH 7.5), 0.01% gelatin) for

routine experiments or storage at 4°C. (Gao et al., 2017; Liu

et al., 2017).
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Transmission electron microscopy

TEM was used to investigate the morphology of the phage

particles. The purified phage solution (20 mL) with a titer of at least

1010 PFU/mL was first placed on a copper mesh to adsorb for

10 min. The sample was then negatively stained with 3% (w/v)

phosphotungstate for 5 min. The phage morphology was

subsequently observed by transmission electron microscope

(JEOL Co., Tokyo, Japan) after natural drying at room

temperature (Kwiatek et al., 2017).
Optimal multiplicity of infection

The multiplicity of infection (MOI) refers to the ratio of the

number of phages to that of hosts in the infection test. The phage

and its host were mixed at the MOI of 1000, 100, 10, 1, 0.1, 0.01,

0.001, 0.0001, and 0.00001 after measuring their concentration.

After incubation for 8 h at 30°C, the phage titer was determined

using the double-layer agar methods. The ratio that can

reproduce the highest titer of phage is the optimal MOI.

(Abedon, 2016).
One-step growth curve

The one-step growth curve was determined to measure the

incubation period and the burst size of the phage. Phage was

mixed with the host cultivated to exponential phase according to

the optimal MOI (0.01). After adsorption at 30°C for 10 min, the

supernatant was discarded after centrifugation at 10000×g for

2min. The residue was subsequently rinsed thrice using PBS

buffer and resuspended with a 50 mL LB medium containing 3%

NaCl. The resuspended residue was subsequently cultured in an

incubator shaker set at 30°C. A sample was taken at 10 min

intervals, up to 60 min, to detect the phage titer in real-time

using the double-layer plate method. Phage burst size was

calculated as the ratio of the phage titer at the end of burst

phase to the concentration of host at the beginning of infection.

The detections were done in three replicates, with the average

value of the final result used to develop the growth curve.
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Thermal and pH stability assay

The phage content was cultured to 1×1011 PFU/mL for the

experiment. The phage was incubated in a water bath set at 30°C,

40°C, 50°C, 60°C, 70°C, and 80°C for 60 min to determine its

thermal stability. For the pH stability assay, the pH of the LB

broth containing 3% NaCl was adjusted to 2, 4, 6, 7, 8, 10, and

12. The medium (900 mL) at different pH values and phage (100

mL) were mixed respectively, then incubated at 30 °C for 60 min.

The double-layer agar methods was used to determine the phage

titer (Wang et al., 2019).
Host range of phage

Nine different strains of Vibrio parahaemolyticus were

cultured to exponential stage, and LB plates were coated

with 200 ml of bacterial solution. After the bacterial solution

was air-dried, 20 mL phage phiTY18 was dropped on the

coated plate. The plates were observed after 12 hours of

incubation at 30 °C.
Genome sequencing and
bioinformatic analysis

The DNA of phage phiTY18 was extracted using the

TIANamp Virus DNA/RNA Kit (TIANGEN) and was

subjected to Illumina Hiseq second-generation map

sequencing. The sequence reads were assembled using Canu,

SPAdes, and HGAP. The assembled sequences with overlaps
Frontiers in Cellular and Infection Microbiology 03
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were made into a loop, followed by truncation of one side of

the overlap sequence. The functions of the coding sequence

were predicted using Glimmer, GeneMarkS, and Prodigal

software. The sequences were compared and annotated

based on references made to NR, Swiss-Prot, Pfam,

EggNOG, GO, and KEGG databases. The genome was

mapped using DNAPlotter (Carver et al. , 2009; Liu

et al., 2019).
Comparative genomes and phylogenetic
tree analysis

Phylogenetic trees was constructed based on the amino

acid sequence of the major capsid protein (MCP) and the

terminase large subunit (TerL) by using MEGA 7.0 to analyze

the evolutionary relationship between phage phiTY18 and

other phages (Kumar et al., 2008). A proteomic tree was

drawn using the Viral Proteomic Tree server (https://www.

genome.jp/viptree) (YNishimura et al., 2017). The whole

genomes of phage phiTY18, phiKT1024 (OM249648), and

Va1 (MK387337) were subsequently analyzed using

Mauve software.
Results

Morphology of phage phiTY18

Plaques formed by phages on a plate (Figure 1A). TEM

micrographs show that phage phiTY18 has an icosahedral
FIGURE 1

Plaque appearance (A) and virion morphology (B) of phage phiTY18.
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structure, with a head diameter of 130.0 ± 1.2 nm and a

contractile tail length of 66.7 ± 0.6 nm (Figure 1B). Phage

phiTY18 could be classified into Myovirodae based on the

morphological characteristics, according to the classification

and nomenclature standards of the virus proposed by the

International Committee on Taxonomy of Viruses

(ICTV, 2020).
Optimal multiplicity of infection

The contents of phage were different under different MOI.

The infection efficiency of phage was the highest and the

maximum concentration of phage was 7.2×1010 PFU/mL at

the optimal MOI (0.01) (Table 1).
One-step growth curve

The one-step growth curve of phage phiTY18 showed that

the latent period was approximately 10 min and the rise period

was 10 min. The phage number gradually increased steadily and

entered the plateau period after 20 min (Figure 2), and the

average phage burst size was 48 PFU/cell.
Frontiers in Cellular and Infection Microbiology 04
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Thermal and pH stability

The phage phiTY18 still remained a high titer with above

1.28×106 PFU/mL after incubating at 50°C for 1 h according to

the Figure 3A. However, the phage activity gradually weakened

with the increase in temperature and was completely lost at

70°C. The pH stability assay showed that the phage titer could be

maintained above 6.37×107 PFU/mL at pH 5 ~ 9 (Figure 3B).

However, the phage completely lost its activity when the pH was

3 and 12. These findings suggested that strongly acidic and

alkaline conditions affected the phage titer.
Host range of phage

The host range of phage showed that phage phiTY18 could lyse

three out of nine strains of Vibrio parahaemolyticus (Table 2).
Genome analysis of phage phiTY18

The genome sequencing results of phage phiTY18 revealed

that the genome consisted of 191,500 bp, with a G+C% of 34.9%

(Figure 4). Further analysis predicted that the phiTY18 genome
FIGURE 2

One-step growth curve of phage phiTY18. Each data point is the average of three independent experiments, and error bar represent standard deviations.
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contained 117 open reading frames (ORFs), including 60 (51%)

functional ORFs and 57 (49%) hypothetical proteins with

unknown functions (Supplementary Table 1). In addition, 24

tRNAs were predicted, but no rRNA was predicted. ORF1 was

predicted to encode the tail fibrin, which typically interacts with

bacteria as a receptor-binding protein (RBP) in bacteriophages

of the Myoviridae (Sun et al., 2021). The bacteriophage tail has

many protein structures which play a vital role in host cell

recognition, adsorption, digestion, and phage genome injection.
Frontiers in Cellular and Infection Microbiology 05
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ORF91 encoded the head protein while ORF89 and ORF92

encoded the head portal protein and neck protein, respectively,

thus forming a channel to export the genome (Zhang et al., 2017;

Zhang et al., 2021). The proteins encoded by ORF18 and

ORF101 in the genome replication module were predicted to

be DNA helicases and thus could unlock the double helix

structure of DNA and promote DNA replication. ORF25 was

predicted to encode phage slide forceps, which assisted ORF22

and ORF23, which encoded two proteins with DNA polymerase
TABLE 2 The result of Phage host spectrum.

bacteria TY17 TY18 TY19 TY20 TY21 TY22 TY23 TY24 TY25

plaque + + – – – – – – +
frontier
‘+’ indicates that bacteria can be lysed by phage phiTY18 to form plaques, while ‘-’ indicates that they cannot be.
BA

FIGURE 3

Thermal stability (A) and pH stability (B) of phage phiTY18. Each data point is the average of three independent experiments, and error bar
represent standard deviations.
TABLE 1 Multiplicity of infection of phage phiTY18.

MOI Initial concentration Final concentration of phage(PFU/mL)

Phage(PFU/mL) Host(CFU/mL)

1000 1×108 105 2.7×109

100 1×108 106 2.4×1010

10 1×108 107 2.0×109

1 1×108 108 5.4×109

0.1 1×107 108 8.0×109

0.01 1×106 108 7.2×1010

0.001 1×105 108 3.2×109

0.0001 1×104 108 1.4×109

0.00001 1×103 108 2.2×108
The bold words mean that the phage can reach the highest culture content at MOI.
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activity, to replicate DNA. The protein encoded by ORF96 was

predicted to be DNA ligase, which could catalyze the connection

of double-stranded DNA and assist in DNA replication and

recombination. In addition, ORF115 and ORF116 encoded

topoisomerase, which could catalyze the breaking and binding

of DNA strands. ORF104 encoded transcriptional regulators are

essential for regulating the modification of protein synthesis

during DNA replication. ORF71 encoded a phage tail lysozyme,

a class of enzymes encoded by bacteriophages that can cleave

bacteria. The tail lysozyme can attack the bacterial cell wall

peptide polysaccharide layer, leading to the degradation of the

cell wall layer and promoting the release of newly assembled

virions (Trudil, 2015).
Comparative genomes and phylogenetic
tree analysis

The genome of phage phiTY18 shared high homology with

two Vibrio phages, phiKT1024 (97%) and Va1 (93%), according

to the blastn in NCBI. Genomic collinearity analysis further

revealed their similarity (Figure 5). According to the

phylogenetic tree constructed by MCP (Figure 6A) and TerL
Frontiers in Cellular and Infection Microbiology 06
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(Figure 6B), phage phiTY18 was found to be in the same branch

with two similar Vibrio phages phiKT1024 and Val, and no other

Vibrio phage was highly related to phiTY18. The VipTree server

recorded 132 Vibrio phages, which were further divided into 9

different family (Supplementary Table 2). The results of

proteomic tree (Figure 7) analysis also showed that these three

phages were independent from a branch ofMyoviridae and were

distinguished from other phages in the database of VipTree,

indicating that they probably represented a novel sub-cluster

of Myoviridae.
Discussion

In this study, a novel phage phiTY18 was isolated from

seawater using Vibrio parahaemolyticus TY18 as a host.

Morphologically, phage phiTY18 was a regular icosahedron,

which had a head with a width of 130.0 ± 1.2 nm and a tail

with a length of 66.7 ± 0.6 nm according to transmission electron

microscopy. The phage burst size was 48 PFU/mL, and the phage

titer was up to 7.2×1010 PFU/mL at the optimal MOI. Moreover,

The one-step growth curve showed that compared with phage

B23 and PH1, phage phiTY18 had a shorter incubation period
FIGURE 4

The genome map of bacteriophage phiTY18. The first and second circles from the outside to the inside are the CDS on the positive and
negative strands. The different colors represent different gene functions. The third circle indicates the GC content. The inward and outward
parts denote a lower GC content and higher GC content in the region compared to the average GC content of the whole genome, respectively.
The fourth circle represents the GC-Skew value; GCskew>0 indicates the leading chain, while GCskew< 0 indicates the lag chain.
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(10min) and a faster lysis (10min) (Liu Z et al., 2017; Zhu et al.,

2018). The results of temperature analysis showed that phage

phiTY18 could maintain a titer above 1.28×106 PFU/mL at 30-

50 °C, and its activity decreased gradually with the increase in

temperature. The optimal pH adaptation of phage phiTY18 was

between 5 and 9 and was completely inactivated at pH ≦3 and

≧12 and the results are similar to the previous study. (Wang

et al., 2019).

Genome sequencing results suggested that phiTY18 was

dsDNA with a total length of 191,500bp. A comparison of the

whole genome of phiTY18 with other known phages in the

NCBI database revealed that it shared high homology with two

Vibrio bacteriophages phiKT1024 (OM249648) and Va1

(MK387337), sharing nucleotide sequence identities of 97%

and 93%, respectively. Among them, tail fibrin ORF1 and

ORF2 related to phage host interaction share only 52.83% and

31.75% homology with tail fibrin of phage phiKT1024, which

may be related to phage’s specific recognition of host through
Frontiers in Cellular and Infection Microbiology 07
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RBP (Zampara et al., 2020). However, the homology of other

phage tail proteins, such as phage tail tubulin proteins (ORF84

and ORF85), can reach more than 98% (Supplementary Table 1).

ORF117 is predicted to be a tail-completing protein with an

important role in phage tail assembly (Pell et al., 2009). ORF80 is

the putative major capsid protein among the structural proteins

of phage phiTY18. The capsid protein acts as the shell of the

phage and tightly encloses the genetic material of the phage. It is

also commonly used in phage classification because its coding

sequence is highly conserved (Bamford et al., 2005). Most potent

phages have regions encoding replication-related enzymes in

their genetic material (Li et al., 2012). Phage phiTY18 also had

several ORFs related to DNA replication, regulation, and nucleic

acid metabolism among the known functional ORFs. The

replication-related proteins enable the genetic material of

phages to enter the host cell and use the host enzyme system

to replicate their genetic material and protein expression.

Proteins in these DNA replication modules (ORF22, ORF23,
BA

FIGURE 6

Phylogenetic tree based on major capsid protein (MCP) (A) and the terminase large subunit (B). Phylogenetic trees were constructed by the
neighbor-joining method with 1000 bootstrap replicates, following the ClustalW alignment of amino acid sequences using MEGA 7.0. The tree
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per
site. The phage phiTY18 was labeled with a red diamond-shaped.
FIGURE 5

Collinear analysis of phage phiTY18 with Vibrio phage phiVa1 and phiKT1024. The collinearity analysis of three phages Va1, phiTY18 and
phiKT1024 are shown. The same color indicates that this part of the sequence is similar.
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ORF25, ORF101, ORF101, ORF109, ORF115) all had more than

90% homology compared wi th phage phiKT1024

(Supplementary Table 1). ORF58 (endodeoxyribonuclease)

hydrolyzes DNA in host cells to provide DNA for phage

synthesis (Kropinski et al., 2013).

Lysozyme can act on peptidoglycan on the bacterial cell wall

and increase its solubility, causing cell rupture from the inside

and the release of progeny phages (Fernandes and São-José ,
2017; Etobayeva et al., 2018; Zhang et al., 2021). The lytic system
Frontiers in Cellular and Infection Microbiology 08
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of phage phiTY18 is encoded by gene of ORF71. The tail

lysozyme encoded by ORF71 has 70% homology with the

lysozyme of phage phiKT1024 (Supplementary Table 1), which

indicates that the two phages may have the same lysis mode.

Notably, phages have great limitations in practical application

because of their high host specificity. In contrast, lyase has little

host specificity. Numerous scholars have thus focused on phage

lyase studies and the cloning and expression of lyase (Briers

et al., 2014; Defraine et al., 2016).
FIGURE 7

Proteomic tree analysis of Vibrio phage. Phages phiTY18, Va1, and phiKT1024 were labeled with a red star respectively.
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Despite the numerous phage genome information in the

current NCBI database, there are still many unknown areas in

phage genome and functional annotation. This study details the

biological characteristics and whole genome of a novel Vibrio

parahaemolyticus phage phiTY18, providing an important

theoretical basis for exploring the less known field of phages

for use in practical applications.
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of the multidrug-resistant
Aeromonas hydrophila MX16A
providing insights into antibiotic
resistance genes

Yuxin Guo1†, Chenxi Zeng1†, Chenjie Ma1, Hongjiao Cai1,
Xinglong Jiang1, Shaowei Zhai1, Xiaojin Xu1 and Mao Lin1,2*

1Fisheries College, Engineering Research Center of the Modern Technology for Eel Industry,
Ministry of Education, Jimei University, Xiamen, Fujian, China, 2Key Laboratory of Healthy
Mariculture for the East China Sea, Ministry of Agriculture and Rural Affairs, Xiamen, Fujian, China
In this paper, the whole genome of the multidrug-resistant Aeromonas hydrophila

MX16A was comprehensively analyzed and compared after sequencing by PacBio

RS II. To shed light on the drug resistance mechanism of A. hydrophila MX16A,

a Kirby-Bauer disk diffusion method was used to assess the phenotypic drug

susceptibility. Importantly, resistance against b-lactam, sulfonamides, rifamycins,

macrolides, tetracyclines and chloramphenicols was largely consistent with the

prediction analysis results of drug resistance genes in the CARD database. The

varied types of resistance genes identified from A. hydrophila MX16A revealed

multiple resistance mechanisms, including enzyme inactivation, gene mutation

and active effusion. The publicly available complete genomes of 35 Aeromonas

hydrophila strains on NCBI, including MX16A, were downloaded for genomic

comparison and analysis. The analysis of 33 genomes with ANI greater than 95%

showed that the pan-genome consisted of 9556 genes, and the core genes

converged to 3485 genes. In summary, the obtained results showed that A.

hydrophila exhibited a great genomic diversity as well as diverse metabolic

function and it is believed that frequent exchanges between strains lead to the

horizontal transfer of drug resistance genes.

KEYWORDS

Aeromonas hydrophila, complete genome sequencing, comparative genomics,
multidrug resistance, drug resistance mechanism
Introduction

Occurrences of multi-drug resistance (MDR) have become increasingly frequent in

recent decades, complicating the treatment of certain diseases caused by microorganisms

in humans (Williams and Bardsley, 1999; Thomas et al., 2016; Boucher et al., 2017).

Multidrug-resistant bacteria (MDRB) could render a large number of antibiotic drugs
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ineffective, leading to severe public health concerns and affecting

virtually all population groups around the world (Lautenbach

and Fishman, 1999).The antibiotic-rich environment promotes

horizontal gene transfer between bacteria, increasing the drug

resistance of bacteria and causing a great risk to the public

(Skwor et al., 2020).Furthermore, with constant evolution of

MDRB, food production and safety may also be affected.

Aeromonas spp., a rod-shape and facultative anaerobic

bacteria species, is widely distributed in natural environments,

particularly in aquatic media (Chauret et al., 2001; Scoaris

et al., 2008; Araujo et al., 1991; Rafei et al., 2018). The

mesophilic species exhibits optimal growth at 35–37 °C and

is involved in a variety of human infections whereas

sychrophilic species can be grown at lower temperatures of

22–25 °C and frequently result in nonmotile diseases in fish

(Janda and Abbott, 2010). This species of gram-negative

bacteria, A. hydrophila being one representative, is

commonly associated with a variety of diseases including

septicaemia, gastroenteritis, and wound infections frequently

affecting aquatic animals, terrestrial animals, and humans

(Adamski et al., 2006; Parker and Shaw, 2011; Igbinosa

et al., 2012; Rutteman, 2017).

From 1977 to 2016, three generations of various types of

sequencing technologies have been developed. The second and

third generation sequencing technologies referred commonly

to as next generation sequencing technology, has evolved

significantly with increase in sequencing speed, decrease in

sequencing cost, since its inception in 2004. Currently, the

third-generation sequencing platforms include Helicos™

Genetic Analysis System by SeqLL, SMRT Sequencing by

Pacific Biosciences, Nanopore sequencing by Oxford

Nanopore, to name a few (Ambardar et al., 2016). PacBio’s

DNA sequencing has been used for detailed genomic

invest igat ions of bacterial isolates . Whole genome

sequencing of bacteria has become an important tool for

understanding and analyzing bacterial evolution. The

complete understanding of the antibiotic resistance

mechanisms of MDR A. hydrophila is crucial for the further

development of therapeutic agents. We therefore conducted

PacBio ’s single molecule real time (SMRT™) DNA

sequencing and the preliminary analysis of the MDRB strain

A. hydrophilaMX16A. Our results highlight resistance-related

genes to aid in the understanding of genetic mechanisms of

drug resistance of A. hydrophila and the preliminary

prediction of virulence factors present in the genome. We

further conducted a comparative genomic analysis of MX16A

and reference A. hydrophila strains to generate the pan-core

genome in order to understand the exclusive and shared genes

and characteristics of the species of A. hydrophila. The results

obtained herein will mine and develop the value of the existing

reference genomes, and gain complete variation information

of the entire species.
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Materials and methods

Bacterial strain and antimicrobial
susceptibility test

A. hydrophila strain MX16A was isolated from Jiulong River,

Fujian, China (Lin et al., 2015), and cultured with Luria-Bertani

broth (Hopebio, Qingdao, China) at 30 °C in a shaking incubator

for 24 h. In previous experiments, MX16A was found to be

insensitive to a variety of antibiotics, and contain various

resistance genes and virulence genes detected by PCR.The

toxicity tests showed that the median lethal concentration

(LD50) of A. hydrophila MX16A to zebrafish was 1.6×106

CFU/fish, indicating that MX16A had pathogenicity to aquatic

animals. Antimicrobial susceptibility testing was performed

using the Kirby-Bauer disk diffusion method (OXOID, UK).

All results were determined by the Clinical and Laboratory

Standards Institude (CLSI) guidelines (M100-S23).
DNA extraction and 16S rRNA
gene sequencing

Bacterial genomic DNA was extracted using the TIANamp

Bacteria DNA Kit (Tiangen Biotech, Beijing, China) according

to the manufacturer’s instructions. The strain identity was

confirmed by 16S rRNA gene sequencing using specific

primers (27F: 5’-AGAGTTTGATCCTGGCTCA G-3’; 1492R:

5’-GGTTACCTTGTTACGACTT-3’). The 16S rRNA sequence

results from A. hydrophila MX16A were deposited into the

GenBank Database with accession number KJ806394.1

(https://www.ncbi.nlm.nih.gov/search/all/?term=KJ806394.1).
Library preparation and whole
genome sequencing

High-quality DNA was sent to Majorbio Company

(Shanghai, China) for sequencing by PacBio RS II, a single

molecule real time (SMRT™) DNA sequencing technology

(Pacific Biosciences, Menlo Park, USA). Briefly, A. hydrophila

MX16A genome DNA was first randomly sheared into 8-10 kb

fragments. After repairing the damage and ends of the

fragmented DNA, some appropriately sized double-standard

DNA fragments called SMRTbell™ (structurally linear and

topologically circular), capped by hairpin loops at both ends of

the fragmented pieces. Next, a primer and a polymerase are

annealed to the adapter, and the annealed templates were bound

to DNA polymerase located at the bottom of zero-mode

waveguides (ZMWs) in SMRT™ Cell (single molecule real

time reaction pore, one SMRT™ Cell included 150 thousand

ZMWs) (Ardui et al., 2018). Finally, the MX16A plate was set up
frontiersin.org
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for sequencing. This PacBio TGS sequencing procedure has been

previously described and is shown in Figure 1.
Gene prediction, rapid annotation, and
data analysis

Gene prediction was carried out using Glimmer v3.02 while

rRNA- and tRNA-encoding of genes was predicted using

Barrnap v0.4.2 and tRNAscan-SE v1.3.1. Gene annotation and

statistics were performed using blastp (BLAST 2.2.28+) and

compared to the Non-Redundant (Nr) Protein Sequence

Database (https://blast.ncbi.nlm.nih.gov/), Genes Database

(https://www.genome.jp/kegg/genes.html/), String Database

(http://string-db.org/), and Gene Ontology (GO) Database

(http://www.gene-ontology.org/). Analysis of antibiotic-related

genes of the A. hydrophilaMX16A genome was performed using

the Comprehensive Antibiotic Resistance Database (CARD,

https://card.mcmaster.ca/). A circular map based on the

bacterial chromosomal genome was generated using Circos

v0.64 in Perl environment.
Genbank accession number of
MX16A’s genome

The genome sequence of A. hydrophila strain MX16A has

been deposited in GenBank and may be found using accession

number CP018201.1.
Frontiers in Cellular and Infection Microbiology 03
117
Genome data

The genome of A. hydrophila was obtained from the publicly

available genome database in the National Center for

Biotechnology Information (NCBI). A total of 35 genomic

sequences were analyzed in a comparative fashion throughout

this study. The sequences were statistically classified by the host

and source, including human, fish, or other hosts isolated from

China, Asia (except China), South America, North America,

Africa or Europe, respectively.
Determination of average
nucleotide identity

To avoid any possible genomic misidentification, all

genomes were subjected to ANI check using the web based

ANI calculator available at http://enve-omics.ce.gatech.edu/ani/

index. In the ANI calculation, the strain A. hydrophila MX16A

was used as a standard to analyze the genetic relationship

between the A. hydrophila MX16A genome and the

downloaded reference genome.
Analysis of pan-genome and
core-genome

Generated faa files of 33 strains were used from the

Prokaryotic Dynamic Programming Genefinding Algorithm
FIGURE 1

Schematic representation of PacBio’s DNA sequencing. A. hydrophila MX16A DNA sample was extracted by using a TIANamp Bacteria DNA Kit
(Tiangen Biotech, Beijing, China) following the manufacturer’s instructions.
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(Prodigal). These served as input files for the Bacterial Pan

Genome Analysis tool (BPGA) to perform a core-pan-genome

analysis. USEARCH clustering algorithm was used as

parameters to run BPGA. The identity value was 0.5 and the

number of combinations was 500.
Prediction of drug resistance genes and
virulence genes

Prediction of drug resistance genes and virulence genes was

re-performed for 35 genomic sequences. Gff files of 35 strains

were generated by Prokka. Drug resistance genes were predicted

by AMRfinder (https://www.ncbi.nlm.nih.gov/pathogens/

antimicrobial-resistance/AMRFinder/), and virulence factors

were identified based on the core data set of the VFDB (http://

www.mgc.ac.cn-/VFs/). The identity threshold used was 90%

and the coverage threshold was 60%.
Results

Strain identification and antibiotic
susceptibility

A total of 16S rRNA gene sequences clearly identified the

isolate as A. hydrophila. Antimicrobial susceptibility testing was

carried out based on the Kirby-Bauer method (Table 1). A.

hydrophilaMX16A was proved to be resistant to most antibiotics

tested, including cefotaxime, amoxicilli, trimethoprim-

sulfamethoxazole, rifampicin, erythromycin, tetracycline,

streptomycin and chloramphenicol which represent b-lactams,

macrolides, rifamycins, tetracyclines, sulfonamides,

aminoglycosides, and chloramphenicols respectively. Based on
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the drug sensitivity test, it can be concluded that A. hydrophila

MX16A was indeed a multidrug-resistant bacterium.
Whole genome analysis

The complete genome of A. hydrophila MX16A consisted of

a single circular 4,168,374 bp chromosome with 4418 genes and

no plasmid. The general genome features included the genomic

GC content, intergeneric region length, and the number of RNA

genes (Table 2). The circular genome map was consistent with

the characteristics of bacterial genome (Figure 2). Furthermore,

we performed a GO analysis to determine the functional

classification of differentially expressed genes (DEGs) in the

regulation process of MX16A. All DGEs could be combined into

three main GO categories, namely biological process, cellular

component, and molecular function, along with 43 subcategories

as shown in Figure 3.
Types and distribution of resistance-
associated genes

Analysis of antibiotic-related genes of A. hydrophilaMX16A

associated with resistance to b-lactams (ampC, bla2, blaZ),

tetracyclines (tetA), quinolones (gyrA, parC), sulfonamides

(sulA, folC) , aminoglycosides (aphA, aacC, aadA) ,

chloramphenicols (cat), macrolides (msbA), and rifamycins

(rpoB) was performed using CARD databases. Some other

efflux-associated genes following by acrA, acrB, emrA, emrB,

emrD, emrE, mdtK, tolC, bcr, and ABCC10 (gene symbol of efflux

protein MRP7) were also identified (Table 3 and Figure 4).

However, antimicrobial susceptibility test (Table 1) revealed

that MX16A was not resistant to enrofloxacin and norfloxacin.
TABLE 1 Antimicrobial susceptibility profile of A. hydrophila MX16A.

Antimicrobial class Antimicrobial agent Disk content (mg) Inhibition
zone diameter (mm)

Interpretive Criteria Susceptibility

R I S

b-lactams Cefotaxime 30 14 ≤22 15-22 ≥26 R

Amoxicillin 10 0 ≤13 14-17 ≥17 R

Quinolones Nalidixic acid 30 11.5 ≤13 14-18 ≥19 R

Norfloxacin 10 18 ≤12 13-16 ≥17 S

Enrofloxacin 5 18 ≤15 16-20 ≥21 I

Sulfonamides Trimethoprim-
Sulfamethoxazole

1.25/23.75 0 ≤10 11-15 ≥16 R

Rifamycins Rifampicin 5 13 ≤16 17-19 ≥20 R

Macrolides Erythromycin 15 0 ≤13 14-22 ≥23 R

Tetracyclines Tetracycline 30 10 ≤11 12-14 ≥15 R

Aminoglycosides Streptomycin 10 11 ≤11 12-14 ≥15 R

Chloramphenicols Chloramphenicol 30 12 ≤12 13-17 ≥18 R
S, susceptible; I, intermediate; R, resistant. The results were interpreted based on the guidelines by the Clinical and Laboratory Standards Institute (CLSI).
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We further compared the common mutation sites on the

quinolone resistance- determining regions (QRDR) of gyrA

and parC genes and found that Ser83 on gyrA and Ser87 on

parC were both mutated to Ile. For this reason, MX16A was

performed additional drug sensitivity tests to nalidixic acid and

found to be resistant to it.
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Overview of the genomes for comparison

The complete genomes of 35 Aeromonas hydrophila strains

isolated from different regions and hosts on NCBI, including

MX16A, were downloaded for genomic comparison (Table 4).
Comparative analysis of average
nucleotide identity

In recent studies, whole-genome average nucleotide identity

(ANI) has emerged as a robust method for assessing species

boundaries. Typically, organisms belonging to the same species

have ≥95% ANI values. ANI represents the average nucleotide

identity of all orthologous genes shared between any two

genomes and offers robust resolution between strains of the

same or closely related species (showing 80–100% ANI) (Jain

et al., 2010). We performed ANI analysis on the whole genome
frontiersin.or
FIGURE 2

Circos circular map of A. hydrophila MX16A genome. The outer circle indicates the size of the genome, every scale represents 0.5 Mb; The second
and third circles represent the CDS from positive-sense and negative-sense strand of genome sequences, different colors represent various
functions of COG; The fourth circle represents tRNA and rRNA; The fifth circle shows the (G+C) content, the outer red portion indicates that the
GC content of the region is higher than the average GC content of the whole genome; higher peaks indicate a larger difference with the average
GC content; the inner blue signals indicate that the GC content of the region was lower than the average GC content of the whole genome; higher
peaks indicate a larger difference with the average GC content; the innermost circle shows the GC-Skew value. The innermost circle features the
GC-Skew value, the specific algorithm was (G-C)/(G+C), useful to determine the leading strand and lagging strand. In general, the leading strand GC
features skew>0, the lagging strand GC features skew<0. This may further help to determine the replication starting point and the cumulative offset
may also assist in determining the starting point, i.e. cumulative offset minimum, and the end point, i.e. cumulative offset maximum, of replication,
particularly important for cyclic genomes.
TABLE 2 General genome features of A. hydrophila MX16A.

Feature Value

Gene total length (bp) 4,168,374

Intergenetic region length (bp) 615,130

GC content (%) 61.57

Gene/Genome (%) 87.10

No. of Genes 4418

No. of rRNA 31

No. of tRNA 126
g
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of 35 Aeromonas hydrophila strains used in this study (Figure 5;

Supplementary Table 1). The figure shows a region with high

similarity and a higher genomic diversity. The analysis revealed

that strains GCA_014161955.1 and GCA_022982835.1 featured

high similarity with A. hydrophila MX16A. The corresponding

ANI was 99.6% and 98.6%, respectively. The similarity of strains

GCA_013205705.1 and GCA_903684605.1 with MX16A was

below 95%. This finding may indicate that these two strains were

misclassified as A. hydrophila.
Comparative genome analysis

Compar ed w i th A. hyd roph i l a MX16A , on l y

GCA_014161955.1 and GCA_022982835.1 featured greater ANI

than 98%. Using the genomes of the three strains as inputs,

OrthoFinder was used to pally align the protein sequences of the

strains and detect the shared protein between the strains. Based on

the generated files (Orthogroups. GeneCount. TSV) for processing,

the protein contained in each of the three genomes were sorted out.

Jvenn was used to draw a comparative analysis diagram of the

clustering results of the three strains protein (Figure 6). The results

obtained were similar to the ANI prediction and strain MX16A was

demonstrated to be more similar to GCA_014161955.1 as these two

strains shared most of the protein. Strain GCA_022982835.1

featured a larger number of unique proteins.
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Pan-core genome analysis

Excluding the two strains with an ANI lower than 95%, the

remaining 33 strains were analyzed regarding their pan-core

genome. As the number of genes increased, the number of core

genes gradually decreased and was then found to plateau while

the pan-genome continued to expand. The final core genome

size was converged to 3485 genes and the final pan-genome was

converged to 9556 genes (Supplementary Tables 2, 3), presenting

an open state (Figure 7). It may be speculated in this context that

the A. hydrophila genome featured a more stable core gene

cluster with high partial genome variability. These highly

variable sections of the genome potentially enable different

environmental adaptations.
Analysis of drug resistance and
virulence factors

The online tool ITOL (https://itol.embl.de/) was used to

generate evolutionary trees and maps of drug resistance genes

and virulence factors (Figure 8). A total of 12 classes of resistance

genes were predicted in these genomes, of which b-lactam
and b-lactam:carbapenem genes were shared by 35 strains.

Genes of b-lactam:cephalosporin were also shared by alomost
FIGURE 3

Gene ontology (GO) functional classification of A. hydrophila MX16A. DEGs, Differentially expressed genes.
frontiersin.org

https://itol.embl.de/
https://doi.org/10.3389/fcimb.2022.1042350
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fcimb.2022.1042350
all strains, except the two possibly misclassified strains

GCA_013205705.1 and GCA_903684605.1 (ANI<95%). Strain

MX16A featured a larger number of resistance genes

(Supplementary Table 4). For virulence factors, 6 classes of
Frontiers in Cellular and Infection Microbiology 07
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virulence factors could be determined, common to most

strains. The strains GCA_003491225.1, GCA_001455365.1,

GCA_001518775.1, GCA_001683535.1 and GCA_011602425.1

exhibited highly similar drug resistance genes and virulence
TABLE 3 Resistance genes of the A. hydrophila MX16A genome extracted by CARD and Nr analysis.

Type Antibiotic
resistanceontology

Hit
length
(bp)

Description

b-lactams ampC 382 AmpC is a class C b-lactamase, commonly isolated from extended- spectrum cephalosporin-resistant gram-
negative bacteria.

bla2 254 Bla2 is a chromosomal-encoded b-lactamase, found in Bacillus anthracis, exhibiting penicillin, cepha-lonsporin,
and carbapenem- hydrolizing capabilities.

blaZ 299 BlaZ is a class A b-lactamase responsible for penicillin resistance in Staphylococcus aures.

Chloramphenicols cat 150 The cat gene is used to describe many variants of the chloramphenicol acetyltransferase (CAT) gene in a range
of organisms.

Aminoglycosides aacC 97 The aacC gene encodes forms of acetyltransferase (AAC).

aadA 172 The aadA gene encodes forms of adenylyltransferase (ANT).

aphA 236 The aphA gene encodes forms of phosphotransferase (APH).

Quinolones gyrA 915 DNA gyrase (DNAG) is responsible for DNA supercoiling and consists of two a- and two b-subunits.
Mutations in the quinolone resistance-determining regions (QRDRs) of these genes (gyrA, gyrB, parC and parE)
result in amino acid substitutions that structurally change the target protein and, subsequently, the drug-binding
affinity of the enzyme. In E. coli, the most common mutation site in gyrA is at Ser83 followed by Asp87, and
similar mutation frequencies are seen at equivalent positions for gyrA and parC in other species.

parC 764 ParC is a subunit of topoisomerase IV (TOPO IV) that decatenates and relaxes DNA to allow access to genes
for transcription or translation. Point mutations in ParC prevent fluoroquinolone antibiotics from inhibiting
DNA synthesis and confer low-level resistance.

Rifamycins rpoB 1342 RNA polymerase (RNAP) is a multi-subunit enzyme necessary for transcription. The b-subunit of RNAP forms the
active center of the enzyme and template/transcript binding sites. Mutations in rpoB gene confers antibiotic resistance.

Sulfonamides sulA 162 The sulA gene encodes forms of dihydropteroate synthase (DHPS) that confer resistance to sulfonamide.

folC 415 Similar to sulA.

Antibiotic Efflux tetA 424 TetA is a tetracycline efflux pump found in various species of gram-negative bacteria.

acrA 349 Protein subunit of AcrAB-TolC multidrug efflux complex. AcrA represents the periplasmic portion of the
transport protein.

acrB 1065 Protein subunit of AcrAB-TolC multidrug efflux complex. AcrB functions as a heterotrimer forming the inner
membrane component and is primarily responsible for substrate recognition and energy transduction by acting
as a drug/proton antiporter.

tolC 441 TolC is a protein subunit of numerous multidrug efflux complexes in gram-negative bacteria, functions as an
outer membrane efflux protein, and is constitutively open. Regulation of efflux activity often takes place at its
periplasmic entrance by other components of the efflux complex.

emrA 350 EmrA is a membrane fusion protein, providing an efflux pathway with EmrB and TolC between the inner and
the outer membranes of E.coli.

emrB 517 EmrB is a translocase in the EmrAB-TolC efflux protein in E.coli. It recognizes substrates including carbonyl
cyanide m-chlorophenylhydrazone (CC-CP), nalidixic acid, and thioloactomycin.

emrD 399 EmrD is a multidrug transporter from the major facilitator (MF) superfamily primarily found in E.coli. EmrD
couples efflux of amphipathic compounds with proton import across the plasma membrane.

emrE 137 EmrE is a small multidrug transporter that functions as a homodimer and couples the efflux of small
polyaromatic cations from the cell with the import of protons down an electrochemical gradient. EmrE is found
in E.coli and Pseudomonas aeruginosa.

mdtK 440 MdtK is a multidrug and toxic compound extrusions (MATE) family transporter conferring resistance to
norfloxacin, doxorubicin, and acriflavine.

msbA 589 MsbA is a multidrug-resistance (MDR) transporter homolog from E.coli belonging to the adenosine
triphosphate (ATP) binding cassette (ABC) superfamily. MsbA transports lipid A, a major component of the
bacterial outer cell membrane, and is the only bacterial ABC transporter that is essential for cell viability.

bcr 395 Bcr is a transmembrane protein that expels bicyclomycin from the cell, leading to bicyclomycin resistance.

ABCC10 1186 ABCC10 is a ABC superfamily human protein that can transport amphipathic anions and confer resistance to
several anticancer agents such as docetaxel and vincristine.
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factors, all isolated from China with fish being the host.

However, these strains stem from different Chinese provinces

such as Guangdong and Hubei, potentially resulting in spreading

due to breeding and transportation.
Discussion

Drug resistance and resistance-
associated genes of A. hydrophila MX16A

From antibiotic sensitivity tests. we could determine that A.

hydrophila MX16A was resistant to all clinically used drugs

except for some quinolones. This finding was consistent with the

results of the majority of drug resistance genes predicted

by CARD.
Enzyme mediated drug resistance

b-lactam antibiotics have been extensively used to against

gram-negative pathogens due to their broad spectrum of

antibacterial activity these drugs exhibit until the appearance

of the b-lactam inactivator b-lactamase (Abraham and Chain,

1988). The latter enzymes hydrolyze the b-lactam ring and

therefore reduce the overall activity of b-lactam drugs (Davies,

1994). The process of enzymatic hydrolization is regarded as the

primary resistance mechanism to b-lactam antibiotics in drug-

resistant pathogens. Overexpression of various chromosomally-

mediated-b-lactamases in A. hydrophila is generally associated

with b-lactam as reported previously (Ko et al., 1998; Saavedra
Frontiers in Cellular and Infection Microbiology 08
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et al., 2004; Balsalobre et al., 2009). As such, the chromosome-

borne enzyme AmpC coded as gene ampC has been found to

inactivate carbapenem antibiotics in Enterobacteriaceae bacteria

(Suh et al., 2010) while the b-lactamase Bla2, coded as

chromosomal gene bla2, has been found to be expressed in

Escherichia coli, resulting in b-lactam hydrolyzation and drug

resistance against antibiotics based on carbapenem,

cephalosporinase, and penicillinase (Materon et al., 2003).

Chloramphenicol acetyltransferase (CAT), encoded by the gene

cat, represents the main factor for chloramphenicol resistance

demonstrated by some bacteria strains. This type of antibiotic

inactivating enzyme may catalyze the acetyl-S-CoA-dependent

acetylation of chloramphenicol at the 3-hydroxyl group to

transfer chloramphenicol to a metabolite without antimicrobial

activity (Shaw, 1983). Moreover, in bacteria, resistance to

aminoglycosides is usually deemed to enzymatic inactivation by

acetyltransferases (encoded by gene aac), adenylyltransferases

(encoded by gene aad), and phosphotransferases (encoded by

gene aph) (Shaw et al., 1993).
Genetic mutation-mediated
drug resistance

Naturally occurring resistance to fluoroquinolones in gram-

negative bacteria is usually due to the genetic mutation of DNA

gyrase (encoded by gyrA) and topoisomerase IV (encoded by

parC), both of which represent the enzyme targets of

fluoroquinolones in the bacterial cell and play a key role in

DNA replication (Drlica and Zhao, 1997; Hooper, 2000). These

enzymatic changes in the target site may block the formation of
FIGURE 4

Sankey diagram of distribution of resistance-associated genes in A. hydrophila MX16A. CAT, chloramphenicol acetyltransferase; AAC,
acetyltransferase; ANT, adenylyltransferase; APH, phosphotransferase; DNAG, DNA gyrase; TOPO IV, topoisomerase IV; RNAP, RNA polymerase;
DHPS, dihydropteroate synthase.
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compounds by these enzymes and fluoroquinolones, usually

responsible for bacterial DNA replication inhibition (Hooper,

2000). Furthermore, the region for mutations within gyrA and

parC has been described as the quinolone-resistance

determining region (QRDR) (Yoshida et al., 1990) and is

associated with the mechanism of quinolone-resistance in

Aeromonas spp. as reported previously (Alcaide et al., 2010).

Moreover, anti-rifampicin strains have been reported with

alteration of the rpoB gene encoding the beta subunit of RNA

polymerase. A large majority of rifampicin-resistant isolates

including Aeromonas strains are related to specific mutations
Frontiers in Cellular and Infection Microbiology 09
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within the 81-bp region (rifampicin-resistance determining

region, RRDR) of the rpoB gene as reported in the literature

(Herrera et al., 2003; Zhou et al., 2012; Pridgeon et al., 2013).

For living cells, folate derivatives, synthesized by most

bacterial species, generally represent the requisite cofactors

participating in the biosynthesis of purines, pyrimidines, and

amino acids. Thus, enzymes in the pathway of folate biosynthesis

represent the paramount targets to folate-inhibitors, including

sulfonamides, to antagonize pathogens (Goulding et al., 2005).

Earlier reports have revealed that sulfonamide-resistance was

closely associated with genetic mutation of the dihydropteroate
TABLE 4 Genomes information of 35 srains of A. hydrophila used in the present study.

Strain name GenBank assembly accession Host Region

MX16A GCA_001895965.1 water China

WCHAH045096 GCA_002850695.3 water China

NUITM-VA1 GCA_021654355.1 water Asia (excluding China)

M052 GCA_001756325.1 water Asia (excluding China)

GSH8-2 GCA_004296435.1 water Asia (excluding China)

WP7-S18-ESBL-06 GCA_014161955.1 water Asia (excluding China)

CS USB2 GCA_020162255.1 water North America

GTCBM_22 GCA_019348635.1 water South America

BB1457 GCA_903684605.1 water Africa

KLG1 GCA_901212375.1 water Europe

ZYAH72 GCA_003491225.1 fish China

LHW39 GCA_011602425.1 fish China

JBN2301 GCA_001455365.1 fish China

D4 GCA_001518775.1 fish China

B11 GCA_013205705.1 fish China

GYK1 GCA_001683535.1 fish China

HX-3 GCA_009791455.1 fish China

AH10 GCA_000963645.1 fish China

LP0103 GCA_022557195.1 fish China

3019 GCA_018802385.1 fish North America

3019 GCA_018802385.1 fish North America

Aer_OnP4.2 GCA_017310115.1 fish South America

AC185 GCA_022631175.1 fish Asia (excluding China)

ATCC 7966 GCA_000014805.1 other Europe

AFG_SD03_1510_Ahy_093 GCA_003323285.1 other Asia (excluding China)

WCX23 GCA_004684305.1 other China

RIT668 GCA_012641195.1 other North America

S73-1 GCA_017315485.1 other North America

A34a GCA_015353175.1 other Africa

ZYAH75 GCA_003491245.1 Homo sapiens China

Ah2111 GCA_022982835.1 Homo sapiens China

CN17A0135 GCA_016729115.1 Homo sapiens China

AHNIH1 GCA_001687125.1 Homo sapiens North America

RIMD111065 GCA_016592295.1 Homo sapiens Asia (excluding China)

Aer284 GCA_003849735.1 Homo sapiens South America

S-P-C-021.01 GCA_022488365.1 Homo sapiens Africa
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synthase (DHPS) encoded by the chromosomal gene sul and fol

(e.g. sulA and folC) in bacteria (Maskell et al., 1997; Swedberg

and Ringertz, 1998; Haasum et al., 2001).
Efflux protein-mediated drug resistance

Efflux pumps are one of the major causes of MDR in almost

all bacterial species with gene-encoding proteins found on the

chromosomes or plasmids (Webber and Piddock, 2003; Poole,

2007). According to the structural diversity, energy sources, and

substrates, efflux pumps of gram-negative bacteria can be

divided into five families: ATP-binding cassette (ABC)

superfamily, major facilitator (MF) superfamily, resistance

nodulation division (RND) family, multi-antimicrobial

extrusion (MATE) family, and small multidrug-resistance

(SMR) family (Blair et al., 2014).

As members of the ABC superfamily proteins, MRP7/

ABCC10 (gene symbol ABCC10) may transport amphipathic

anions and cause resistance to several anticancer agents such as

docetaxel and vincristine (Hopperborge et al., 2004; Kruh et al.,

2007) while MsbA protein (encoded by gene msbA and localized

to the inner membrane) was found to cause resistance to
FIGURE 5

Heat map of ANI pairings between any two genomes of MX16A (in red font) and other A. hydrophila strains downloaded from NCBI database.
FIGURE 6

Venn diagram showing the protein shared and exclusive among A.
hydrophila GCA_001895965.1 (MX16A), GCA_014161955.1, and
GCA_022982835.1.
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FIGURE 7

Pan-core genome analysis of 33 strains of A. hydrophila, except the two possibly misclassified strains (ANI<95%).
FIGURE 8

Phylogenetic tree, distribution of drug-resistance genes and virulence factors of 35 strains of A. hydrophila.
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erythromycin by means of ATP binding and hydrolytic

properties in both gram-positive (Woebking et al., 2005) and

gram-negative (Ghanei et al., 2007) microorganisms. The

corresponding gene tetA located on the chromosome encoding

TetA efflux protein (generally associated with MF superfamily)

frequently observed in Aeromonas spp. isolates (Jacobs and

Chenia, 2007) has been described to leave the host bacterium

unharmed by actively transporting intracellular tetracycline out

of cell cytoplasm (Roberts, 2005; Wang et al., 2014). Previous

studies have revealed that overproduction of MdtK, a MATE

family membrane transport protein, encoded by gene mdtK,

could induce resistance to norfloxacin, doxorubicin, and

acriflavine in Salmonella enterica (Horiyama et al., 2010).

TolC (encoded by tolC), an outer membrane protein,

functions as the outer membrane channel to several MDR

efflux systems (Benz et al., 1993), including the AcrAB-TolC

(RND-type) and EmrAB-TolC (MF-type). AcrAB-TolC

represents the main efflux system commonly found in various

gram-negative bacteria (Pradel and Pagès, 2002; Baucheron

et al., 2004; de Cristóbal et al., 2006), forming by a tripartite

complex comprised of a cytosolic membrane pump (AcrB,

encoded by acrB), a periplasmic membrane fusion protein

(AcrA, encoded by acrA), and a TolC protein (Du et al.,

2014). The EmrAB-TolC efflux system is also composed of

three componentes including the membrane protein EmrA

(encoded by emrA), transporter protein EmrB (encoded by

emrB), and outer membrane protein TolC (Lomovskaya and

Lewis, 1992). These two above-mentioned efflux systems,

particularly AcrAB-TolC, have been reported to significantly

affect the antimicrobial resistance to multiple antibiotic classes

such as tetracyclines, chloramphenicols, rifamicins, b-lactams,

quinolones, and macrolides in gram-native bacteria (Okusu

et al., 1996; Nishino et al., 2003; Baucheron et al., 2004;

Chollet et al., 2004; Elkins and Mullis, 2007). Moreover, EmrD

(MF superfamily) and EmrE (SMR family) represent two

membrane transporter proteins codified by genes emrD and

emrE, respectively. Both of these proteins may induce drug

resistance by involving adaptation to low energy shock or

exporting diverse drug substrates protecting bacteria from

antibiotic damage according to various studies reported in the

literature (Naroditskaya et al., 1993; Rotem and Schuldiner,

2004). Moreover, gene bcr encoding a drug resistance bacterial

transmembrane protein (Bcr), was also identified from the A.

hydrophila MX16A genome involved in bicyclomycin and

sulfathiazole resistance in E. coli (Bentley et al., 1993; Hayashi

et al., 2010).
Comparative genome analysis

As described above, we were able to assess the diversity level

of the biological genome to some extent related to the ratio of
Frontiers in Cellular and Infection Microbiology 12
126
core genome to pangenome. The pangenome analysis of A.

hydrophila described in this paper showed a large genomic

diversity and further demonstrated that this species could

adapt to and survive in different environmental conditions. In

a previous study found in the literature (Ghatak et al., 2016), the

pan-genome and core genes of 16 strains of Aeromonas in the

genus Aeromonas spp. were analyzed and the results showed that

A. hydrophila exhibited a higher genome diversity than A.

veronii and A. caviae. Combined with our analytical data, the

number of genes in the core genome did not change

significantly, further confirming that the core genome of A.

hydrophila is indeed stable. Finally, it may also be speculated that

the genome of A. hydrophila features rich metabolic functions.
Analysis of virulence and drug
resistance factors

Type III secretion systems are considered an important

virulence mechanism for aeromonads (Sierra et al., 2010;

Krzymińska et al., 2012). In this study, we did not predict

genes for the type III virulence system, however, Ghatak et al.,

reported genes related to the type III secretion systems are

present in all genomes of A. hydrophila, presumably due to the

use of different databases. Importantly, a different drug

resistance gene database for A. hydrophila MX16A was used in

this report, resulting in some differences in the forecasted results.

Several strains with more and roughly similar resistance genes

stemed from different host types and were distributed in

different regions. Due to the wide geographical distribution of

A. hydrophila and the wide distribution of its hosts, it is

hypothesized that frequent gene exchange between strains may

lead to the transfer of corresponding drug resistance genes.
Conclusions

In this study, we report preliminary results regarding the

environmental MDR Aeromonas hydrophila strain MX16A

based on complete genome sequence analysis. The results of

resistance gene prediction analysis were mostly consistent with

the phenotypic antimicrobial susceptibility test. A variety of

antibiotic-related genes identified from the A. hydrophila

MX16A genome indicates that this bacterium may pose a

potential threat to both human and aquatic animal health with

phylogenetic analysis further confirming this conclusion. The

diverse types and distributions of antibiotic genes of A.

hydrophila MX16A suggested that the bacterial resistance

mechanism was variable as follows: enzyme inactivation,

genetic mutation, and active efflux. However, it still remains

unclear which and how these three variables influence the overall

drug resistance mechanism of A. hydrophila MX16A. Thus,
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future studies may now focus on the genomic characteristics

potentially further leading to the development of targeted

antibiotics. A. hydrophila MX16A exhibited close similarities

to GCA_022982835.1. Due to the finding that humans are the

primary host for the GCA_022982835.1 strain, it may be

concluded that the pathway of human infection with

Aeromonas may be due to the presence of this bacterial species

in water and infected aquatic animals. Genome comparison

studies carried out throughout this research further revealed

that A. hydrophila displays a wide host and geographic

distribution pattern, is not conserved, features high genome

variability, and horizontal gene transfer may promote the

evolution of other strains.
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and its regulation of
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GATA3 is a transcription factor that plays an important role in T cell lineage

differentiation and T-helper 2 (Th2) type immune responses. In this study, we

developed two rat antibodies against Atlantic salmon GATA-3 (anti-rSsGATA-

3a and anti-rSsGATA-3b, respectively). The western blotting and

immunofluorescence results showed that anti-rSsGATA-3b antibodies

recognized endogenous SsGATA-3 proteins, while the anti-rSsGATA-3a

antibodies did not bind SsGATA-3. Immunohistochemical analysis revealed

that SsGATA-3 positive cells were detected in all tissues tested, with relatively

high number of immune reactive cells in the gills and spleen. Furthermore, the

immunohistochemical study revealed that SsGATA-3 was expressed in pillar

cells, epithelial cells, chondrocytes, perichondrium cells, and some

undifferentiated basal cells. In addition, we determined 577 bp of the

upstream promoter sequence of SsIL-4/13a and found four motifs that

matched SsGATA-3 binding sites. The promoter regions of SsIL-4/13a were

assessed by transfecting four deletion reporter constructs and SsGATA-3

overexpression plasmids. The result showed that SsGATA-3 enhanced the

activity of SsIL-4/13a promoters within the region ranging from -317 to -302

bp upstream of the transcriptional start site. Antibodies against Th2 markers

such as GATA-3 are valuable in addressing the diversity of T cell responses

in fish.
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Introduction

Naïve T cells, which are functionally immature, can be

differentiated into different subsets of effector T cells upon

activation in mammals (Zhu and Paul, 2010). CD4+ T helper

(Th) cells can be subdivided into distinct subsets characterized

by specific transcriptional regulatory networks and unique

cytokine repertoires, which orchestrate immune responses and

play key roles during infection, chronic inflammation,

autoimmune diseases, and carcinogenesis (Gagliani and

Huber, 2017). The main subsets of T helper cells are Th1/Th2/

Th17/Tregs, in which Th1 and Th2 are two well-studied subsets

(Zhu J. F. et al., 2012). Th1 cells express T-bet and produce IFN-

g, IL-2, and TNF-a; Th2 cells express GATA-3 and secrete IL-4,

IL-5, IL-9, and IL-13. Response governed by Th1 cells is

important to mount response against intracellular pathogens

such as viruses, bacteria, and microorganisms. Th2 cells are

emphasized to be involved in response to extracellular pathogens

enabling, e.g., humoral immunity (Kidd, 2003).

GATA-3 is a member of the GATA family of transcription

factors and possesses N-terminal transactivation domains and

two zinc fingers, namely the N-terminal zinc finger and the C-

terminal zinc finger (Fox et al., 1998; Tevosian et al., 1999). The

C-terminal region of GATA-3 is highly conserved among the

GATA family proteins. The amino acid motif (YxKxHxxxRP) is

adjacent to the C-terminal zinc finger domain of GATA-3. It

plays a vital role in GATA-3 DNA binding and function,

including transcriptional activity and the ability to induce

chromatin remodeling at the Th2 cytokine gene loci

(Shinnakasu et al., 2006). Several IL-4-like genes such as IL-4/

13a, IL-4/13b1, and IL-4/13b2 have been cloned from Atlantic

salmon (Salmo salar L.), pufferfish (Tetraodon nigroviridis), sea

bass (Dicentrarchus labrax L.), and zebrafish (Danio rerio) (Li

et al., 2007; Ohtani et al., 2008; Wang et al., 2016; Stocchi et al.,

2017). The reports showed that fish IL-4/13a has perfect TATA

box and GATA-3 binding motifs in the proximal promoter

regions of the gene. However, IL-4/13b lacks such a box and

motif in its proximal promoter regions. Thus, IL-4/13a might be

the real IL-4 orthologous gene, but more evidence is still needed

(Zhu L. Y. et al., 2012).

Cartilaginous and bony fish are the most primitive

vertebrates with thymus and possess T-like cells comparable to

mammals (Nakanishi et al., 2015). Molecular and cellular

evidence for the existence of T-helper cell subsets in fish has

appeared during the last years. As examples, the transcription

factors (T-bet, GATA-3, Foxp3) and cytokines (IL-12, IFN-g, IL-
4, TGF-b) have all been identified from teleost fish (Neave et al.,

1995; Read et al., 2004; Takizawa et al., 2008; Kumari et al., 2009;

Wang et al., 2010; Chi et al., 2012), which shows that akin T

helper cells differentiation process is also present in fish.

Whether these cells will match precisely to the mammalian

paradigm and nomenclature remains to be shown, but the
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findings so far suggest that many similarities to known T cell

subsets exist (Wang and Secombes, 2013). This study aimed to

investigate the regulatory mechanism of Th2 responses in

Atlantic salmon. For this purpose, we prepared rat antibodies

of GATA-3 (SsGATA-3) and examined specifically the

expression of SsGATA-3 proteins in tissues and the regulation

of SsGATA-3 in IL-4/13a (SsIL-4/13a) transcripts.
Material and methods

Animals

Atlantic salmon, 40-50g, were kept at the Aquaculture

Research Station (Tromsø, Norway) in flat-bottomed circular

200 L tanks at an ambient temperature of approximately 12°C

with 12/12 h illumination and fed commercial pelleted diets.

Prior to treatment, the fish were anesthetized in Metacaine (50

mg L-1, Norsk Medisinaldepot) and sacrificed using 100 mg L-1

Metacaine before collecting the different tissues. The production

of anti-rSsGATA-3 antibodies in rats were approved by the

Instructional Animal Care and Use Committee of the Ocean

University of China. All possible endeavors were made to

minimize suffering and maintain animal welfare.
Construction of plasmids

For the construction of the pSsGATA-3-RFP plasmid, the

open reading frames of SsGATA-3 (GenBank No: EU418015)

were retrieved from GenBank and cloned as previously

described (Kumari et al., 2009). From a spleen cDNA library,

the gene was subcloned into a pTagRFP-N vector (Evrogen,

Moscow, Russia) by PCR using primer SsGATA3F/SsGATA3R

(Table 1) to generate pSsGATA-3-RFP plasmids.

For the construction of pETSsGATA-3a and pETSsGATA-

3b, which expresses His-tagged recombinant SsGATA-3a

(rSsGATA-3a, amino acid residues 1-260) and SsGATA-3b

(rSsGATA-3b, amino acid residues 261-441), the coding

sequences of SsGATA-3a and SsGATA-3b were amplified by

PCR with primers SsGATA3aF/SsGATA3aR and SsGATA3bF/

SsGATA3bR (Table 1). The PCR products were ligated with the

TA cloning vector T-Simple (TransGen, Beijing, China). The

recombinant plasmids were digested with EcoRV to retrieve

fragments containing SsGATA-3a and SsGATA-3b, which were

inserted into pET259 at the EcoRV site to obtain pETSsGATA-

3a and pETSsGATA-3b.

For the construction of SsIL-4/13a reporter gene plasmids,

the 5’-flanking region sequence of the SsIL-4/13a (GenBank No:

NM_001204895.1) was obtained from Genome (GenBank NO:

NC_059454.1) according to the BLASTN programs. The

Genomic DNA was isolated from spleen with the TIANNamp
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Marine Animals DNA kit (TransGen, Beijing, China). PCR

amplified approximately 600 bp of 5’-flanking regions by

primer SsIL-4/13aproF/SsIL-4/13aproR (Table 1). For

sequencing, the PCR products were cloned in TA cloning

vector T-Simple (TransGen, Beijing, China). The Identification

of transcription factor binding motifs was predicted with

TRANSFAC® (Biobase International) (Heinemeyer et al.,

1998) and MatInspector version 6.2 (Cartharius et al., 2005).

Sequences with successive removal of the 5’-flanking regions

were amplified by PCR using forward primers SsIL-4/13aF1,

SsIL-4/13aF2, SsIL-4/13aF3, SsIL-4/13aF4 and reverse primer

SsIL-4/13aR (Table 1) to generate deletion constructs p(-577/

+20) Luc, p(-317/+20) Luc, p(-302/+20) Luc and p(-264/+20)

Luc. The PCR products were inserted into reporter vector

pMetLuc-2 (Clontech, Mountain View, CA, USA). All

plasmids were transformed and grown in One Shot TOPO 10

Escherichia coli (Invitrogen, Carlsbad, CA, USA) and then

isolated using Endo-free Plasmid Mini Kit (QIAgen, Hilden,

Germany), verified by restriction map analysis and

DNA sequencing.
Preparation of recombinant proteins
and antibodies

The rSsGATA-3a and rSsGATA-3b were expressed and

purified as described previously (Wang and Sun, 2016). Briefly,

Escherichia coli BL21 (DE3) cells (TransGen, Beijing, China)

were transformed separately with pETSsGATA-3a and

pETSsGATA-3b. Then, the transformants were grown to the

mid-logarithmic phase in LB medium at 37 °C, and isopropyl-

b-dithiogalactopyranoside was added to the cultures to a final

concentration of 1 mM. After growing at 30°C for an additional

6 hours, the cells were harvested by centrifugation (3000 g).
Frontiers in Cellular and Infection Microbiology 03
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His-tagged proteins were purified using Ni-NTA Agarose

(QIAgen, Hilden, Germany) as recommended by the

manufacturer. The proteins were concentrated with

PEG20000 (Solarbio, Beijing, China), and endotoxins were

removed as reported previously (Zhang and Sun, 2019). The

concentrated proteins were analyzed by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and

their concentrations were determined using the Bradford

method with bovine serum albumin as a standard

(Bradford, 1976).

The rat anti-rSsGATA-3a and rat anti-rSsGATA-3b serum

were prepared following a protocol described previously (Liu

et al., 2010). The antibodies were purified using Protein G-based

Chromatography Media (Sigma, St. Louis, MO, USA) in line

with the introduction of manufacture. The concentrations of

purified antibodies were determined using the Bradford method

with bovine serum albumin as a standard and adjusted to 1 mg

ml-1 (Bradford, 1976). The specificity of antibodies was detected

by Western blotting and immunofluorescence.
Western blotting

Tissue and recombinant proteins were electro-transformed

(30 V for 1.5 h) from a 12.5% SDS-PAGE onto a polyvinylidene

fluoride (PVDF) membrane. Then the membrane was blocked

with 5% skimmed milk for 1 hour at 37°C and incubated with rat

anti-rSsGATA-3a (1:1000) or rat anti-rSsGATA-3b (1:1000)

overnight at 4°C, respectively. After being washed thrice with

PBST, the membrane was incubated with goat-anti-rat Ig-HRP

(1:5000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1

hour at 37°C. After washing three times with PBST, the

immunocomplex was detected using Pierce™ ECL Western

Blotting Substrate (Pierce, Rockford, IL, USA).
TABLE 1 Primers that were used in this study.

Name Sequence (5’-3’) Use

SsGATA3F agctaagcttATGGAAGTATCCGCCGA(HindIII) Plasmid construction

SsGATA3R agctaagcttGCCCATGGCAGAGACCA(HindIII) Plasmid construction

SsGATA3aF gatatcATGGAAGTATCCGCCGAC(EcoRV) Plasmid construction

SsGATA3aR gatatcTCTACCTTCTGAACATGA(EcoRV) Plasmid construction

SsGATA3bF gatatcGAGTGCGTTAACTGTGGAG(EcoRV) Plasmid construction

SsGATA3bR gatatcGCCCATGGCAGAGACCA(EcoRV) Plasmid construction

SsIL-4/13aproF TCCTACCTGCACTGAGTGTCGGA 5’-flanking regions cloning

SsIL-4/13aproR CATCTTTGGTTGGGTTTATTTG 5’-flanking regions cloning

SsIL-4/13aF1 agctaagcttTCCTACCTGCACTGAGT(HindIII) Promoter cloning

SsIL-4/13aF2 agctaagcttATTGGCAGATAAGACCT(HindIII) Promoter cloning

SsIL-4/13aF3 agctaagcttCTTGAGGCCCCGTCGTT(HindIII) Promoter cloning

SsIL-4/13aF4 agctaagcttATTCGGCGAAACGCCTCT(HindIII) Promoter cloning

SsIL-4/13aR cgggcccgcgCATCTTTGGTTGGGTTTA(SacII) Promoter cloning
The endonucleases are marked at the end of the sequence and restriction sites are shown in lower cases.
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Cell line culture, transfection,
immunofluorescence, and reporter
activity assay

Chinook salmon embryonic (CHSE-214) cells were seeded

in the standard flask (Nunc™) with L-15 medium (Invitrogen,

Carlsbad, CA, USA) containing penicillin (60 mg ml−1),

streptomycin (100 mg ml−1), 1% non-essential amino acids and

8% fetal bovine serum (FBS). The CHSE-214 cells were

incubated at 20°C for one week. Cells were washed twice with

10 ml PBS before adding 1.5 ml trypsin (Sigma, St. Louis, MO,

USA). Loosened cells were re-suspended in L-15 medium (8%

FBS, 1% NEAA, without antibiotics), counted in Nucleocounter

YC-100 (Invitrogen, Carlsbad, CA, USA), and seeded in separate

wells (1 x 105 cells well-1). The pSsGATA-3-RFP and pTagRFP-

N were transfected to cells with Lipofectamine LTX (Invitrogen,

Carlsbad, CA, USA) according to supplier protocol. Mock-

transfected cells were considered as control. After 48 h, the

cells were fixed with 4% formaldehyde (w/v) (Invitrogen,

Carlsbad, CA, USA) for 30 minutes. After washing thrice, the

cells were incubated with 200 ml 5% skimmed milk for 2 h at

room temperature. The cells were subsequently incubated with

200 ml rat anti-rSsGATA-3a (1:200), rat anti-rSsGATA-3b

(1:200) or rat anti-Trx (1:200) as control for 1 h at 37°C with

occasional shaking, then washed thrice with PBS and incubated

for another 1 h at 37°C with goat-anti-rat Ig-FITC (1:500)

(Abcam, Boston, MA, USA). After washing thrice, DAPI

(Sigma, St. Louis, MO, USA) was used for nucleic acid

staining. Micrographs were obtained by an inverted

fluorescence microscope equipped with DAPI-365 and Texas

Red 530-585 filters (Carl Zeiss Imager A2, Jena, Germany).

For reporter activity assay, the CHSE-214 cells were re-

suspended in L-15 medium and seeded in 24 well culture plate (2

x 105 cells well-1). The reporter vectors, pSsGATA-3 and

pTagRFP-N were transfected to the cells with Lipofectamine

LTX according to the manufacturer’s instructions. 48 hours after

transfection, the culture mediums of transfected cells were

analyzed for luciferase activity and SEAP activity using the

luciferase assay kit and great scape ™ SEAP chemiluminescent

detection kit (Clontech, Mountain View, CA, USA), respectively.
Immunohistochemistry

Four-µm-thick formalin-fixed, paraffin-embedded (FFPE)

tissue sections were mounted on StarFrost Advanced Adhesive

slides (Engelbrecht, Kassel, Germany), followed by drying at

60°C for 2 h. After deparaffinization, slides were pretreated at

120°C in Citric acid buffer (pH=6.0) for 10 min to retrieve

antigens. Sections were incubated for 20 min at room

temperature in a humid chamber with 1% H2O2 and 100%

methanol to quench endogenous peroxidase. After washing
Frontiers in Cellular and Infection Microbiology 04
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thrice, the sections were incubated with 5% skimmed milk for

2 h at room temperature. Then the sections were incubated

with rat anti-rSsGATA-3b (1:200) or rat anti-Trx (1:200)

overnight at 4°C, then washed thrice with PBS, and

incubated for another 1 h at 37°C with goat-anti-rat Ig-HRP

(1:500) (Abcam, Eugene, USA). After washing thrice, the tissue

sections were immersed in a freshly prepared 3, 3’-

diaminobenzidine (DAB) substrate reagent solution

(Invi trogen , Car l sbad , CA, USA) for 10 minutes .

Micrographs were obtained by microscope (Carl Zeiss Imager

A2, Jena, Germany).
Statistical analysis

Statistical analysis was performed using one-way ANOVA

and LSD multiple comparisons in SPSS 20.0 software (SPSS Inc.,

Chicago, IL, USA). Data are expressed as mean ± SD, and

statistical significance was defined as P < 0.01.
Results

Expression of rSsGATA-3a and rSsGATA-
3b protein and detection of the
specificity of the antibodies

The rSsGATA-3a and rSsGATA-3b proteins were expressed in

and purified from transfected E. coli as His-tagged proteins,

respectively (Figure 1A), and the anti-rSsGATA-3a and anti-

rSsGATA-3b antibodies were prepared from rat. Western

blotting showed that the rat anti-rSsGATA-3b antibodies could

specifically recognize rSsGATA-3b (Figure 1B). To further

examine the specificity of the rat anti-rSsGATA-3b antibodies,

CHSE-214 cells were transfected with pSsGATA-3-RFP or

pTagRFP-N. Fluorescence microscopy results revealed that

SsGATA-3-RFP (red) in cells with pSsGATA-3-RFP transfection

were identified in or close to the nuclei (blue) and could be

specifically detected by rat anti-rSsGATA-3b antibodies (green)

(Figure 1C). In contrast, red fluorescence protein in the pTagRFP-

N transfection group was uniformly expressed in cells, but no

green color was observed (Figure 1C). However, the anti-SsGATA-

3a antibodies did not seem to bind GATA-3 (result not shown).
Localization of SsGATA-3 proteins in
Atlantic salmon tissues

Immunohistochemistry and Western blotting were

conducted to detect tissue distribution of SsGATA-3 in healthy

Atlantic salmon tissues. The gray color corresponding to the

immunocomplex was observed in the gills, gill associated
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lymphoid tissue (GIALT), intestine, spleen, liver, and head

kidney (Figures 2A-F). In gills and GIALT, the SsGATA-3

proteins were expressed in pillar cells, lymphocyte-like cells,

epithelial cells, chondrocytes, perichondrial cells, and some

undifferentiated basal cells. In the spleen, intestine, liver, and

head kidney, the SsGATA-3 positive cells were mainly found in

lymphocyte-like cells. The results of Western blot as shown in

Figure 2G, the SsGATA-3 protein was found in most of the

analyzed tissues. The highest contents of SsGATA-3 proteins

were revealed in the gills, followed by spleen, intestine, liver,

head kidney, and liver in healthy salmon. The level of SsGATA-3

protein in muscle was low.
Effect of SsGATA-3 proteins on the
promoter activity of SsIL-4/13a cytokine

In 577 bp 5’-flanking regions (5’-FRs) of SsIL-4/13a, which

exhibit four GATA-3 binding sites located in -445/-339, -310/-

303, -268/-261, and -2/+7 (Figure 3A). In this study, we

examined the potential effect of SsGATA-3 on the activity of

the SsIL-4/13a promoter. For this purpose, four promoter

reporter plasmids contain 577bp, 317bp, 302 bp or 264 bp 5’-

FRs of SsIL-4/13a were created, in which the promoter

activities were reflected by the activities of the luciferase

reporter. CHSE-214 cells were transfected with pSsGATA-3

plus four pLucSsIL-4/13a reporter vectors respectively, and the

luciferase activities were determined. The results showed that

luciferase activities were significantly increased in the presence

of pSsGATA-3 compared to the cells with pTagRFP-N p (-577/

+20) luc and p (-317/+20) luc transfectants (Figure 3B).

However, in p (-302/+20) luc and p (-264/+20) luc

transfectants, luciferase activities were not significantly
Frontiers in Cellular and Infection Microbiology 05
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different between the groups in the presence of pSsGATA-3

and pTagRFP-N (Figure 3B).
Discussion

GATA-3 is a crucial regulator of both innate and adaptive

immunity, and has an important role in the development and

function of T cells, B cells, and nonhematopoietic cells (central

nervous system, inner ear, and skin tissues) in embryonic and

adult tissues (Wan, 2014). In this report, we prepared two

fragments of SsGATA-3 recombinant proteins (rSsGATA-3a

and rSsGATA-3b) and obtained their specific rat antibodies

(rat anti-rSsGATA-3a and anti-rSsGATA-3b). The rat anti-

rSsGATA-3b antibodies bound specifically to SsGATA-3.

The tissue distribution of SsGATA-3 proteins was

comparable with the expression pattern of SsGATA-3 mRNA

in various tissues, where SsGATA-3 previously has been shown

to be highly expressed in head kidney, spleen, and gill (Kumari

et al., 2009). Head kidney and spleen are major immune organs

that produce various immune-related cytokines in teleost fish

(Zapata et al., 2006; Ohtani et al., 2008; Zhu L. Y. et al., 2012).

Gills and GIALT are essential components of mucosal immunity

in fish, with different types of immune cells present (Liang et al.,

2022). Such lymphoid aggregations are important sites for

immune cell development, settlement, proliferation, and the

generation of immune responses. Gill and GIALT with high

expression of GATA-3 mRNA (Kumari et al., 2009) and large

number of GATA-3 positive cells shown in the current study

may be an indication that GATA-3 is likely associated with the

mucosal immune response of teleost fish.

In mammals, Th2 immune response is characterized by Th2

cells, eosinophils, mast cells, and basophils. IL-4, IL-5, IL-9, and
A B C

FIGURE 1

Production and validation of anti-rSsGATA-3 antibodies. (A) The purified rSsGATA-3 proteins were shown by SDS-Page. Lane M: marker; Lane
GATA-3a: purified rSsGATA-3a proteins; Lane GATA-3b: purified rSsGATA-3b proteins. (B) Western blotting shows the specificity of the rat anti-
rSsGATA-3b antibodies. Lane M: marker; Lane GATA-3b: rSsGATA-3b proteins incubated with purified anti-rSsGATA-3b antibodies. (C)
Overexpression of SsGATA-3-RFP in CHSE-214 cells for detection of the specificity of anti-rSsGATA-3b antibodies. The nuclei were stained with
DAPI. Bar = 10 mm.
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IL-13 activate B cells and macrophages, which can either be

protective or have adverse effects in immune response (Wynn,

2015). Our previous study showed that overexpression of

GATA-3 in vivo upregulated IL-4/13a expression in salmon
Frontiers in Cellular and Infection Microbiology 06
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(Slettjord et al., 2020). In this study, we found that GATA-3

increased the promoter activity of IL-4/13a in vitro and the

binding site was between -317 and -302 bp upstream of the

transcriptional start site. This finding suggests that Th2 immune
FIGURE 2

Immunohistochemistry study of the distribution of SsGATA-3 proteins in gills (A), gill-associated lymphoid tissue (GIALT) (B), spleen (C), intestine
(D), liver (E), and head kidney (F). PI: pillar cell; LY: Lymphocyte-like cell; EP: Epithelial cell; UN: undifferentiated basal cell; CH: chondrocyte; LC:
Lymphocyte-like cell in the capillary vessel; PE: perichondrial cell; LG: Lymphocyte-like cell in GIALT. Micrographs displayed in the box show
negative controls. Bar=50mm. (G) Western blot showing the distribution of endogenous SsGATA-3 in different tissues. Anti-histone 3 was used
for loading control.
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response may exist in fish where GATA-3 plays an important

role. Of course, the expression of GATA-3 and its related Th2

regulatory molecular pathways in fish still need to be further

studied, such as whether it is regulated by non-coding RNAs,

such as miRNA and lncRNA (Zhou et al., 2018; Zhang et al.,

2020), and whether it is related to cellular processes such as cell

proliferation, apoptosis, and autophagy (Li et al., 2021; Zhou

et al., 2022).

In summary, SsGATA-3 protein may likely regulate Th2

immune response by modulating the promoter activity of SsIL-

4/13a cytokine in salmon. The SsGATA-3 positive cells were

mainly present in lymphocyte-like cells in spleen, intestine,

liver, and head kidney. However, the SsGATA-3 proteins were
Frontiers in Cellular and Infection Microbiology 07
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also expressed in pillar cells, lymphocytes, epithelial cells,

chondrocytes, perichondrium cells and some undifferentiated

basal cells. This result indicated that not only does GATA-3

participate in common lymphoid progenitor to Th2, the

activity of GATA-3 may also extend beyond a CD4+

T response.
Data availability statement
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A

B

FIGURE 3

The sequence and activity of salmon IL-4/13a promoter. (A) The nucleotide sequence of promoter regions (557 bp) was obtained. The
transcription start site is designated as +1 and boxed. Transcription factor binding sites were predicted by MatInspector and TRANSFAC®.
Consensus elements of transcription factor binding sites are underlined. The number under horizontal lines indicates matrix similarity. The
symbol (+) indicates the binding sites identified on the positive strand, whereas the symbol (-) indicates the opposite. (B) CHSE-214 cells were
transfected by pLucSsIL-4/13a reporter vectors with pSsGATA-3 or pTagRFP-N. pSeap-Control performed as a normalized control. Luciferase
activity is expressed relative to SEAP (mean ± SD from six wells). Double asterisks (**) above bars indicate significant differences (P < 0.01). Data
are from six wells of cells per treatment in one experiment and represent three independent experiments.
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Effects of dietary Bacillus
amyloliquefaciens on the
growth, immune responses,
intestinal microbiota
composition and disease
resistance of yellow catfish,
Pelteobagrus fulvidraco

Mingyang Xue1, Yeying Wu2,3, Yizhan Hong4, Yan Meng1,
Chen Xu1, Nan Jiang1, Yiqun Li1, Wenzhi Liu1, Yuding Fan1

and Yong Zhou1*

1Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Wuhan, China,
2College of Life Sciences, Wuchang University of Technology, Wuhan, Hubei, China, 3Department
of Research and Development, Wuhan Dynamic Life Science Co, Ltd, Wuhan, Hubei, China,
4Department of Production, Hainan Yonghe Biotechnology Co, Ltd, Qionghai, Hainan, China
The influence of dietary probiotic Bacillus amyloliquefaciens on the growth

performance, digestive enzyme activity, immune parameters and disease

resistance of yellow catfish (Pelteobagrus fulvidraco) was evaluated. Commercial

diet (C) or diet containing 106 cfu/g B. amyloliquefaciens (T) was fed for 4 weeks,

and final weight (FW), specific growth rate (SGR) and feed conversion ratio (FCR)

were improved (p<0.05) in the T group. Dietary B. amyloliquefaciens increased

protease and amylase activities in the digestive tract after 2 and 4 weeks,

respectively. Respiratory burst (RB), plasma lysozyme (LZM) activity, total

antioxidant capacity (T-AOC) and superoxide dismutase (SOD) activity were also

elevated (p<0.05). Immune-related genes signal transducer and activator of

transcription 1 (STATA-1), immunoglobulin M (IgM) and C-type lectin (CTL) were

upregulated (p<0.05), but interleukin-1 b (IL-1b) was not (p >0.05). Intestinal

microbiota analysis showed that the community structure was significantly

different between the two groups; the relative abundance of Cetobacterium was

increased but Plesiomonaswas decreased in T. Moreover, challenge tests showed

that the resistance of fish fed B. amyloliquefaciens against Aeromonas veronii and

Edwardsiella ictaluri was significantly enhanced (p<0.05). In conclusion, dietary

supplementation of B. amyloliquefaciens can effectively improve the growth

performance, digestive enzyme activity, immune responses, intestinal microbiota

composition and disease resistance of yellow catfish.

KEYWORDS

Bacillus amyloliquefaciens, intestinal microbiota, disease resistance, Pelteobagrus
fulvidraco, yellow catfish, digestive enzyme activity, dietary supplementation
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1 Introduction

Aquaculture is a rapidly growing industry, but rapid expansion

of fish farming has resulted in the increased occurrence of diseases,

and outbreaks have hindered aquaculture development (Bondad-

Reantaso et al., 2005). There is increasing interest in the use of

functional feeds that contain natural supplements such as probiotics

and prebiotics to improve fish growth and health (Akhter et al.,

2015; Huang et al., 2015; Dawood and Koshio, 2016). Diets

supplemented with probiotics have been studied in many aquatic

animals, such as tilapia (Rmm et al., 2020), shrimp (Sadat Hoseini

Madani et al., 2018), grass carp (Liu et al., 2018; Qi et al., 2020) and

crayfish (Xu et al., 2021), showing positive effects on improving

water quality, increasing nutrient utilisation, enhancing immune

status and disease resistance (Kiron, 2012; Yang et al., 2015;

Hoseinifar et al., 2016). The most widely-investigated probiotics

include Bacillus sp., Lactobacillus sp. and Saccharomyces cerevisiae

(Newaj-Fyzul et al., 2014; Akhter et al., 2015). Bacillus is a genus of

Gram-positive, aerobic or facultative anaerobic, heat-stable spore-

forming bacteria (Nakagawa et al., 2003; Hong et al., 2005). Bacillus

sp. exhibit strong tolerance to environmental changes and

antibacterial activities. These bacteria can also facilitate digestion,

promote immune responses, and help maintain a balanced

intestinal microbiota in hosts (Casula et al., 2002; Reda et al.,

2017; Mingmongkolchai and Panbangred, 2018).

Yellow catfish (Pelteobagrus fulvidraco), a small teleost fish

with exceptional flesh quality and high commercial value, is

widely cultured in China. At present, yellow catfish ranks second

among freshwater fish produced in 27 provinces of China (Wang

et al., 2022), with yields reaching 5.8×105 tons in 2021 (Fisheries

and Fisheries Administration Bureau of Ministry of Agriculture

and Industry, 2022). However, under intensive aquaculture

conditions, bacterial infectious diseases occur frequently,

resulting in severe economic losses (Ye et al., 2009).

Aeromonas veronii and Edwardsiella ictaluri are two

pathogenic bacteria in fish and could result in considerable

economic losses in yellow catfish aquaculture (Zeng et al.,

2021). A. veronii is a severe causative agent of ascites disease

in yellow catfish (Zhou et al., 2019). E. ictaluri can cause “head

perforation disease” in yellow-head catfish (Liu et al., 2010).

Nevertheless, studies on using probiotics and prebiotics as

dietary supplements for yellow catfish are lacking. Only Ming

et al. (2016) reported studies of Taurine as a prebiotic in growth

and immunity of yellow catfish (Ming et al., 2016).

The objective of the present study was to evaluate the

probiotic properties of B. amyloliquefaciens on yellow catfish.

Growth performance, digestive enzyme activities, immune

responses, intestinal microbiota composition and disease

resistance of yellow catfish were investigated. The results

provide a solid base for future development of the yellow

catfish farming industry.
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2 Materials and methods

2.1 Fish and bacteria

Yellow catfish weighing 21 ± 1.2 g were obtained from a

commercial yellow catfish farm located in Hubei province,

China, and transported alive to Yangtze River Fisheries

Research Institute, Chinese Academy of Fishery Sciences,

Wuhan, China. Fish were adapted to the aquarium rearing

conditions (400 L) for 14 days and fed a commercial fish feed

(Tongwei, Chengdu, China). Water temperature (26 ± 0.5°C)

was measured regularly during the experiment. Tanks were

continuously aerated and 30% of water was renewed daily. All

experimental procedures were conducted according to the

guidelines of the Animal Experimental Ethical Inspection of

Laboratory Animal Centre, Yangtze River Fisheries Research

Institute, Chinese Academy of Fishery Sciences (ID Number:

YFI2022-zhouyong-06).

The B. amyloliquefaciens strain was isolated from yellow

catfish intestine and identified by cluster analysis of the 16S

rDNA sequence (SRA: SRR21820145). The B. amyloliquefaciens

strain was selected as a potential probiotic due to its antagonistic

activity against the pathogenic strains Aeromonas veronii and

Edwardsiella ictalurid (Qi et al., 2020), visualised as inhibition

circles on Luria-Bertani (LB) plates (Figure 1). Prior to

experiments, the bacterial strain was inoculated in LB broth

medium and cultured at 30°C with shaking at 180 rpm for 24 h.

Stock cultures were stored in LB broth medium containing

sterile 30% (v/v) glycerol at -80°C.
2.2 Diet preparation

Commercial feed was used as basal diet. To prepare the

supplementary diet, bacterial cells were harvested after overnight

culture by centrifugation at 4°C for 15 min at 6000 g and washed

three times with sterile phosphate-buffered saline (PBS, pH 7.4).

Subsequently, cells were re-suspended in PBS at 106/mL and

mixed with basal diet. Control diet was prepared by adding the

same volume of PBS to the basal diet. Diets were freeze-dried

and stored at 4°C for further use (Gobi et al., 2018).

Experimental diets were prepared every week to ensure the

vitality of probiotics in diets.
2.3 Feeding trails

After an acclimatisation period, fish were randomly divided

into control (C, fed basal diet) and treatment (T, fed B.

amyloliquefaciens supplementation diet) groups. These groups

were distributed in six tanks with 60 fish per tank. Each group
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included three replicates. Basal diet and B. amyloliquefaciens-

enriched diet were given twice a day at 2% body weight for the

experimental period (4 weeks).
2.4 Sample collection

During the 2nd and 4th week of feeding, nine fish from each

tank were randomly collected, anaesthetised with MS222 (Sigma

Aldrich, St. Louis, U.S.A) at 100 mg/L, blood was collected from

the caudal vein of each fish with a 1 mL syringe, and placed in

plastic Eppendorf tubes containing anticoagulant solution

(heparin). The tubes were kept at 4°C overnight and

centrifuged at 3000 g for 10 min and the obtained serum was

stored at -80°C. During the 2nd and 4th week of feeding, intestine

samples from three fish per group were collected to determine

digestive enzyme activity, and midgut tissue from three fish per

group was obtained to determine the relative mRNA levels of

immune-related genes. During the 4th week of feeding, intestine

tissue was flash-frozen in liquid nitrogen and stored at -80°C for

Illumina sequencing.
2.5 Growth measurements

Weight was measured at the beginning and end of the

experiment. The growth performance of fish was calculated as

follows:

Weight gain  g=fishð Þ  =  Wt −  W0

Specific growth rate  SGRð Þ  =  100 �   lnWt −  lnW0ð Þ=t

Feed conversion ratio  FCRð Þ  =  FI= Wt −W0ð Þ
where Wt and W0 are the final and initial weight, respectively, t

is the duration of feeding (in days), and FI is feed intake.
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2.6 Digestive enzyme analysis

Intestine samples were homogenised in PBS at a ratio of 1:9

(w/v) using a glass homogeniser at 4°C. The homogenate was

centrifuged at 5000 × g for 20 min at 4°C to remove tissue debris

(Safari et al., 2014). The supernatant was kept on ice and used

within 24 h. Aliquots of the supernatant, designated as the crude

extract, were used to estimate protease and amylase activities.

Total protein content was determined using bovine serum

albumin as the standard according to the Bradford method

(Bradford, 1976). Protease, amylase and lipase activities were

assessed with a rapid colorimetric kit described by the

manufacturer’s instructions (Jiancheng, Nanjing, China).
2.7 Immunological assays

2.7.1 Respiratory burst activity
Generation of intracellular superoxide radicals by

macrophages was determined from the reduction of nitro-blue

tetrazolium (Solarbio, Beijing, China) as described previously

(Hong et al., 2006), with absorption measured at 620 nm using

KOH/dimethylsulphoxide (DMSO) as the blank.

2.7.2 Serum immune responses
Plasma lysozyme (LZM) activity, total antioxidant capacity

(T-AOC) and superoxide dismutase (SOD) activity were

measured using appropriate kits according to the

manufacturer’s instructions (Jiancheng, Nanjing, China).

2.7.3 Changes in immune-related
gene expression

Total RNA was extracted from tissues using TRIzol reagent

(Invitrogen, Carlsbad, USA). The quality and purity of RNA

were assessed by spectrophotometry, and 260:280 ratios were 1.8

−2.0. Total RNA was reverse-transcribed into cDNA using a
A B

FIGURE 1

Inhibition zones of B. amyloliquefaciens against E. ictaluri (A) and A. veronii (B).
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RevertAid First Strand cDNA Synthesis Kit (TaKaRa, Dalian,

China) following the manufacturer’s instructions. Real-time

quantitative PCR was performed using a SYBR Premix Ex Taq

Perfect real-time Kit (TaKaRa) and a CFX96 Real-Time PCR

Detection System (Bio-Rad, Berkeley, USA). The b-actin
housekeeping gene served as an internal reference. Specific

primers are listed in Table 1. In all cases, each PCR was

performed with triplicate samples. The relative quantification

of gene expression among groups was analysed by the 2-DDCT

method (Livak and Schmittgen, 2001).
2.8 Genomic DNA extraction and
Illumina miSeq sequencing

Bacterial genomic DNAwas extracted using a Bacterial DNA

Kit (Omega, Norcross, USA) following the manufacturer’s

instructions. The V3−V4 region of the bacterial 16S rRNA

gene was amplified by PCR using specific primers 338F (5′-
ACTCCTACGGGAGGCAGCA-3 ′ ) and 806R (5 ′ -
GGACTACHVGGGTWTCTAAT-3′) with barcodes in 50 mL
reactions. Thermal cycling consisted of initial denaturation at

95°C for 1 min, followed by 30 cycles at 95°C for 30 s, 55°C for 30

s, and 72°C for 45 s, and a final extension at 72°C for 10 min.

After separating by agarose gel electrophoresis, samples were

assessed on an Illumina MiSeq PE250 high-throughput

sequencing platform. All sequence reads were quality-filtered

and assembled using the Mothur software package (Schloss et al.,

2009). Reads were clustered into operational taxonomic units

(OTUs) at 97% identity by RDP Classifier algorithm (http://rdp.

cme.msu.edu/) (Wang et al., 2007). The abundance of

corresponding OTUs in each region was calculated at the

genus levels. Abundance-based coverage estimator (ACE),

Chao, Shannon and Simpson alpha-diversity indices were

analysed by Mothur (version v.1.30) (Elizabeth et al., 2009).

Rank - abundance curve was performed with R statistical

software (http://www.r-project.org/) with the aid of the

packages Fields and Vegan (Bates et al., 2013).
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2.9 Challenge tests

Strains A. veronii and E. ictaluri pathogenic to yellow catfish

were used in challenge tests. After the feeding trial, fish in each

diet group were assigned to six tanks, fish in three tanks for each

group were intraperitoneally injected with 0.2 mL A. veronii (107

cfu/mL), and fish in other tanks were intraperitoneally injected

with 0.2 mL E. ictaluri (107 cfu/mL). Infected fish were observed

daily and mortality was recorded for 10 days. All dead fish were

examined bacteriologically to determine the presence of

the pathogen.
2.10 Statistical analysis

Data were analysed by one-way analysis of variance

(ANOVA) and expressed as the arithmetic mean ± standard

deviation (SD). Survival curves were estimated by the Mann-

Whitney U test and Kaplan-Meier method (Bland and Altman,

1998). Differences were determined by Tukey’s test in SPSS

statistical software (SPSS Inc., USA) with p-values<0.05

indicating significance.
3 Results

3.1 Growth parameters

Weight gain and specific growth rate of fish fed diet

supplemented with B. amyloliquefaciens were significantly

higher (p<0.05) than those fed control diet (Table 2). FCR was

significantly higher in fish fed control diet (p<0.05; Table 2).
3.2 Digestive enzyme analyses

Amylase and protease activities in the intestine of yellow

catfish fed with B. amyloliquefaciens were increased significantly
TABLE 1 Primers used to quantify relative gene expression.

Gene Primer sequence Product size References

b-actin F: 5’-CATCACCATCGGCAACGAGAGG-3’ 119 bp (Zeng et al., 2021)

R: 5’-CGTCGCACTTCATGATGCTCTTG-3’

IL1-b F: 5’-CAGGACCTCTTCACTATCTT-3’ 198 bp (Zhu et al., 2017)

R: 5’-TTCATTTCCACCTTTCAG-3’

STAT-1 F: 5’-AAGCGAGGACTGAACACC-3’ 254 bp (Zhu et al., 2017)

R: 5’-TTATCACTGAGCAGAGCCTTA-3’

IgM F: 5’-AGAGCCAAAGTGAGCATTA-3’ 216 bp (Zeng et al., 2021)

R: 5’-CTTGGCAGGTGTATGTGG-3’

CTL F: 5’-TACAACGGCGACAAACTGGA-3’ 134 bp (Zeng et al., 2021)

R: 5’-TCCGTGGGGTCAAAACTACG-3’
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(p<0.05) compared with fish fed control diet (Figure 2). Amylase

and lipase activities showed no significant differences between

control and treatment groups (p >0.05).
3.3 Immunological assays

3.3.1 Respiratory burst activity
After yellow catfish were fed diet containing B.

amyloliquefaciens, their respiratory burst (RB) activity

increased significantly after 2 weeks (p<0.05) compared with

the control diet group, but no statistically significant difference

was found after 4 weeks (p >0.05; Figure 3A).

3.3.2 Serum immune response analysis
LZM, and SOD activities and T-AOC of yellow catfish were

increased significantly in the treatment diet group compared

with the control group after 2 and 4 weeks of feeding (p<0.05;

Figures 3B–D).

3.3.3 Immune-related gene expression
Expression levels of immune-related genes at the 2nd and 4th

week in the intestine of yellow catfish supplemented with

different levels of B. amyloliquefaciens are presented in

Figure 4. Signal transducer and activator of transcription 1

(STAT-1), immunoglobulin M (IgM) and C-type lectin (CTL)

were s ignificant ly upregulated in fish fed with B.
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amyloliquefaciens compared with control diet (p<0.05). By

contrast, interleukin-1b (IL-1b) mRNA levels were not

significantly different among control and treatment groups

(p >0.05).
3.4 Intestinal microbiota composition

To explore changes in the gut microbiota community of

yellow catfish fed a diet supplemented with B. amyloliquefaciens,

OTUs of the intestinal microbiota were determined for each

group according to the abundances of taxa at the genus level. At

the genus level, the primary intestinal microbiota in all groups

were Plesiomonas, Cetobacterium and Romboutsia (Figure 5).

The relative abundance of Cetobacterium was increased

s i gn ifican t l y in the gu t o f ye l low ca tfi sh f ed B.

amyloliquefaciens (p<0.05). Conversely, Plesiomonas was

decreased significantly in the gut of yellow catfish fed B.

amyloliquefaciens (p<0.05; Figure 5).
3.5 Richness and diversity of the
intestinal microbiota

Good’s coverage ranged from 0.996 to 0.999, which

indicated that the gut microbiota of the samples was reliably

identified. There were no significant differences between ACE
B CA

FIGURE 2

Effects of dietary B. amyloliquefaciens on amylase, protease and lipase activities in the gut of yellow catfish. Amylase (A), Protease (B), Lipase (C).
C, control group; T, treatment group. Results are means ± SD from three individual fish (*p<0.05).
TABLE 2 Growth parameters of yellow catfish after 4 weeks feeding with control diet (Control, C) and diet supplemented with B.
amyloliquefaciens (Treatment, T).

Growth parameters Experimental diets

Control Treatment

Initial weight (g) 21.2 ± 0.16a 21.2 ± 0.24a

Final weight (g) 25.1 ± 0.21a 26.8 ± 0.17b

SGR 0.60 ± 0.2a 0.84 ± 0.2b

FCR 1.15 ± 0.3a 0.98 ± 0.2b
fr
Results are means ± standard deviation (SD). Values in each row with different superscripts indicate significant differences among treatments at p<0.05. SGR, specific growth rate. FCR, feed
conversion ratio.
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FIGURE 4

Relative expression levels of immune-related genes in the intestine of fish treated with B. amyloliquefaciens and P. fulvidraco. IL-1b (A), STAT-1
(B), IgM (C), CTL (D). C, control group; T, treatment group (*p<0.05).
B

C D

A

FIGURE 3

Effects of B. amyloliquefaciens on the respiratory burst (RB) activity (A), lysozyme (LZM) activity (B), superoxide dismutase (SOD) activity (C, D)
total antioxidant capacity (T-AOC) of yellow catfish. C, control group; T, treatment group. Results are means ± SD from three individual fish
(*p<0.05).
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and Chao1 indices among control and treatment groups

(p >0.05; Figures 6A, B). However, Shannon and Simpson

indices were significantly higher and lower (p<0.01),

respectively, in the treatment group than the control group

(Figures 6C, D). The range of the curve on the horizontal axis

in the treatment group was significantly higher than that in the

control group (p<0.05; Figure 6E).
3.6 Challenge test

The cumulative survival rates of yellow catfish challenged

with A. veronii and E. ictaluri for 10 days are shown in Figure 7.

At the end of the 10-day challenge test, the cumulative survival

rate of fish fed with B. amyloliquefaciens diet was significantly

higher than that of fish fed with control diet (p<0.05).

Furthermore, A. veronii and E. ictaluri were respectively re-

isolated from the artificially infected fish.
4 Discussion

Research on the dietary supplementation of probiotics in

aquaculture is receiving increasing attention due to the demand

for eco-friendly prophylactic measures for fish growth performance

and health improvement (Geng et al., 2011; Lee et al., 2016;

Asaduzzaman et al., 2018). Probiotics, such as Bacillus spp., are

being used increasingly in aquaculture (Gobi et al., 2018). The

effects of dietary supplementation of Bacillus subtilisHAINUP40 on

growth, immunity and disease resistance of tilapia (Oreochromis

niloticus) were investigated (Liu et al., 2017). In another study,

Muthukrishnan et al. (2016)found that Bacillus cereus BP-MBRG/

1b significantly improved growth performance, intestinal propionic

acid production and haemolymph SOD activity in prawns

(Muthukrishnan et al., 2021). In the present study, dietary

supplementation of B. amyloliquefaciens improved growth

performance, immune responses, the structure of the intestinal

microbiota and resistance to pathogens in yellow catfish.
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Previous studies show that many Bacillus spp. can effectively

improve the host’s growth performance, such as percentage

weight gain and feed efficiency. For instance, Madani et al.

reported that oral administration of commercial probiotic

Bacillus (B. subtilis and B. licheniformis) had beneficial effects

on growth performance parameters and feed utilisation in

Litopenaeus vannamei post-larvae (Sadat Hoseini Madani

et al., 2018). Similarly, B. amyloliquefaciens significantly

improved the specific growth rate and percentage weight gain

of yellow catfish in the present study. It is known that increasing

body weight gain in fish fed a probiotic supplemented diet can be

attributed to increased digestive enzyme activity (Irianto and

Austin, 2010). In the present study, B. amyloliquefaciens dietary

supplementation significantly increased amylase and protease

activities of yellow catfish. However, the proportion of enzymes

produced by probiotics cannot be assessed, since probiotics can

produce enzymes and may also stimulate the production of

endogenous enzymes in fish (Wu et al., 2012; Dawood et al.,

2016; Liu et al., 2017). Our results revealed that B.

amyloliquefaciens could enhance the digestive enzyme activity

of yellow catfish, and thus improve growth.

RBs produced by phagocytes are considered an important

indicator of cellular immunity mechanisms in fish when

evaluating their defence abilities against pathogens (Wu et al.,

2015). Our study revealed that RBs of phagocytes in the

experimental group were increased significantly after 2 weeks

of feeding on a B. amyloliquefaciens-supplemented diet. LZM is

an important component of the innate immune defence system

against invasive pathogens. The rise of serum LZM levels

suggests the elevation of various humoral factors that can

protect the host during pathogen invasion. Liu et al. (2017)

demonstrated that LZM activity of tilapia was increased

significantly after fish were fed with B. subtilis HAINUP40 for

8 weeks (Liu et al., 2017). A similar result was observed in our

study; feeding on B. amyloliquefaciens significantly increased

LZM activity in yellow catfish. Therefore, B. amyloliquefaciens

may induce disease resistance in yellow catfish against A. veronii

and E. ictaluri by promoting RB and LZM activities.
BA

FIGURE 5

Structure and composition of the intestinal bacterial communities in yellow catfish at the genus level. (A) appearing in each sample, (B) means
representing as two groups. C and C1−C3, control groups; T and T1−T3, treatment groups.
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FIGURE 6

Richness and diversity of bacterial species in treatment and control groups. (A–D) are ACE, Chao, Shannon and Simpson indices of OTUs,
respectively. (E) was Rank - abundance curve. C, control group; T, treatment group. Results are means ± SD from three individual fish
(**p<0.01).
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Under normal physiological conditions, animal cells

maintain a balance between generation and removal of

reactive oxygen species. T-AOC includes enzymatic and non-

enzymatic antioxidant activities. SOD is the first line of the

antioxidant enzymatic defence system, and T-AOC is useful to

evaluate the capacity of all antioxidants. In the present study,

activities of SOD and TAOC were increased in the serum of

yellow catfish whose diets contained B. amyloliquefaciens. SOD

and T-AOC are indicators of the antioxidant status of fish, and

are utilised as oxidative stress biomarkers. Therefore, oral

administration of B. amyloliquefaciens promoted the

antioxidant activity of yellow catfish. Similarly, Esteban et al.

(2014) demonstrated that oral administration of Shewanella

putrefaciens and Bacillus on gilthead significantly enhanced its

SOD activity (Esteban et al., 2014). Significantly higher SOD

levels were reported after 8 weeks of feeding on Lactobacillus

rhamnosus in red sea bream (Dawood et al., 2016) and B. subtilis

HAINUP40 in tilapia (Liu et al., 2017).

Cytokines are cell signalling molecules involved in many

physiological processes, including the regulation of immune and

inflammatory responses, which are important to maintain the

health of hosts (Xiao et al., 2018). In the present study, mRNA

expression levels of immune-related genes in intestine were

measured after dietary administration of probiotic B.

amyloliquefaciens. Pro-inflammatory cytokines such as IL-1b
mediate powerful inflammatory responses in fish after infection

(Julio et al., 2014). Our results showed that Bacillus did not cause

inflammation in yellow catfish. Additionally, oral administration

of B. amyloliquefaciens upregulated the expression of IgM, CTL

and STAT-1 in intestine of yellow catfish. IgM and CTL play key

roles in controlling pathogens and maintaining homeostasis in

fish. A number of probiotics can effectively modulate the

expression of inflammatory cytokines in many animals (Rebeca

et al., 2013; Guo et al., 2016). These results suggest that immune
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cytokines are influenced by B. amyloliquefaciens, and further

promote disease resistance in yellow catfish.

The intestinal microbiota plays important roles in host

health due to its critical influence on metabolism and immune

function (Xu et al., 2022). The richness and diversity of gut

bacteria are closely linked to the stability of intestinal microbial

communities in animals (Piazzon et al., 2019; Xue et al., 2022).

Significantly increased Shannon index and significantly

decreased Simpson index values were observed for the

treatment group in the present study, while ACE and Chao1

index values among control and treatment groups were not

significantly different. These results indicate that the diversity of

the intestinal microbiota in treatment group was significantly

increased, but there was no significant change in bacterial

richness. B. amyloliquefaciens may improve intestinal stability

and health by increasing the diversity of intestinal microbiota.

As the largest immune organ in the body, the intestinal tract

plays an important role in reducing the invasion of pathogenic

bacteria. An increase in the diversity and stability of gut

microbes also contributes to host immunity, this also

contributes to the host’s resistance to disease. The relative

abundance of Cetobacterium was increased significantly and

Plesiomonas was decreased significantly in the gut of treated

yellow catfish vs. controls. Cetobacterium is an important

beneficial bacteria in the gut of aquatic animals, and it can

produce large quantities of vitamin B-12 (Tsuchiya et al., 2008).

Members of the genus Plesiomonas are ubiquitous opportunistic

pathogens in aquaculture systems, and can cause infections in

humans (Ekundayo and Okoh, 2019; Xi et al., 2019). In the

present study, diets containing B. amyloliquefaciens increased

the proportion of beneficial bacteria and decreased the

proportion of harmful bacteria in yellow catfish.

The current study revealed a higher survival rate in P.

fulvidraco challenged with A. veronii or E. ictaluri when fed a
BA

FIGURE 7

Cumulative survival rate of P. fulvidraco after challenge with A. veronii (A) and E. ictaluri (B) for 10 days. C, control group; T, treatment group.
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B. amyloliquefaciens-supplemented diet compared with a

basal diet. The ability of probiotics to inhibit the growth of

pathogenic bacteria and elevate the immune response

of hosts might be important for reducing the percentage

cumulative mortality and protecting yellow catfish against

these pathogens.
5 Conclusions

In summary, B. amyloliquefaciens exhibits many properties

of a good probiotic, including the ability to secrete extracellular

enzymes and inhibit the growth of pathogenic bacteria. Oral

administration of B. amyloliquefaciens can improve growth

performance, digestive enzyme activities, immune responses,

the structure of the intestinal microbiota and disease resistance

against A. veronii and E. ictaluri in yellow catfish. These results

indicate that B. amyloliquefaciens can be used as a potential

probiotic in yellow catfish farming.
Data availability statement

The data presented in the study are deposited in the NCBI

(https://www.ncbi.nlm.nih.gov/) repository, accession

number SRR21820145.
Ethics statement

The animal study was reviewed and approved by Animal

Experimental Ethical Inspection of Laboratory Animal Centre,

Yangtze River Fisheries Research Institute, Chinese Academy of

Fishery Sciences (ID Number: YFI2022-zhouyong-06).
Author contributions

MX conceived and designed the study, performed the data

collection, analysis, statistical analysis, and wrote the

manuscript. YW and CX conducted the software analysis and

literature review. YH and NJ conducted the animal management
Frontiers in Cellular and Infection Microbiology 10
148
and sample collections. YM, WL and YL performed the

microbial analysis, immunity analysis, and literature review.

YF and YZ contributed to acquisit ion of funding,

conceptualization, writing - review & editing, and supervision.

All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by the National Key Research

Development Program of China (2019YFD0900105), and the

Central Public-interest Scientific Institution Basal Research

Fund (2020TD44).
Acknowledgments

We thank Wuhan Dynamic Life Science and the Hainan

Yonghe Biotechnology Co., Ltd. for support in carrying out

this study.
Conflict of interest

Author YW is employed by Wuhan Dynamic Life Science

Co, Ltd. Author YH is employed by Hainan Yonghe

Biotechnology Co, Ltd.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
Akhter, N., Wu, B., Memon, A. M., and Mohsin, M. (2015). Probiotics and
prebiotics associated with aquaculture: A review. Fish Shellfish Immunol. 45, 733–
741. doi: 10.1016/j.fsi.2015.05.038

Asaduzzaman, M., Iehata, S., Akter, S., Kader, M. A., Ghosh, S. K., Khan, M. N.
A., et al. (2018). Effects of host gut-derived probiotic bacteria on gut morphology,
microbiota composition and volatile short chain fatty acids production of
Malaysian mahseer tor tambroides. Aquaculture Rep. 9, 53–61. doi: 10.1016/
j.aqrep.2017.12.003
Bates, S. T., Clemente, J. C., Flores, G. E., Walters, W. A., Parfrey, L. W., Knight,
R., et al. (2013). Global biogeography of highly diverse protistan communities in
soil. ISME J. 7, 652–659. doi: 10.1038/ismej.2012.147

Bland, J. M., and Altman, D. G. (1998). Statistics notes - survival probabilities (the
Kaplan-Meier method). BMJ Clin. Res. 317, 1572–1572. doi: 10.1136/bmj.317.7172.1572

Bondad-Reantaso, M. G., Subasinghe, R. P., Arthur, J. R., Ogawa, K., Chinabut,
S., Adlard, R., et al. (2005). Disease and health management in Asian aquaculture
☆. Veterinary Parasitol. 132, 249–272. doi: 10.1016/j.vetpar.2005.07.005
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1016/j.fsi.2015.05.038
https://doi.org/10.1016/j.aqrep.2017.12.003
https://doi.org/10.1016/j.aqrep.2017.12.003
https://doi.org/10.1038/ismej.2012.147
https://doi.org/10.1136/bmj.317.7172.1572
https://doi.org/10.1016/j.vetpar.2005.07.005
https://doi.org/10.3389/fcimb.2022.1047351
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Xue et al. 10.3389/fcimb.2022.1047351
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Casula,, Gabriella,, Cutting,, and Simon, M. (2002). Bacillus probiotics: Spore
germination in the gastrointestinal tract. Appl. Environ. Microbiol. 68, 2344–2352.
doi: 10.1128/AEM.68.5.2344-2352.2002

Dawood, M., and Koshio, S. (2016). Recent advances in the role of probiotics and
prebiotics in carp aquaculture: A review. Aquaculture 454, 243–251. doi: 10.1016/
j.aquaculture.2015.12.033

Dawood, M., Koshio, S., Ishikawa, M., El-Sabagh, M., Esteban, M. A., and
Zaineldin, A. I. (2016). Probiotics as an environment-friendly approach to enhance
red sea bream, pagrus major growth, immune response and oxidative status. Fish
Shellfish Immunol. 57, 170–178. doi: 10.1016/j.fsi.2016.08.038

Ekundayo, T. C., and Okoh, A. I. (2019). Antimicrobial resistance in freshwater
plesiomonas shigelloides isolates: Implications for environmental pollution and
risk assessment. Environ. pollut. 257, 113493. doi: 10.1016/j.envpol.2019.113493

Elizabeth,, Grice,, Heidi,, Kong,, Sean,, Conlan,, et al. (2009). Topographical and
temporal diversity of the human skin microbiome. Science 324, 1190–11192. doi:
10.1126/science.1171700

Esteban, M. A., Cordero, H., Martıńez-Tomé, M., Jiménez-Monreal, A. M.,
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Identification of Vibrio ponticus
as a bacterial pathogen of coral
trout Plectropomus leopardus

Chunlei Gai1*†, Jie Liu2,3†, Xurui Zheng2,3, La Xu1 and Haibin Ye1

1Marine Science Research Institute of Shandong Province, Qingdao, Shandong, China, 2National
Pathogen Collection Center for Aquatic Animals, Shanghai Ocean University, Shanghai, China,
3Key Laboratory of Freshwater Fishery Germplasm Resources, Ministry of Agriculture and Rural
Affairs of China, Shanghai, China
Vibrio ponticus is a vital pathogen with potential danger for aquaculture

animals. Yet V. ponticus pathogenic to the coral trout Plectropomus

leopardus is still unknown. In this study, a virulent bacterial strain, temporarily

named DX2, was isolated from diseased coral trout suffering liver necrosis with

cell vacuolar degeneration, and was identified molecularly and phenotypically

as V. ponticus. Besides, the DX2 isolate showed an LD50 value of 6.64×105 CFU

mL-1, developedmultiple resistances to cephalosporins, macrolides, penicillins,

peptides, and sulfonamides antimicrobials, and was highly susceptible to

doxycycline and florfenicol in aquaculture use. To the best of our

knowledge, this is the first report of the pathogenicity of V. ponticus to the

coral trout, and the findings provide a reference for the control of pathogenic

V. ponticus in the coral trout.

KEYWORDS

Vibrio ponticus, Plectropomus leopardus, histopathological characterization,
virulence, antibiotic susceptibility
Introduction

The coral trout Plectropomus leopardus is a commercially important tropical marine

fish and widely distributed from the Western Pacific to East Africa and the Red Sea

(Yoseda et al., 2008). Nowadays, the coral trout has been widely farmed in China along

the southern coast in the tropical and subtropical regions through the implementation of

modern farming techniques (Ma et al., 2015). However, this aquacultural industry has

been badly affected by bacterial diseases such as tail fester disease and nodular disease

under intensive culture conditions (Gu et al., 2015; Xu et al., 2019).

Vibrio ponticus is considered as an aquaculture pathogen that is widely distributed

among aquatic environments (Macián et al., 2004). To date, diseases caused by V.

ponticus have resulted in mass mortalities in Japanese sea bass Lateolabrax japonicus (Xie

et al., 2007), maroon clownfish Premnas biaculeatus (Kim et al., 2007), cobia
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Rachycentron canadus (Sharma and Dube, 2017), golden

pompano Trachinotus ovatus (Liu et al., 2018), and large

yellow croaker Larimichthys crocea (You, 2018). Yet scarce

information is available on V. ponticus as a causative pathogen

of the coral trout.

In this study, a pathogenic strain of V. ponticus (DX2) was

demonstrated as a pathogen of diseased coral trout with a typical

symptom of liver necrosis, and its taxonomic position, virulence,

as well as susceptibility to antibiotics were examined. As far as

we know, this study is the first to identify V. ponticus as a

causative pathogen of the coral trout. The findings of this study

provide a reference for the control of pathogenic V. ponticus in

the coral trout.
Materials and methods

Experimental fish

Twenty diseased coral trout (0.5-year-old, 70.42±15.50 g in

weight), which were reared in concrete tanks, were obtained

from an infected fish farm in Wenchang, Hainan, China in

March 2022, and immediately placed into ice-cold sterile bags

and sent to the laboratory according to Hossain et al. (2011). The

water quality indicators measured during the disease outbreak

were 28 °C, pH 8.0, salinity of 24, 7.8 mg L-1 dissolved oxygen,

0.20 mg L-1 nitrite, and 0.68 mg L-1 total ammonia. Healthy coral

trout (31.04±5.17 g) were purchased from a fish farm in

Changjiang, Hainan, China, and maintained good health with

no contamination with L. anguillarum, P. damsela, V. harveyi

pathogens by sampling and assessment according to Xu et al.

(2008); Sun et al. (2015), and Carraro et al. (2018).
Confirmation of causative pathogen

The potential pathogens were examined according to the

previously described method (Wang et al., 2020). Firstly, the

organs (liver, kidney, intestine, muscle, and gill) were dissected

from the diseased coral trout in the laboratory, compressed

manually between two glass slides to prepare the thin sections of

organs, and then subjected to a observation for potential

parasites using microscopy (Yang, 2018). Secondly, to

determine whether this disease was caused by virus, bacteria-

free organ filtrates were prepared according to Gong et al.

(2010), and two replicate aquaria of healthy coral trout (10

fish per aquarium) were artificially infected with 0.2 mL of the

freshly-prepared bacteria-free organ filtrates by intramuscular

injection. Another two replicate aquaria of control coral trout

(10 fish per aquarium) were treated intramuscularly with the

same volume (0.2 mL) of sterile normal saline. All the test fish

were stocked in aquaria containing 100 L natural aerated

seawater at 28 °C and observed for fifteen days to record fish
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mortalities and any pathological signs. Thirdly, in order to

determine if this disease was due to bacterial infection, liver

samples were streaked onto thiosulfate citrate bile salt sucrose

(TCBS) agar plate (Sinopharm Chemical Reagent Co., Ltd) for

bacterial isolation according to Gu et al. (2015), and incubated at

28°C for 24h, then the uniform isolates were subjected to

purification by repeated streaking onto nutrient agar (NA)

plates amended with 15% NaCl. After the observation of the

isolates’ colony and cell morphologies for purity assessment, the

suspensions of pure isolates were further prepared by washing

the inoculated NA plates after 24 h of incubation at 28 °C, and

the colony forming units (CFU) in the suspensions were further

estimated by calculating CFU on NA plates from a series of 10-

fold dilutions in sterile normal saline. Afterwards, two replicate

aquaria of healthy coral trout (10 fish per aquarium) were

artificially infected by intramuscular injection with 0.2 mL of

each pure isolate with 3.0 × 107 CFU mL-1 (Yao et al., 2015).

Another two replicate aquaria of control coral trout (10 fish per

aquarium) were treated with the same volume (0.2 mL) of sterile

normal saline intramuscularly. All the test fish were stocked in

aquaria containing 100 L natural aerated seawater at 28 °C and

observed carefully for seven days to record fish mortalities and

any pathological signs. The challenge isolate was re-isolated

from freshly dead fish to confirm the cause of death, and

histopathological changes in the liver of infected and healthy

fish were also examined as described by Phrompanya

et al. (2021).
Identification of causative pathogen

The identification of the pathogenic isolate was performed

using 16S rRNA gene sequencing analysis and biochemical

tests (Liu et al., 2018). The total DNA was extracted from the

pathogenic isolate by the TIANamp DNA Kit (Tiangen

Biotech . Co . , L td . , Be i j ing , China) fo l lowing the

manufacturer’s instructions. Then, the amplification of the

16S rRNA gene was conducted as described by Liu et al.

(2018) us ing the un iver sa l pr imer pa i r 27F (5 ’ -

AGAGTTTGATCCTGGCTCAG-3 ’ ) and 1492R (5 ’-

GGTTACCTTGTTACGACTT-3’), and the amplified product

was subjected to sequencing through the ABI 3730 XL DNA

Sequencer (Applied Biosystems, Waltham, MA, USA). Finally,

the 16S rRNA gene sequence of the pathogenic isolate was

subjected to the Basic Local Alignment Search Tool (BLAST) to

search the closest related sequences in GenBank, and the

construction of a phylogenetic tree was carried out using the

neighbor-joining (NJ) method. Besides, the pathogenic isolate

was phenotypically identified using API 20E identification kit

(Biomerieux, France) following the guidance of manufacturer

(Xie et al., 2007). The phenotypic features of V. ponticus

previously described by Kim et al. (2007); Liu et al. (2018)

and You (2018) were used as controls.
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Virulence assay

The virulence of the pathogenic isolate was examined by testing

the mean lethal dose (LD50) in the coral trout according to Gu et al.

(2015). Three replicate aquaria of healthy coral trout (10 fish per

aquarium) were artificially infected by intramuscular injection with

0.2 mL of the pathogenic isolate with 2.1 × 104, 2.1 × 105, 2.1 × 106,

and 2.1 × 107 CFU mL-1. Another three replicate aquaria of control

coral trout (10 fish per aquarium) were treated intramuscularly with

the same volume (0.2 mL) of sterile normal saline. All the test fish

were stocked in aquaria containing 100 L aerated seawater at 28 °C

without water being changed and observed carefully for seven days

to record fish mortalities and any pathological signs. The challenge

isolate was re-isolated from freshly dead fish to confirm the cause of

death. Based on the logarithms of challenge doses and cumulative

mortalities of challenged fish, the medium lethal dose (LD50) value

was estimated using the Kochi method (Li et al., 2012) to evaluate

the virulence of the pathogenic isolate.
Susceptibility to antibiotics assay

The susceptibility of the pathogenic isolate to amoxicillin,

ampicillin, azithromycin, bacitracin, cefotaxime, cefradine,

ceftizoxime, cotrimoxazole, chloramphenicol, doxycycline,

enoxacin, erythromycin, florfenicol, gentamycin, kanamycin,

kitasamycin, netilmicin, nalidixic acid, novobiocin, oxacillin,

penicillin, pipemidic acid, polymyxin B, rifampicin,

roxithromycinum, and tobramycin was tested in triplicate by

the Kirby-Bauer disk diffusion method (Joseph et al., 2011).

Briefly, the pathogenic isolate was spread onto NA plates

amended with 15% NaCl and antibiotic discs were then
Frontiers in Cellular and Infection Microbiology 03
153
immediately placed on the inoculated plates. Afterward, the

plates with antibiotic discs were incubated at 28 °C for 24 h to

measure the diameters of inhibition zones surrounding the

antibiotic discs. The susceptibility of the pathogenic isolate to

twenty-six antimicrobials was evaluated by the instruction of the

manufacturer (Hangzhou Binhe Microorganism Reagent Co.,

Ltd., Hangzhou, China). The antibiotic susceptibilities of V.

ponticus previously reported by Kim et al. (2007); You (2018);

Liu et al. (2018) and Kumari et al. (2020) were used as references.
Results

Confirmation of causative pathogen

No parasites were detected in the naturally diseased coral

trout, and no mortality or visible disease signs were observed in

all tested fish challenged with the bacteria-free organ filtrate

(data not shown), revealing that the disease did not result from

parasites or viruses. In addition, 5 different bacterial strains,

temporarily named DX1, DX2, DX3, DX4, and DX5, were

isolated from the liver of naturally-diseased coral trout, and no

disease signs or mortalities were noted in the control or

challenged fish with isolates DX1, DX3, DX4 and DX5. Only

the test fish challenged with the most dominant isolate DX2 at

3.0 × 107 CFUmL-1 were found to exhibit a cumulative mortality

of 100% (data not shown), indicating that isolate DX2 was

pathogenic to the coral trout. The test fish challenged with

isolate DX2 displayed the liver necrosis sign, similar to that

noted in the naturally-infected fish (Figure 1), and the same

strain (DX2), confirmed by phenotypic and molecular

identification, was re-isolated from the experimental diseased
FIGURE 1

Gross signs of diseased coral trout. (A) Healthy fish. Blue arrow shows normal liver. (B) Naturally infected fish. Black arrow shows necrotic liver.
(C) Experimental infected fish. Red arrow shows necrotic liver.
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fish. Furthermore, the vacuolar degeneration of liver cells was

observed in the artificially and naturally infected coral trout

(Figure 2). Yet no pathological symptoms or mortalities were

observed in the control and treatment fish challenged with other

bacterial isolates (data not shown). Thus, according to Koch’s

postulates (Fredericks and Relman, 1996), isolate DX2 was

identified as the causative pathogen of the coral trout.
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Identification of causative pathogen

A similarity of 99% to 100% was observed between the DX2

isolate (GenBank accession no. OP630658) and other V. ponticus

strains in the GenBank database and further demonstrated as a

V. ponticus strain through the phylogenetic tree (Figure 3). In

addition, the DX2 isolate possessed identical phenotypic features
FIGURE 2

Histopathological changes in the liver of infected coral trout. (A) Vacuolar degeneration of liver cells (blue arrow) in the artificially infected fish
(×200). (B) Vacuolar degeneration of liver cells (black arrow) in the naturally infected fish (×200). (C) Normal liver cells (red arrow) in healthy fish
(×200). (D) Vacuolar degeneration of liver cells (blue arrow) in the artificially infected fish (×400). (E) Vacuolar degeneration of liver cells (black
arrow) in the naturally infected fish (×400). (F) Normal liver cells (red arrow) in healthy fish (×400).
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to V. ponticus strains reported previously (Kim et al., 2007; Liu

et al., 2018; You, 2018) (Table S1). It was positive for oxidase, b-
galactosidase, lysine decarboxylase, and indole, and could utilize

mannitol and sucrose, but was negative for arginine dihydrolase,

ornithine decarboxylase, tryptophan deaminase, and Voges-

Proskauer reaction, and could not utilize adonitol, amygdalin,

arabinose, citrate, gelatine, glucose, inositol, melibiose,

rhamnose, sodium thiosulfate, sorbitol, and urea. Thus, the

DX2 isolate was identified molecularly and phenotypically as

V. ponticus.
Virulence of causative pathogen

Cumulative mortalities of 6.7%, 33.3%, 60.0% and 100.0%

was respectively reached in the coral trout challenged with the

DX2 isolate at the cell densities of 2.1 × 104, 2.1 × 105, 2.1 × 106,

and 2.1 × 107 CFU mL-1 (Figure 4) during the 7-day challenge,

which showed the typical disease sign of liver necrosis. No

mortality was observed in the control coral trout.

Furthermore, the DX2 isolate was re-isolated from the

experimental diseased fish, which was confirmed through

phenotypic and molecular identification. These findings

indicated that the LD50 value for the DX2 isolate was 6.64×105

CFU mL-1 in the coral trout.
Antibiotic susceptibility of
causative pathogen

The DX2 isolate was highly susceptible to chloramphenicol,

doxycycline, enoxacin, florfenicol, netilmicin, nalidixic acid,

pipemidic acid, and polymyxin B, intermediately susceptible to
Frontiers in Cellular and Infection Microbiology 05
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gentamycin, kanamycin, novobiocin, and rifampicin, and

showed multiple resistances to amoxicillin, ampicillin,

azithromycin, bacitracin, cefotaxime, cefradine, ceftizoxime,

cotrimoxazole, erythromycin, kitasamycin, oxacillin, penicillin,

and roxithromycinum (Table S2). These findings indicated that

the phenicols and tetracyclines antimicrobials in aquaculture use

such as doxycycline and florfenicol could be chosen for the

control of isolate DX2.
Discussion

To date, several bacterial pathogens such as Listonella

anguillarum, Photobacterium damsela, and Vibrio harveyi have

posed potential risks to the coral trout aquaculture (Xu et al.,

2014; Yao et al., 2015; Xu et al., 2019), which have caused a high

reduction in the coral trout production. However, V. ponticus

infection in the coral trout is scarcely documented. Previous

studies have indicated that the fish liver is the primary target

organ in bacterial infections (Oh et al., 2019; Malick et al., 2020).

Thus, in this study, we isolated bacteria from the liver of diseased

coral trout, and further demonstrated V. ponticus DX2 as a

causative agent of coral trout, and described its phenotypic

characterization. To our knowledge, this is the first report of

V. ponticus pathogenic to coral trout.

The liver is a vital organ that can regulate the immune

response in fish when exposed to bacterial infections (Dawood,

2021), and the liver necrosis is usually found in the typical signs

of vibriosis in the coral trout (Xu et al., 2014). In this study, the

coral trout challenged with V. ponticus DX2 exhibited typical

liver necrosis with cell vacuolar degeneration. Similar

pathological changes were also observed in the freshwater

catfish infected by Vibrio mimicus (Geng et al., 2014). This is
FIGURE 3

Neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences of the DX2 isolate and 11 known bacteria. The GenBank accession
numbers are shown beside the strain names, bootstrap values (%) are indicated beside the clades, and scale bars represent distance values.
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probably attributed to the release of bacterial toxins that causes

severe liver damage (Huizinga et al., 1979). Besides, the DX2

isolate in this study showed an LD50 value of 6.64×105 CFU

mL−1 in the coral trout, and was classified as a strong virulent

strain according to the degree of virulence described by Mittal

et al. (1980). This implies that the pathogenic V. ponticus could

probably present a threat to the health of coral trout. Surely,

other primary factors were also believed to contribute to this

disease, such as environmental mismanagement, and poor feed

quality (Di et al., 2019; Wen et al., 2019).

Multiple antibiotic resistance in bacterial pathogens has

emerged as an issue of global concern because of the

dissemination of antibiotic resistance plasmids (Choudhury

et al., 2012). Pathogenic isolates of V. ponticus in fish have

been found to develop multiple resistances to macrolides and

penicillins antimicrobials. For example, V. ponticus KJS1 in

maroon clownfish was resistant to erythromycin and oxacillin

(Kim et al., 2007). V. ponticus Lc-2013-G1 in large yellow

croaker was resistant to azithromycin, erythromycin, oxacillin,

and penicillin (You, 2018). In our study, the same antimicrobial

resistance against macrolides and penicillins antimicrobials was

also found in V. ponticus DX2, which showed multiple

resistances against cephalosporins, peptides and sulfonamides

drugs. Thus, more attention should be given to the control of

fish-pathogenic V. ponticus.

Doxycycline and florfenicol are most commonly used

veterinary antibiotics in China (Qian et al., 2021). Previous

studies have demonstrated the clinical safety of oral treatment

with doxycycline and florfenicol in fish aquaculture (Gaunt et al.,

2013; Oliveira et al., 2022), and oral administration of

doxycycline and florfenicol are effective in controlling
Frontiers in Cellular and Infection Microbiology 06
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mortality from enteric septicemia of channel catfish Ictalurus

punctatus and edwardsiellasis of yellow catfish Pelteobagrus

fulvidraco (Gaunt et al., 2013; Xu et al., 2021). In the present

study, the DX2 isolate was highly susceptible to doxycycline and

florfenicol. This serves as a reminder that doxycycline and

florfenicol can be used to treatment V. ponticus infection in

the coral trout.
Conclusion

In this study, a virulent bacterial strain (DX2) was isolated

from diseased coral trout suffering liver necrosis with cell

vacuolar degeneration and was identified molecularly and

phenotypically as V. ponticus. The findings of this study for

the first time identified V. ponticus DX2 as a causative pathogen

of diseased coral trout, and provided insights into the control of

V. ponticus in the coral trout.
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RAW264.7 macrophages
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Ouqing Chang1,2, Fang Wang1,2, Yingtiao Lai1,2

and Zhibin Huang1,2
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Fisheries Research Institute, Chinese Academy of Fishery Sciences, Guangzhou, China, 2Guangdong
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Guangzhou, China, 3College of Fisheries and Life Science, Shanghai Ocean University,
Shanghai, China, 4Key Laboratory of Control of Quality and Safety for Aquatic Products of Ministry of
Agriculture and Rural Affairs, Chinese Academy of Fishery Sciences, Beijing, China
Nocardia seriolae, an intracellular gram-positive pathogen, is prone to infecting

immunocompromised and surface-damaged fish, causing serious losses to the

aquaculture industry. Although a previous study has demonstrated that N.

seriolae infects macrophages, the persistence of this bacterium in

macrophages has not been well characterized. To address this gap, we used

the macrophage cell line RAW264.7, to investigate the interactions between N.

seriolae and macrophages and deciphered the intracellular survival mechanism

of N. seriolae. Confocal and light microscopy revealed that N. seriolae entered

macrophages 2 hours post-inoculation (hpi), were phagocytosed by

macrophages at 4–8 hpi, and induced the formation of multinucleated

macrophages by severe fusion at 12 hpi. Flow cytometry, evaluation of

mitochondrial membrane potential, release of lactate dehydrogenase, and

observation of the ultrastructure of macrophages revealed that apoptosis was

induced in the early infection stage and inhibited in the middle and later periods

of infection. Additionally, the expression of Bcl-2, Bax, Cyto-C, Caspase-3,

Capase-8, and Caspase-9 was induced at 4 hpi, and then decreased at 6–8

hpi, illustrating that N. seriolae infection induces the activation of extrinsic and

intrinsic apoptotic pathways in macrophages, followed by the inhibition of

apoptosis to survive inside the cells. Furthermore, N. seriolae inhibits the

production of reactive oxygen species and releases large amounts of nitric

oxide, which persists in macrophages during infection. The present study

provides the first comprehensive insight into the intracellular behavior of N.

seriolae and its apoptotic effect on macrophages and may be important for

understanding the pathogenicity of fish nocardiosis.
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Introduction

Nocardia seriolae is a branching filamentous rod-shaped

intracellular gram-positive pathogen belonging to the order

Actinomycetales, family Nocardiaceae, and genus Nocardia (Liu

et al., 2023). It mainly causes chronic infection in fish, with a

long incubation period and a high mortality rate of up to 100%,

which causes large economic losses to the aquaculture industry. Fish

nocardiosis, caused by N. seriolae, is a systemic chronic

granulomatous disease that has been reported in 42 freshwater

and saltwater species, and more frequently in Micropterus

salmoides, Channa argus, Trachinotus ovatus, and Lateolabrax

japonicus in China (Liu et al., 2023). The typical symptoms of

nocardiosis include white nodules in the internal organs and well-

defined granulomas of histopathological structures. White

granulomas are products of interactions between N. seriolae and

the immune system offish, and are composed of N. seriolae-infected

macrophages and epithelioid cells (Liu et al., 2023). In a previous

study, we found that N. seriolae was phagocytized by macrophages

in an experimentally infected transparent tiger spiny fish (Puntius

tetrazona), resulting in systemic nocardiosis (Wang et al., 2017).

Another study reported that Nocardia brasiliensis infection may

induce macrophages and dendritic cells to differentiate into foamy

cells (Meester et al., 2014). These results imply that macrophages

play an important role in the defense mechanisms against invasion

by Nocardia spp. Although several studies have reported

nocardiosis in different fish species, the pathogenic mechanism of

N. seriolae infections remains unclear.

With recent advances in cell biology and immunology, studies

on the mechanisms of interactions between intracellular bacteria

and their target cells have received increasing attention (Zhao et al.,

2011). Macrophages, which are extremely important phagocytes in

the immune system, can effectively phagocytose foreign antigens

(e.g., pathogenic microorganisms and insoluble particles) and

present antigenic peptides to CD4+ T cells to initiate specific

immune responses (Nenan et al., 2005). Pathogen–cell

interactions can induce cell death via three modes – apoptosis,

necrosis, and pyroptosis – based on various factors, such as the type

of pathogen, dose of infection, and infected target. The same

pathogen can induce different modes of cell death in different cell

types owing to their different immune responses (Lamkanfi and

Dixit, 2010). In previous studies, Shigella flexneri inhibited epithelial

cell necrosis, but triggered macrophage apoptosis. (Clark and

Maurelli, 2007; Suzuki et al., 2005). Some intracellular bacteria,

such as Mycobacterium spp., Brucella spp., and Nocardia spp., can

invade the body via different routes, including the respiratory tract,

digestive tract, skin, and mucous membrane. Upon interaction with

macrophages, intracellular pathogens can maintain their own

survival and reproduction by inhibiting oxidative cell death and

apoptosis, and avoiding autophagy from the initial immune

mechanism (Qin et al., 2017). Macrophages are the main target

cells of N. seriolae for its survival and reproduction. However, the

molecular mechanisms by which they adhere to, invade, and

interact with macrophages have not yet been reported. To address

this gap, it is crucial to use host macrophages to study the
Frontiers in Cellular and Infection Microbiology 02160
pathogenic mechanisms of N. seriolae infections. However, there

are currently no commercialized macrophage cell lines from aquatic

animals, and the use of primary macrophages obtained from fish

tissues is associated with several potential issues, such as difficulty in

in vitro passage, instability, and heterogeneity. In contrast to fish

cells, the murine macrophage cell line RAW264.7, which has a rapid

growth rate, is easy to culture, phenotypically resembles primary

macrophages, and has been widely used to study interactions

between pathogens and macrophages (Utaisincharoen et al., 2000;

Touret et al., 2005; Lahiri et al., 2008; Ishibe et al., 2009).

To gain further insight into the interactions between N. seriolae

and macrophages in nocardiosis, we established a RAW264.7 cell

model for N. seriolae infection in vitro. We examined the

internalization, replication, and intracellular performance of N.

seriolae in the macrophages. Furthermore, N. seriolae infection-

induced regulation of extrinsic and intrinsic apoptosis, as well as its

association with immune responses, was determined. The present

study provides the first comprehensive insight into the intracellular

behavior of N. seriolae in macrophages, and may be important for

understanding the pathogenicity of fish nocardiosis.
Materials and methods

Bacterial culture

The N. seriolae strain NK201610020 (NK) was previously isolated

from a diseased hybrid snakehead (Channa maculata ♀ × C. argus ♂)
in Guangdong Province, China and was preserved in our laboratory.

The NK strain was transformed with the fluorescent plasmid

pRUALPGEN, as previously described (Wang et al., 2017), and the

transformant was named GFP-NK. NK and GFP-NK N. seriolae

strains were routinely sub-cultured on brain heart infusion (BHI)

agar (OKA, China) and BHI agar supplemented with 50 mg/mL

kanamycin (NCM Biotech, China) at 28°C for 3–4 days.
Cell culture

RAW264.7 cell line were purchased from Solar Bio Biologicals

(Beijing, China) and were cultured in complete medium Dulbecco’s

modified Eagle’s medium (DMEM)-high sugar (Gibco, USA)

supplemented with 10% fetal bovine serum (FBS; Gibco, USA)

and 1% penicillin-streptomycin (Beyotime Biotechnology,

Shanghai, China) at 37°C and 5% CO2. The cells were cultured in

T25 cell bottles at 80-90% adventitious rate for transmission and

used for follow-up experiments.
Invasion assay in RAW 264.7 cells

Invasion assays were performed as previously described (Qin

et al., 2017). The cells were digested with trypsin (Gibco, USA),

resuspended in complete medium, adjusted to 1 × 106 cells/mL

using a cell counter (Count Star, IM 1200, China), added to the cell
frontiersin.org
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culture plate, and incubated overnight until the cells completely

adhered to the plate walls. The GFP-NK strain was suspended in

DMEM-high sugar with 10% FBS and then adjusted to 1 × 108 cells/

mL using a turbidimeter (HACH, TL2300, China). The bacterial

suspension was inoculated into each well of a culture plate,

equivalent to a multiplicity of infection (MOI; bacteria added per

cell) of 100. Cells co-cultured with bacteria were incubated for 2, 4,

6, 8, or 12 h at 37°C and 5% CO2.
Microscopy

Cell invasion was observed at each time point by using an

inverted fluorescence microscope. Briefly, co-cultured cells were

washed three times with phosphate-buffered saline (PBS) (Gibco,

USA) containing 100 µg/mL gentamicin. The colocalization and

morphology of the GFP-NK strain and macrophages were

observedusing an inverted fluorescence microscope (ZEISS,

Axiovert200M, Germany).

For confocal microscopy observation, an invasion assay was

performed as described above, except that the cells were inoculated

in wells with 14-mm glass coverslips. After co-culture at each time

point, end-of-infection cells were triple-cleaned using PBS

supplemented with gentamicin at a final concentration of 100 mg/
mL and incubated with Lyso-Tracker Red working solution

(Beyotime Biotechnology, Shanghai, China) for 30 min at 37°C

and 5% CO2. Thereafter, the cells were washed thrice with PBS,

fixed with 4% paraformaldehyde, and stained with 200 mL DAPI

(Beyotime Biotechnology, Shanghai, China). The cells were washed

with PBS and observed under a confocal microscope (ZEISS LSM

900, Germany).

Transmission electron microscopy (TEM) was used to examine

phagocytosis and the ultrastructure of the macrophages. Invasion

assay was performed as described above. After co-culture at each

time point, the end-of-infection cells were triple-cleaned using PBS

supplemented with a final concentration of 100 mg/mL gentamicin,

digested with trypsin for 5–10 min, and collected by centrifugation

at 300 × g for 10 min at 4°C. The precipitated cells were fixed with

glutaraldehyde electron microscope fixative (ZEISS, LIBRA120,

Germany), stored at 4°C, and sent to Wuhan Servicebio

Technology Co., Ltd., for TEM analysis.
Observation of intracellular N. seriolae
using flow cytometry

The number of macrophages infected with the GFP-NK strain

was quantified by fluorescence-activated cell sorting (FACS) using a

flow cytometer (Thermo Fisher Scientific, Attune NxT, USA) as

previously described (Greer et al., 2022). Invasion assay was

performed as described above. After co-culture at each time

point, the cells were washed, digested, and collected by

centrifugation as described above. The precipitated cells were

fixed with 100 mL 70% ethanol. Flow cytometry was used to

separate the infected (GFP-NK) cells from the uninfected (GFP-

negative) cells. For each sample, 1000 cells were counted. Flow
Frontiers in Cellular and Infection Microbiology 03161
cytometry data were analyzed using FlowJo software, version 7.6, to

determine the percentage of GFP+ cell population and the mean

fluorescence intensity of the total cell population.
Quantification of reactive oxygen species
and nitric oxide levels in macrophages

Quantification of ROS levels in the macrophages was performed

as previously described (Zou et al., 2017). RAW 264.7 cells were

incubated in 96-well plates at a density of 1 × 105 cells/well. The

cells were left uninfected or infected with N. seriolae at MOI of 10:1

and incubated for 2, 4, 6, 8, and 12 h at 37°C with 5% CO2. After co-

culture at each time point, end-of-infection cells were triple-cleaned

using PBS supplemented with a final concentration of 100 mg/mL

gentamicin, and then incubated with the cell-permeant fluorogenic

ROS probe DCFH-DA (Solarbio, Beijing, China) at a final

concentration of 10 mmol/L for 20 min at 37°C. After incubation,

the cells were triplicated in solvent-free medium and fluorescence

was measured using a multifunctional enzyme-labeled instrument

(Bio Tek, ELx800, USA) at excitation and emission wavelengths of

525 and 488 nm, respectively. Triplicate wells were used for all

experiments and the mean ± S.D. was calculated.

NO levels were assayed by estimating NO2- concentration using

the Griess reaction, as described in a previous study (Wang et al.,

2004). After co-culture at each time point, the cells were washed,

digested, and collected by centrifugation as described above. The

precipitated cells were lysed and the supernatants incubated with

Griess reagent (Solarbio, Beijing, China) (1:1 v/v) for 10 min at

room temperature in a 96-well culture plate. Thereafter, the

absorbance was spectrophotometrically measured at 540 nm

using a multifunctional enzyme-labeled instrument (Bio Tek,

ELx800, USA), and the NO2- concentration was determined using

a standard curve of NaNO2 (expressed as µmol/mL). Triplicate

wells were used for all experiments and the mean ± S.D.

was calculated.
Apoptotic effect of N. seriolae
on macrophages

Macrophage apoptosis was analyzed using the Annexin

V-mCherry dual-fluorescence assay. After co-culture at each time

point, the cells were washed, digested, and collected by centrifugation

as described above. The precipitated cells were labeled by adding 194

mL Annexin V-mCherry binding buffer, 5 mL Annexin V-mCherry,

and 1 mL SYTOXGreen, according to the apoptosis assay kit (Beyotime

Biotechnology, Shanghai, China). The samples were gently mixed and

incubated at room temperature in the dark for 15 min. A minimum of

10,000 cells within the gated region were analyzed by flow cytometry

(Thermo Fisher Scientific, Attune NxT, USA). The results were

expressed as the percentage of apoptotic cells among all cells.

The effect of apoptosis on the mitochondrial potential was

estimated using a mitochondrial cell membrane potential assay

kit (JC-1). (Beyotime Biotechnology, Shanghai, China). After co-

culture at each time point, the cells were washed, digested, and
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collected by centrifugation as described above. The precipitated cells

were labeled with fluorescent probes (JC-1 dye) and subsequently

analyzed for apoptosis and necrosis using flow cytometry (Thermo

Fisher Scientific, Attune NxT, USA).

The effect of apoptosis on DNA fragmentation was determined

as previously described (Bai et al., 2008). After co-culture at each

time point, the cells were washed, digested, and collected by

centrifugation as described above. The precipitated cells were

extracted using an apoptosis-DNA ladder extraction kit

(Beyotime Biotechnology, Shanghai, China), followed by 1.5%

agarose gel electrophoresis. The gel was examined and

photographed using an ultraviolet (UV) gel documentation

system (Thermo Fisher Scientific, PS0123, USA).

The apoptotic effect on cytotoxicity was evaluated by

determining the levels of lactate dehydrogenase (LDH) in the cell

supernatant using a commercial LDH cytotoxicity detection kit

(Beyotime Biotechnology, Shanghai, China). RAW 264.7 cells were

incubated in 96-well plates and infected with N. seriolae, as

described above. After co-culture at each time point, the cell

culture plate was centrifuged at 400 × g for 5 min in a plate

centrifuge. (Eppendorf, 5418R, Germany). The supernatant was

then incubated with the LDH assay working solution according to

the manufacturer’s instructions. Absorbance was measured at 490

nm using an enzyme-labeled instrument (BioTek, ELx800, USA)

and expressed as a percentage of cytotoxicity by calculating the

average absorbance values of three replicates and subtracting the

absorbance value obtained from the background control.
Measurement of apoptosis-related
cytokine and cellular inflammatory
factor levels

After co-culture at each time point, the cells were washed, digested,

and collected by centrifugation as described above. Total cellular RNA

was extracted using an RNA kit (Tiangen Biotech, Beijing, China) and

reverse-transcribed into cDNA using a PrimeScript RT Reagent Kit

(TaKaRa, Dalian, China), according to the manufacturer’s instructions.

All quantitative PCRs were performed using TB Green® Premix Ex

Taq™ (TaKaRa, Dalian, China), according to the manufacturer’s

instructions, and qPCR assays were performed on a QuantStudio 6

Flex Real-Time Fluorescence PCR instrument (Applied Biosystems,

USA) equipped with real-time PCR-based gene expression profiling.

The expression of apoptosis-related cytokines (Bax, Bcl-2, Caspase-3,

-8, and -9, and Cyto-C) and cellular inflammatory factors (IL-6, IL-1b,
and TNF-a) was detected at the transcriptional level, and the relative

expression of each mRNA was calculated by the 2-DDCT method using

GAPDH as an internal reference. The annealing temperatures, specific

primers, and expected amplicon sizes of target genes are listed in

Supplementary Table 1.
Statistical analysis

All experimental data were validated by three independent

experiments, and the experimental results were processed using
Frontiers in Cellular and Infection Microbiology 04162
GraphPad Prism 7.0 (San Diego, CA, USA) and SPSS statistical

software (version 25.0; IBM Corp., Armonk, NY, USA). One-way

analysis of variance (ANOVA) was used for comparison between

groups, with P<0.05 indicating statistically significant differences,

and P < 0.01 indicating a highly significant difference.
Results

Intracellular behavior of N. seriolae in the
macrophage cell line

The intracellular behavior of N. seriolae was observed by

inverted fluorescence microscopy at different time points after

infection. Uninfected cells are shown in Figure 1A. After

infection, a small quantity of N. seriolae entered the macrophages

at 2 hours post-infection (hpi), at which time most macrophages did

not show obvious changes in shape (Figure 1B). As the infection

time increased from 4 to 8 hpi, the number of bacteria entering the

cells gradually increased, and some macrophages began to show

ruptured cell membranes, increased size, and significant

deformation (Figures 1C–E). At 12 hpi, a large number of

bacteria had filled the entire cytoplasm and proliferated.

Furthermore, the macrophages fused severely and increased in

size to form multinucleated macrophages (Figure 1F).

The colocalization of N. seriolae and macrophages was observed

using confocal microscopy. The uninfected control cells were in

good apposition and had a normal morphology; the nuclei were

intact and evenly stained, and the lysosomes surrounded the cells

diffusely (Figure 2A). At 2 hpi, a small number of cells were

deformed; some bacteria entered the interior of the cells and

combined with the lysosomes (Figure 2B). Cell fusion was

observed at 4 hpi. Some cells showed cell membrane rupture and

nuclear lysis, indicating apoptosis as determined by DAPI staining.

Furthermore, the number of bacteria, in combination with

intracellular lysosomes, increased significantly (Figure 2C). At 6

hpi, the bacteria combined with lysosomes and partially entered the

nucleus (Figure 2D). At 8 hpi, the cell membrane was completely

ruptured, the cells fused together in an irregular shape, the

nucleoplasm solidified, lysosomal staining became lighter, and a

large number of bacteria appeared to proliferate inside the cells

(Figure 2E). At 12 hpi, many cells exhibited nuclear lysis or

solidification, severe cell necrosis, and ruptured cell membranes,

leading to the loss of lysosomes and other organelles. Some bacteria

also adhered to the lysosomes or were phagocytosed by the

remaining normal cells (Figure 2F).
Ultrastructure and quantitative analysis of
macrophages infected with N. seriolae

TEM observations demonstrated that the uninfected cells were

morphologically intact, with no damage to organelles, and showed a

high number of intracellular phagocytosed lysosomes and an intact

cell membrane with obvious pseudopods (Figure 3A). At 2 hpi,

N.seriolae was intracellularly wrapped by membrane structures and
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FIGURE 2

Laser confocalization of RAW264.7 infected with GFP-N. seriolae. (A) uninfected cells; (B) 2 hpi; (C) 4 hpi; (D) 6 hpi; (E) 8 hpi; (F) 12 hpi.
FIGURE 1

Inverted fluorescence microscopic observation of RAW264.7 infected with GFP-N. seriolae. (A) uninfected cells; (B) 2 hpi; (C) 4 hpi; (D) 6 hpi; (E) 8
hpi; (F) 12 hpi.
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a small number of extracellular bacteria adhered to the cell surface.

The morphology of the cells did not change significantly and the

nucleus was irregularly shaped with a blurred membrane, increased

heterochromatin, and a large nucleolus. The structures of the

mitochondria, endoplasmic reticulum, and other organelles

showed no obvious changes compared to those of the uninfected

cells (Figure 3B). At 4 hpi, the cells were irregularly shaped with

swollen intracellular organelles. The mitochondria were partially

swollen, with a pale local matrix and reduced cristae, and the rough

endoplasmic reticulum was partially dilated and degranulated. A

small number of bacteria were visible in the cells (Figure 3C). At 6

hpi, more autophagic lysosomes were present intracellularly and

vacuoles were observed. Some bacteria were widely and freely

distributed throughout the cytoplasm (Figure 3D). At 8 hpi, the

cells shrank and became rounded, and the number of pseudopods

reduced. Many bacteria were visible intracellularly and the number

of vacuoles increased significantly (Figure 3E). At 12 hpi, the

nucleus was irregularly shaped with a large rupture of the nuclear

membrane and large nuclear vesicles. More bacteria were visible

inside the cells, with significantly enlarged autophagic lysosomes,

inhibition of lysosomal fusion, and severe damage to the internal

cell structure (Figure 3F).

The intracellular behavior of N. seriolae in the macrophage cell

line was quantified by flow cytometry. A significant difference in the

infected cell population was observed between the time points after

infection compared with that in the control group (uninfected cells;

Figure 4A). The percentage of cells showing fluorescence increased

from 81.42% at 2 hpi to 87.39% at 4 hpi, decreased slightly at 6 hpi,

peaked at 8 hpi, reached 89.21%, and then decreased to 86.55% at 12

hpi (Figures 4B–F). The results of the statistical analysis showed

highly significant differences (P < 0.01) between each experimental

group and the control group (Figure 5).
Frontiers in Cellular and Infection Microbiology 06164
Quantification of ROS and NO levels
in macrophages

Infection with N. seriolae induces respiratory burst activity and

ROS production in macrophages. Detection of ROS production

revealed that macrophages produced the strongest ROS at 2 hpi,

which significantly decreased with time from 4 to 12 hpi compared

to the previous stage. In particular, at 6–8 hpi, ROS production

decreased significantly compared with that in the control group (P <

0.05). At 12 hpi, ROS production decreased to its lowest level and

there was no significant difference between the experimental and

control groups (Figure 6).

NO plays an important role in the immune response of

macrophages to foreign pathogens. Consistent with this, our

results showed that the amount of NO released tended to increase

with the infection time (Figure 7). At 4 hpi, the experimental group

showed a significant increase compared with the control group

during the same time period (P < 0.05).
Apoptotic effect of N. seriolae
on macrophage

The Annexin V-mCherry dual-fluorescence assay by flow

cytometry was used to analyze early apoptotic and late apoptotic/

necrotic cells. The findings displayed that the numbers of apoptotic

and necrotic cells in the control group were within the normal range

(Figure 8A). The proportion of apoptotic and necrotic cells

increased from 6.75% and 14.38% to 9.94% and 17.08%,

respectively, between 2 and 6 hpi (Figures 8B–D). At 8 hpi, the

proportion of apoptotic and necrotic cells decreased to 3.77% and

12.37%, respectively (Figure 8E) but significantly increased to
FIGURE 3

Transmission electron microscopy analysis of RAW264.7 infected with N. seriolae. (A) Uninfected cells, (B) 2 hpi, (C) 4 hpi, (D) 6 hpi, (E) 8 hpi, and (F) 12 hpi.
Black arrows indicate intracellular bacteria, orange arrows indicate extracellular bacteria, and blue arrows indicate cell vacuoles.
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1138422
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Liu et al. 10.3389/fcimb.2023.1138422
11.15% and 24.17%, respectively, at 12 hpi (P < 0.05; Figure 8F). The

results of the statistical analysis showed that the difference between

apoptotic and necrotic cells was highly significant (P< 0.01) between

each experimental group and the control group as well as between

the experimental groups (Figure 9)

A decrease in the mitochondrial membrane potential is an

important sign of early apoptosis. We investigated changes in the

mitochondrial membrane potential in infected macrophages using JC-

1 staining, which selectively enters the mitochondria and changes color

from red to green as a sign of decreased mitochondrial membrane

potential. The results showed that the proportion of single-positive cells

with red fluorescent probes in the control group was 64.92%, the

proportion of double-positive cells was 14.08%, and the proportion of

single-positive green fluorescent cells was 1.91%, which was within the

range of normal cells (Figure 10A). After infection, the proportion of

red fluorescent cells decreased and that of green fluorescent cells
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increased from 2 to 8 hpi, indicating that the infection induced

mitochondrial disruption in macrophages (Figures 10B–E). At 12

hpi, the percentage of double-positive cells decreased significantly to

28.15%, indicating an increase in the number of necrotic cells

(Figure 10F). The results of the statistical analysis showed that the

difference between apoptotic and necrotic cells was highly significant (P

< 0.01) between each experimental group and the control group as well

as between the experimental groups (Figure 11).

DNA fragmentation and orderly disintegration of cells and their

organelles are among the final steps of the apoptotic process. DNA

cleavage was assessed by DNA laddering testing. The results showed

no obvious ladder-shaped bands at 2–4 hpi, whereas obvious

ladder-shaped bands appeared at 6 hpi, which were more blurred

and not easily observed after 8–12 hpi (Figure 12).

Apoptosis or necrosis can disrupt the cell membrane structure.

The amount of LDH released directly reflected the integrity of the
FIGURE 5

Intracellular fluorescence rate of RAW264.7 infected with N.
seriolae. Data are presented as mean ± SD of three independent
experiments. **P < 0.01 as compared with the control group.
FIGURE 6

Release levels of reactive oxygen species at different time periods.
The ROS release assay was repeated three times, and each
experiment was performed in triplicate. Results are presented as
mean ± SD. *P<0.05, compared with the control group.
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FIGURE 4

Quantative analysis of macrophages infected with N. seriolae by flow cytometry. (A) Uninfected cells: (B) 2 hpi, (C) 4 hpi, (D) 6 hpi, (E) 8 hpi, and (F) 12 hpi.
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cell membrane. The results of LDH cytotoxicity detection showed

that the release of LDH significantly increased from 6 to 12 hpi

compared to that in the control group (P<0.05; Figure 13).
Expression level of apoptosis factors and
pro-inflammatory factors

The levels of apoptosis-related genes caspase-3, caspase-8,

caspase-9, cyto-c, Bcl-2, Bax, and the pro-inflammatory factors

IL-b, IL-6, and TNF-a in N. seriolae-infected macrophages were

detected using RT-qPCR. The performance revealed that caspase-3

(Figure 14A), caspase-8 (Figure 14B), and caspase-9 (Figure 14C)

were upregulated from 2 to 12 hpi compared with those in the

control group (P<0.05). Cyto-c (Figure 14D), Bcl-2 (Figure 14E),

and Bax (Figure 14F) were upregulated and showed the highest
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expression levels at 4 hpi, after which they were downregulated

from 6 to 12 hpi. The relevant inflammatory factor (IL- b) in

macrophages infected with N. seriolae was significantly

downregulated (P<0.05; Figure 15A), whereas IL-6 was

significantly upregulated from 2 to 12 hpi compared with that in

the control group (P<0.05; Figure 15B). The mRNA expression level

of TNF-a was not different during infection compared with that in

the control group (Figure 15C). Collectively, these results suggested

that macrophages infected with N. seriolae promoted the expression

of apoptotic factors and inflammatory cytokines.
Discussion

Intracellular behavior of N. seriolae-
infected RAW264.7 macrophages

The survival of host phagocytes is an essential virulence

property of intracellular bacteria, such as Brucella spp. (Ahmed

et al., 2016), Edwardsiella tarda (Qin et al., 2017), and

Mycobacterium tuberculosis (Mishra et al., 2011), respectively.

The fate of bacteria phagocytosed by macrophages depends on

several factors, including the phagocytic state of macrophages and

the specific virulence factors produced by the bacteria that allow

them to survive the oxygen-dependent or-independent bactericidal

products of macrophages (Beaman and Beaman, 1984).

Macrophages can eliminate most bacteria from host tissues by the

non-selective phagocytosis of exogenous microorganisms or by

employing specific mechanisms during cellular immunity. In this

study, microscopic observations and flow cytometry assays were

performed to elucidate the intracellular behavior of N. seriolae in

infected RAW264.7 macrophages.

After entering the macrophages, N. seriolae undergoes various

intracellular changes. At 2 hpi, a small number of bacteria entered

the cells, whose structures were apparently unchanged. After 4–6 h

of infection, the number of bacteria entering the cells increased and
B C

D E F

A

FIGURE 8

Proportion of apoptotic and necrotic cells at different time periods. (A) Uninfected cells: (B) 2 hpi, (C) 4 hpi, (D) 6 hpi, (E) 8 hpi, and (F) 12 hpi.
FIGURE 7

Levels of NO release at different time periods. The NO release assay
was repeated thrice, and each experiment was performed in
triplicate. Results are presented as mean ± SD. *P<0.05, compared
with the control group.
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they colocalized with the phagolysosomes. Inverted fluorescence

microscopy and TEM observations confirmed that, at this time

point, the macrophages were fused, larger, and contained more

intracellular autophagic lysosomes and vacuoles. These results

indicate that, once they enter macrophages, numerous N. seriolae

can be phagocytosed by phagolysosomes, which are phagocyte

defenses of macrophages, similar to the results obtained for

Brucella (Ahmed et al., 2016), E. tarda (Qin et al., 2017), and

Vibrio harveyi (Nguyen et al., 2018). Macrophages have an intrinsic

ability to fight a variety of microbial pathogens and use their

cytoskeletal dynamics to help maintain the integrity of natural

immunity and host defense. When P. aeruginosa and Streptococcus

pneumoniae are phagocytosed by macrophages, they may promote

their own intracellular survival by influencing macrophage
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cytoskeletal actin dynamics, leading to pathogen elimination

through autophagy (Jati et al., 2018). The results of this study

showed that N. seriolae induced in vitro macrophage cytoskeleton

movement and induced a migration response, leading to

macrophage aggregation and fusion to form multinucleated

macrophages. These multinucleated macrophages are more

destructive to intracellular bacteria than individual macrophages

(Beaman, 1977). This is consistent with the experimental results of

Nocardia asteroides ATCC14579 infection of rabbit alveolar

macrophages (Beaman, 1977). In contrast, neither the low-

virulence strain of N. asteroides ATCC10905 nor the high-

virulence strain of N. asteroides GUH-2 induces macrophage

fusion (Beaman and Smathers, 1976; Beaman and Beaman, 1992;

Bourgeois and Beaman, 1974). Confocal microscopy of N. seriolae-

infected cells after 8–12 h of infection showed that the lysosomes

and nuclei of the RAW264.7 cells appeared diffuse, which may be

related to the growth and multiplication of N. seriolae in the cells

during the late stages of infection. TEM revealed severe damage

inside cells at 8–12 hpi, with a large expansion of phagocytic

lysosomes and extensive nuclear lysis, which triggered apoptosis

and partial inhibition of lysosomal fusion. These findings are

consistent with the pathogenic mechanism of N. asteroides

ATCC14579 (Beaman, 1977) and provide a basis for clarifying

the pathogenic mechanisms of N. seriolae infections.
Immune response to RAW264.7
macrophages infected with N. seriolae

When intracellular parasitic bacteria infect macrophages, they

induce a series of immune responses, including the release of small

inorganic molecules that kill foreign invaders. As important

secondary messengers, ROS not only participates in the immune

response of cells but also plays a major role in tumorigenesis and
B C
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FIGURE 10

Proportion of cells with decreased mitochondrial membrane potential at different time periods. (A) Uninfected cells, (B) 2 hpi, (C) 4 hpi, (D) 6 hpi,
(E) 8 hpi, and (F) 12 hpi.
FIGURE 9

Apoptosis rate of RAW264.7 infected with N. seriolae. Data are
presented as mean ± SD of three independent experiments.
**P<0.01 as compared to the control group. ##P < 0.01indicates
that the difference between apoptotic cells and necrotic cells at the
same time point was highly significant.
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development (Rong et al., 2019). The strength of the bactericidal

function of macrophages is mainly reflected in the amount of ROS

released (Hafner et al., 2017), because ROS can regulate the

polarization process of macrophages, including M1 and M2 types.

M1 macrophages are usually induced by pathogen-associated

molecular patterns (PAMP) and Th1-type cytokines such as

interferon g and tumor necrosis factor a. These activated

macrophages produce pro-inflammatory cytokines and

chemokines that contribute to the host defense against

intracellular pathogens and tissue damage. Conversely, M2

macrophages with anti-inflammatory effects can be induced by a

range of mediators, such as IL-4, IL-10, IL-13, and transforming

growth factor b, which are involved in tissue repair, remodeling,

and angiogenesis. It was shown that M1 macrophages are more

susceptible to inflammation-associated necrotic cell death than M2

macrophages, which may be associated with the upregulation of
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necrotic signaling molecules such as RIPK3, MLKL and ZBP1 (Hao

et al., 2021).

However, the generation of a large amount of ROS by

macrophages can damage the macrophages themselves via

processes such as the induction of somatic mutations and tumor

transformation, and can even directly cause oxidative damage to

DNA, leading to structural changes in DNA and subsequent

apoptosis or necrosis (Guidarelli et al., 2017). In this study, the

level of ROS release reached its highest value at 2 hpi, and ROS

levels continued to decrease with increasing infection time, further

confirming that N. seriolae achieves intracellular survival in

macrophages by inhibiting ROS release.

NO, another small inorganic molecule, plays an important role in

intercellular information transfer and immune regulation (Esquivel-

Solıś et al., 2013). NO production determines its specific role and is

similar to the regulatory mechanism of ROS, with high concentrations

exerting bactericidal effects. In this study, the levels of NO released

continued to increase with increasing infection time, which is

consistent with Mycobacterium bovis infection-induced NO

production by macrophages (Luo et al., 2019). Infected macrophages

produce large amounts of NO through a peroxidation mechanism to

kill non-invasive or intracellularly colonized N. seriolae, whereas small

amounts of NO act as messenger molecules to “wake up”macrophages

to the immune defense phase and increase their ability to kill bacteria. It

has been found that the main factor of bovine macrophage defense

against Mycobacterium avium binding is NO production rather than

apoptosis (Esquivel-Solıś et al., 2013), further suggesting that NO

production by macrophages has a positive effect on controlling

N. seriolae.

Upon infecting RAW264.7, N. seriolae reaches the interior of

macrophages through adhesion and invasion, forcing them to

release relevant cytokines and produce an inflammatory response

to kill exogenous pathogenic bacteria. However, the amount of

inflammatory factors produced has different effects on cells: low
FIGURE 12

DNA Ladder assay results. M, Marker; C, control.
FIGURE 13

Levels of LDH release at different time periods. The LDH release
assay was repeated three times, and each experiment was
performed in triplicate. Results are presented as mean ± SD.
*P<0.05, compared with the control group.
FIGURE 11

Membrane potential drop rate of RAW264.7 infected with N.
seriolae. Data are presented as mean ± SD of three independent
experiments. **P<0.01 as compared to the control group. ##P <
0.01indicates that the difference between apoptotic cells and
necrotic cells at the same time point was highly significant.
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production can kill intracellular bacteria, whereas high production

can cause significant damage to cells. IL-1b is an important pro-

inflammatory factor that plays a major role in cellular anti-infection

processes. However, persistent production of IL-1b also leads to

cellular damage (Dinarello, 2009; Sahoo et al., 2011). In this study,

we found that the initial expression of IL-1b was extremely high at 2

hpi, which indirectly indicated that the infected cells produced an

inflammatory response. During infection, the expression of IL-1b
begins to decrease gradually, indicating that N. seriolae may inhibit

the inflammatory response for survival by downregulating the

expression of IL-1b, which is similar to that observed in Listeria

(Meixenberger et al., 2010), Salmonella (Pie et al., 1996), and M.

tuberculosis (Behar et al., 2011). IL-6 and TNF-a are the two most

common cytokines. A previous study found that cell wall-associated

lipids of N. brasiliensis promoted IL-6 production by macrophages

and inhibited TNF-a production by macrophages during infection

(Trevino-Villarreal et al., 2012). In our study, both IL-6 and TNF-a
expression were upregulated, similar to that observed after N.

brasiliensis infection (Trevino-Villarreal et al., 2012). These results

also implied that in the initial infection stage, N. seriolae induced a

macrophage inflammatory response, which was subsequently

inhibited by the bacteria for its survival.
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Apoptotic effect of N. seriolae infection on
RAW264.7 cells

Apoptosis is a genetically regulated programmed cell death

(PCD) pathway. When a cell is infected with an exogenous

intracellular bacterium, normal macrophages phagocytose and

maintain a healthy state (Savill et al., 2002). Moreover, apoptosis

is a non-hemolytic cell death, in which the dying cells are

phagocytosed when the cell membrane is ruptured before cell

rupture. Therefore, this process is usually immune and has little

effect on the neighboring cells. Cell necrosis is a programmed and

regulated form of cell death that causes cell membrane rupture and

triggers inflammation through the release of damage-associated

molecular patterns (DAMP), which include immunostimulatory

intracellular components such as high-mobility histone B1, IL-1

family cytokines, nucleic acids and S100 proteins (Kaczmarek et al.,

2013; Pasparakis and Vandenabeele, 2015).It is important to note

that apoptosis is triggered by either an exogenous (cell surface

receptor) or endogenous (mitochondrial) apoptotic signaling

pathway, which leads to the activation of caspase-9 and caspase-8,

respectively (Wen et al., 2012). Both pathways converge by

activating caspases 3, 6, and 7, which in turn activate substrates
B
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FIGURE 14

Expression level of apoptosis factors. (A): Caspase-3; (B): Caspase-8; (C): Caspase-9; (D) Cyto-C, (E) Bcl-2, and (F) Bax. Data are presented as mean
± SD of three independent experiments. *P<0.05; **P<0.01, compared with the control group.
B CA

FIGURE 15

Expression level of pro-inflammatory factors. (A) IL-1b, (B) IL-6, and (C) TNF-a levels. Data are presented as mean ± SD of three independent
experiments. *P<0.05; **P<0.01, compared with the control group.
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that mediate cellular morphological changes. In contrast, cell

necrosis does not involve caspase-dependent pathways but

includes major molecules such as mixed-spectrum kinase

domain-like proteins (MLKL) and receptor-interacting serine/

threonine kinases (e.g., RIP1 and RIP3.) RIP1 kinases are also

been found to be involved in apoptosis, whereas RIP3 and MLKL

are only associated with cell necrosis. One of the major mechanisms

of cellular necrosis is the formation of a necroptotic complex

between RIP1-RIP3-MLKL, phosphorylation of MLKL proteins

ultimately drives membrane pore formation, and cells undergo

osmotic pressure changes with the release of environmental and

danger-associated molecular patterns (DAMP), which further

increases inflammation (Kaczmarek et al., 2013). In this study, we

found that the mitochondrial membrane potential decreased and

pre-apoptotic genes (Bcl-2, Bax, cyto-c, caspase-8, and caspase-9)

were significantly upregulated. This implies that the infected

macrophages promoted apoptosis to eliminate intracellular

bacteria and prevent proliferation and continuous infection with

N. seriolae. These results are consistent with those reported for M.

tuberculosis (Behar et al., 2011), where avirulent mutants of M.

tuberculosis induced more apoptosis than the virulent strain,

indicating that virulent M. tuberculosis can inhibit apoptosis in

macrophages (Behar et al., 2011). At the middle time points of

infection with N. seriolae, the number of apoptotic cells decreased,

probably because the apoptotic cells sent a “eat me” signal to the

uninfected macrophages, inducing increased clearance of apoptotic

cells; such a process is called “efferocytosis” (Jäger et al., 2021).

Some intracellular bacteria, such asM. tuberculosis, have evolved to

inhibit apoptosis.M. tuberculosis suppresses apoptosis by inhibiting

ROS accumulation and upregulating anti-apoptotic gene

transcription by activating the NF-kB signaling pathway (Jurcic

Smith and Lee, 2016). We also observed a decrease in ROS and NO

production, similar to that observed after M. tuberculosis infection,

implying that N. seriolae might inhibit apoptosis for survival inside

macrophages. In the late stages of infection, a large number of cells

were infected with N. seriolae, and the numbers of both apoptotic

and necrotic cells continued to increase. In this case, apoptosis often

leads to the subsidence of inflammation caused by N. seriolae;

however, cell necrosis can cause the persistence of inflammation,

thus prolonging the time the cells are infected. Thus, even after cell

death, they promote the inflammatory process, allowing host cells

to enhance the immune process. (Kundu et al., 2022) Furthermore,

the increased amount of LDH suggests that the cells ruptured and

disintegrated. TEM observations further confirmed chromatin

condensation, fragmentation, and formation of apoptotic vesicles.
Conclusion

In conclusion, we characterized the intracellular behavior of N.

seriolae in the infected RAW264.7 macrophage cell line model. The

results showed that N. seriolae was capable of invading and

surviving inside the macrophages. We further demonstrated that

N. seriolae induced apoptosis in macrophages early after infection

and inhibited apoptosis for intracellular survival in the middle stage

of infection. This study provides the first comprehensive insight
Frontiers in Cellular and Infection Microbiology 12170
into the intracellular behavior of N. seriolae and its apoptotic effects

on macrophages. These findings may be important for

understanding the pathogenicity of nocardiosis in fishes.
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Wenyu Liao1, Qing Yu1,2, Shuyu Han3, Shuaishuai Huang1,
Jingu Shi3, Zongsheng Xie4* and Pengfei Li1,2*
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Modern Fishery Industry Technology Transfer Demonstration Center, Beibu Gulf Marine Industrial
Research Institute, Guangxi Academy of Marine Sciences, Nanning, China, 3Guangxi Fisheries
Technology Extension Station, Nanning, China, 4Guangxi Academy of Fishery Science, Nanning, China
Introduction: The bacterium Elizabethkingia miricola is a multispecies pathogen

associated with meningitis-like disease that has been isolated from several

amphibian species, including the bullfrog, but this is the first isolation in

Guangxi. In the present study, the dominant bacteria were isolated from the

brains of five bullfrogs with meningitis-like disease on a South China farm in

Guangxi.

Methods: The NFEM01 isolate was identified by Gram staining; morphological

observations; 16S rRNA, rpoB, and mutT-based phylogenetic tree analysis; and

physiochemical characterization and was subjected to drug sensitivity and

artificial infection testing.

Results and discussion: As a result of identification, the NFEM01 strain was

found to be E. miricola. An artificial infection experiment revealed that NFEM01

infected bullfrogs and could cause symptoms of typical meningitis-like disease.

As a result of the bacterial drug sensitivity test, NFEM01 is highly sensitive to

mequindox, rifampicin, enrofloxacin, nitrofural, and oxytetracycline and there

was strong resistance to gentamicin, florfenicol, neomycin, penicillin, amoxicillin,

doxycycline, and sulfamonomethoxine. This study provides a reference to further

study the pathogenesis mechanism of E. miricola-induced bullfrogmeningitislike

disease and its prevention and treatment.

KEYWORDS

bullfrog (Rana catesbeiana), meningitis-like disease, Elizabethkingia miricola, isolation
and identification, antimicrobial resistance
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Highlights
Fron
• E. miricola was first isolated from bullfrogs in Guangxi.

• E. miricola induced meningitis-like disease in bullfrogs.

• E. miricola was resistant to the majority of antibiotics tested.
Introduction

Aquaculture provides humans with over 1/3 of the high-quality

protein consumed (Li et al., 2022). The bullfrog is an important

aquatic economy native to eastern North America and has been

widely introduced worldwide (Akmentins and Cardozo, 2010).

With the progress of socio-economic development and increases

in people’s standard of living, the demands for food safety and

quality keep increasing. The bullfrog is increasingly consumer

friendly as a good quality meat, and recently, demand for bullfrog

has been increasing (Schloegel et al., 2010; Zhu et al., 2021). The

aquaculture of American bullfrogs for the meat industry has

expanded worldwide. China, Taiwan, Brazil, and Ecuador are

well-known for their significant production, while the United

States, France, Canada, Belgium, Italy, and Spain are well-known

for their significant consumption (FAO, 2023). The bullfrog is an

economical frog, and the development of artificial aquaculture is

rapidly developing to meet the rise in market demand (Zhang et al.,

2015). The bullfrog was first introduced to China as a food source

from Cuba and Japan (Wu et al., 2004). Since then, the cultivation

of the bullfrog has made remarkable developments in China and has

been introduced to many provinces (Zhang et al., 2015). Recently,

there have been frequent occurrences of bullfrog diseases, especially

bacterial pandemics, such as epidemic meningitis-like disease

(EMD) and red leg syndrome (RLS), which severely damage the

bullfrog aquaculture industry (Pasteris et al., 2006; Trimpert et al.,

2021). EMD has been frequently occurring in recent years (Zajmi

et al., 2022). Disease in the bullfrog is observed as signs of torticollis,

head slanting to one side, swimming in circles, and loss of appetite

(Hu et al., 2017), and 60-90% of diseased animals die within several

days to weeks after the onset (Hu et al., 2020). It is found that the

epidemic of bacterial diseases is the main cause of major loss to

economic bullfrog farming (Mauel et al., 2002; Li et al., 2018), so in

order for frog aquaculture to healthily and rapidly develop, we

should accelerate the study of bacterial diseases in aquaculture and

find reasonable measures (Yu et al., 2021).

Elizabethkingia spp. is a pathogen that threatens the lives of

humans and animals (Zajmi et al., 2022). Elizabethkingia spp. is a

potential zoonotic pathogen (Vancanneyt et al., 1994); it is widely

distributed in the natural environment and also exists in the

hospital environment (Moore et al., 2016; Chew et al., 2018; Hem

et al., 2022). It is a potentially infectious pathogen in the hospital,

which can cause newborn meningitis, adult sepsis, and skin and soft

tissue infection, and mortality is rather high in infected patients

(Furyk et al., 2011). Elizabethkingia spp. infection has been reported

worldwide, especially in patients whose immune function is
tiers in Cellular and Infection Microbiology 02173
compromised, causing a fatal human infection (Dziuban

et al., 2018).

Besides human infection, Elizabethkingia spp. also infects birds

(Vancanneyt et al., 1994), dogs (Bordelo et al., 2016), aquaculture

animals such as tilapia (Jacobs and Chenia, 2011), catfish (Laith

et al., 2017), and many amphibians, including tiger frogs (Xie et al.,

2009), spiny frogs (Lei et al., 2019), and northern leopard frogs

(Trimpert et al., 2021). According to earlier research, the

Enterobacteriaceae (including Proteus vulgaris and Proteus

mirabilis), Pseudomonas aeruginosa, Aeromonas, and a number of

Staphylococcus epidermidis strains were considered to be the

pathogens causing EMD (Cunningham et al., 1996). Another

study identified E. miricola as a pathogen of EMD in black-

spotted frogs (Hu et al., 2017). A recent study has shown that E.

miricola was the pathogen isolated from diseased American

bullfrogs (Lithobates catesbeianus) in farms in the Guangdong

province (Liu et al., 2022). There are many reports on EMD,

which is the most serious disease for many kinds of cultured

frogs in recent years (Mauel et al., 2002; Xie et al., 2009; Lei et al.,

2019), but there is no consensus on the pathogen. A widespread

outbreak of disease occurred in bullfrogs on different farms in

Guangxi, resulting in high mortality and severe economic losses.

Nevertheless, the underlying cause of the explosion of bullfrog

disease is not clear. In the present study, we investigated the

pathogen of the bullfrog, characterized the pathogen, and isolated

the main bacterial pathogen in meningitis. The results of the study

provide a theoretical reference for further studies on bullfrog

dermatology and for helping to prevent and treat EMD during

bullfrog farming.
Materials and methods

Bacterial isolation

From early May to July 2022, the death rate of cultured bullfrogs

was high in Nanning, Guangxi, China. The bullfrogs were raised

within a simple fence of 20 square meters. During this time, the

water temperature was between 30 and 33 °C. The bullfrogs were

fed twice a day with commercial feed (Tongwei Biotechnology Co.,

Nanning, China). The water in the housing was removed and

replaced with fresh water and a continuous flow of fresh water

was provided every day.

The outbreak of disease on the farm caused a high number of

deaths among bullfrogs. Five bullfrogs with typical symptoms

(weight 107.6 ± 3.2 g per bullfrog) and those who were close to

death were chosen for the isolation of pathogenic bacteria according

to the previous method (Lei et al., 2019). The heads of the bullfrogs

were dissected, and the brain tissue was removed. The brain tissue

was then put into a sterile homogenizer, and the appropriate

amount of sterile water was added and thoroughly homogenized.

The 100-mL homogenate was diluted 10 times and placed on an LB

plate and Columbia blood agar plates (Huankai Microbial,

Guangzhou, China), which were incubated aerobically and

anaerobically at 37 °C overnight. The colonies were selected

according to their morphological characteristics and labeled on
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the LB plate. The strains were expanded and identified. The purified

bacterial strain was used for Gram staining, morphological

observation, physiological and chemical analysis, molecular

identification, and subsequent infection.
Morphological observation

Several bacteria from different frogs were examined and all

properties seemed equivalent, so a colony was selected randomly,

and the purified NFEM01 strain was cultured for 48 h. After gram

staining, the NFEM01 strain was observed under an optical

microscope. Hemolytic activity was determined on a Columbia

blood agar plate. The NFEM01 strain was dehydrated by ethanol

(25%, 50%, 75%, 100%) for 30 minutes then dried, gold-plated, and

visualized using a Hitachi s-3400N (Hitachi, Tokyo, Japan)

scanning electron microscope (Bozzola, 2014).
Physiological and chemical characteristics

Physiological and biochemical characteristics of the NFEM01

strain were analyzed using an API® 20E (bioMérieux, Marcy l’Etoile,

France) bacterial identification system. The physiological and

biochemical characteristics of the NFEM01 isolate were assessed

based on previously published methods (Shayegani et al., 1978).
16S rRNA, rpoB, and mutT gene sequences
and phylogenetic tree analysis

The genomic DNA of the NFEM01 strain was extracted using a

bacterial genomic DNA kit (Qiagen, Hilden, Germany). Primers 27

F/1492 R (Weisburg et al., 1991), Eliz rpoB F/Eliz rpoB R, and mutT

F/mutT R (Table 1) were used to amplify the 16S rRNA gene, rpoB

gene (Kenna et al., 2018), and mutT gene (Zhang et al., 2020)

respectively. Amplified products were detected using 1.5% agarose

gel electrophoresis. The positive amplification products were

sequenced by Aoke Dingsheng Biotechnology Co., Ltd. (Wuhan,

China). Gene sequence analysis using the Basic Local Alignment

Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and

a nucleotide sequence identity of > 98% was used as the criterion for

identification. All gene sequences are stored in the NCBI GenBank

database with the registration number PRJNA893762.
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Antibiotic susceptibility test

Antimicrobial susceptibility was tested using the Kirby Bauer

disk diffusion method. Bacterial suspensions were uniformly

distributed on a Mueller Hinton agar plate (Hangzhou Tianhe

Microbial Reagent Co., Ltd., Hangzhou, China). Antibiotic disks

were placed on the surface of the culture plate. The plate was

incubated at 28°C for 24 h. The inhibition zone was measured, and

the results were interpreted according to the Clinical Laboratory

Standards Institute (CLSI) standard (2016) and previous research

(Jorgensen and Turnidge, 2015).
Artificial infection test

After 7 days of domestication, 60 healthy bullfrogs (7.07 ± 0.82 g)

were divided into six groups. The NFEM01 isolate was cultured in LB

liquid at 37°C for 24 h. The bacterial concentration (colony-forming

units) CFU·mL-1 was determined by LB plate counts after the strain

had been subjected to 10-fold serial dilution. A group of 10 bullfrogs

was infected by a 0.2ml intraperitoneal injection with 5.18 × 104, 5.18 ×

105, 5.18 × 106, 5.18 × 107, 5.18 × 108, 5.18 × 109 CFU·mL-1 of

NFEM01, respectively. Phosphate buffered saline (PBS) was the

negative control. Clinical symptoms and mortality from infection to

14 days post-infection were recorded. The brains of the dead bullfrogs

were collected to reisolate NFEM01.
Histopathological observation

The samples of the liver, spleen, kidney, intestine, and brain of

the bullfrog from the pathogenicity study were fixed in 10% buffered

formalin, trimmed, dehydrated using ethanol, and embedded in

paraffin blocks for histopathological examination. These blocks

were sectioned and stained with hematoxylin and eosin (H&E).
Statistical analysis

Data were analyzed in the statistical program GraphPad Prism

version 5 (GraphPad Software, San Diego, California, USA) using one-

way analysis of variance (ANOVA) followed by Tukey’s multiple

comparison test. P < 0.05 were considered significant differences.
TABLE 1 Sequence of the oligonucleotide primers used for PCR amplifications in this study.

Target Gene Oligo Sequence 5′–3′ Product length (bp) Reference

16s RNA
27F AGAGTTTGATCATGGCTCAG

1465 Weisburg et al., 1991
1492R TACGGTTACCTTGTTACGACTT

rpoB
Eliz rpoB F CTCCGGAAGGACCAAACATTG

1392 Kenna et al., 2018
Eliz rpoB R CAACCGTCCAGTCAGATCC

mutT
mutT F CGTATATATGTAGGTCGGAACAG

140 Zhang et al., 2020
mutT R: CCATAGAACACAA AACATCAGCA
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Results

Bullfrogs with meningitis-like disease

The diseased bullfrogs showed signs of severe neurological

disorder (Figure 1A), the liver, spleen, and kidney were enlarged

(Figure 1B), and the spine of a frog was curved (Figure 1C). The

healthy bullfrog neck (Figure 1D), liver, spleen, kidney (Figure 1E),

and spine (Figure 1F) are also shown.
Morphological observation

All five diseased bullfrogs were shown to contain one bacterial

type for which there was heavy growth on LB plates, with very little

growth of other organisms. The predominant bacterial type found

on aerobic plates and the colonies were selected. After incubation at

37°C for 24 h, the colonies appeared smooth, raised, round, and

white (Figure 2A). The NFEM01 strain was a gram-negative

bacterium (Figure 2C). Appearance after growth on Colombia

blood agar (Figure 2B) and following scanning electron

microscopy (Figure 2D) are shown. The NFEM01 had a clear
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transparent zone around the colonies on the blood agar plates

indicative of beta hemolysis activity. Scanning electron microscopy

showed that the bacteria were nearly rod-shaped and approximately

1.4 µm in diameter and 2.6 µm in length.
Physiological and chemical characteristics

The results of the physiological and chemical characteristics of

NFEM01 are shown in Table 2. The NFEM01 isolate was negative for

glucose, lactose, maltose, and mannose utilization but was positive for

honey disaccharide, cellulose disaccharide, xylose, arabinose, rhamnose,

and sucrose. The hydrolysis of urea was positive, while that of citrate

was negative.
Molecular identification

Portions 16S rRNA, rpoB, and mutT gene sequences were

amplified from the isolate, sequenced, and the latter submitted to

GenBank with the registration number PRJNA893762. Analysis of

16S r RNA, rpoB, andmutT genes sequences by BLAST in NCBI was
FIGURE 1

Clinical features of a bullfrog epidemic meningitis-like disease. The diseased bullfrogs showed serious torticollis (A), the liver, spleen, and kidney
were enlarged (B), and the spine of one frog was curved (C). The healthy bullfrog neck (D), liver, spleen, kidney (E), and spine (F) are shown.
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FIGURE 2

Morphological features of NFEM01 isolated from the occurrence of bullfrog disease cultured in Guangxi. (A) NFEM01 single colonies, (B) the
hemolytic activity of the strain was determined according to the hemolytic area around the colony, (C) Gram stained under a light microscope, and
(D) individual cells under a scanning electron microscope.
TABLE 2 Physiological and biochemical characteristics of NFEM01.

Item NFEM01 E. miricola
(Huang et al, 2019)

E. miricola
(Lei et al, 2019)

ONPG + ND +

Arginine decartobxylase + – ND

Lysine decarboxylase – – ND

Omithin decarboxylase – – ND

Citrate-sodium – ND ND

H2S production – – –

Urease + – +

Tryptophan deaminase – – ND

Indole production + N +

Voges-Prokaver – – ND

Gelatinase + ND +

Glucose + ND +

Mannitol – ND +

Inositol – ND ND

(Continued)
F
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performed and sequences with high sequence identity were

identified. According to phylogenetic characteristics, together with

16S rRNA (Figure 3), rpoB (Figure 4A), and mutT (Figure 4B) gene

sequence analysis, the sequences of these genes were clustered with

E. miricola and showed 98.86%, 99.85%, and 100% similarity to the

FB210601, FL160902, and FL160902 strains, respectively. The

NFEM01 was identified as E. miricola.
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Antibiotic susceptibility

The results of the drug sensitivity test for 12 antibiotics showed

that the isolated NFEM01 was highly sensitive to mequindox,

rifampicin, enrofloxacin, nitrofural, and oxytetracycline but showed

strong resistance to gentamicin, florfenicol, neomycin, penicillin,

amoxicillin, doxycycline, and sulfamonomethoxine (Table 3).
TABLE 2 Continued

Item NFEM01 E. miricola
(Huang et al, 2019)

E. miricola
(Lei et al, 2019)

Sorbitol – ND +

Rhamnose – ND –

Sucrose – ND +

Melibiose – ND –

Amygdalin – ND ND

Arabinose – N –

Oxidase + ND +

NO2 – ND ND

N2 – ND ND

MOB + – –

McC ND ND ND

OF-O ND ND ND

OF-F ND ND ND
+, positive reaction; -, negative reaction; N, not applicable; V, variable reaction; (+), weak or delayed reaction; ND, not determined.
FIGURE 3

A phylogenetic tree was constructed based on the 16S rRNA gene of NFEM01 by neighbor-joining method and displays the percentage of bootstrap
values on each branch point (1000 copies). The scale represents 0.02 nucleotide substitutions each site. Star refers to the strain from this study. The
arrow stands for the type strain of the species.
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Artificial infection

The bullfrogs began to die 2 days after the highest dose of

artificial infection (5.18 × 109 CFU·mL-1). High mortality occurred

3 days after inoculation of 5.18 × 105, 5.18 × 106, 5.18 × 107, 5.18 ×

108, 5.18 × 109 bacteria. The bullfrog mortality rates were 60%, 60%,

100%, 100%, and 100%, respectively (Figure 5). The survival rate of

the highest dose group was significantly lower than that of the

control group (P < 0.05). Mortality was not observed in the control

group. Bullfrog death after artificial infection is similar to natural

pathogen-induced death, including congestion and hemorrhage of

the skin of the abdomen and hind limb, spleen swelling, ascites, liver

swelling, and gastrointestinal congestion. NFEM01 was isolated
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from all dead infected bullfrogs, while NFEM01 was not isolated

from the control bullfrogs.
Histopathological observation

Histologically, the pathological changes of diseased bullfrogs in

the brain (Figure 6A), liver (Figure 6C), spleen (Figure 6E), kidney

(Figure 6G), and intestine (Figure 6I) were observed, and the most

obvious brain lesions were the thickening of the ventricles, the

degeneration of the membrane tissue, and the sharp increase of

neuroglia, showing typical pathological changes of encephalitis and

meningitis, compared with the healthy bullfrog brain (Figure 6B),
A

B

FIGURE 4

(A) Phylogenetic tree analysis of NFEM01 using the rpoB gene. (B) Phylogenetic tree analysis of NFEM01 using the mutT gene. Star refers to the
strain from this study. The arrow stands for the type strain of the species.
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liver (Figure 6D), spleen (Figure 6F), kidney (Figure 6H), and

intestine (Figure 6J).
Discussion

Many studies have shown that E. miricola can cause clinical

meningitis in addition to pneumonia and meningitis in newborns,

children, and the elderly (Dziuban et al. , 2018). The

immunocompromised are particularly at high risk. In addition to

humans and poultry, E. miricola bacteria also infect many aquatic

animals (Jacobs and Chenia, 2011; Laith et al., 2017). In recent

years, E. miricola bacteria have become an emerging pathogen of

frog farming, especially bullfrog farming (Liu et al., 2022). The

infected bullfrog shows disease symptoms such as severe torticollis;

curvature of the spine; and enlargement of the liver, spleen, and

kidneys, which are also reported in several other frog species (Xie

et al., 2009; Lei et al., 2019). This phenomenon also occurs in black-
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spotted frogs (Hu et al., 2017). In the current study, the NFEM01

strain was isolated from the brain of bullfrogs with EMD in

Nanning, Guangxi. The surface of a typical NFEM01 colony was

smooth and wet and the edge was neat and white, which was

consistent with E. miricola isolated from the spiny frog (Lei et al.,

2019). NFEM01 has beta-hemolytic activity, which indicates that

NFEM01 has strong pathogenic potential.

In the API® 20E test, the NFEM01 strain showed similar

characteristics to those reported previously (Huang et al., 2019),

but differences between isolates of Elizabethkingia spp. in trypsin

response were observed. Some of the characteristics of

Elizabethkingia spp. have been summarized. They can all produce

catalase, phosphatases, galactosidases, and indole, whereas they

cannot hydrolyze starch, use malonate, and ferment galactose,

sorbitol, inositol, and salicylic acid. However, some features are

variable in the same species and the phenotypic similarities between

known species challenge the correct identification of clinical isolates

(Nicholson et al., 2018). The genus Elizabethkingia is genetically

heterogeneous, and the identification by phenotypic similarity is

challenging for the accurate identification of clinical isolates (Bruun

and Ursing, 1987).

In previous works, the 16S rRNA gene was used for the clinical

reports of most cases (Frank et al., 2013; Chew et al., 2018).

However, there are five copies of the 16S rRNA gene in

Elizabethkingia spp., and there are some differences between them

(Nicholson et al., 2018). Therefore, it is difficult to distinguish

Elizabethkingia spp. from the 16S rRNA gene sequence alone, so

other methods to support identification are needed (Chew et al.,

2018; Lei et al., 2019). The rpoB gene sequencing is superior to other

gene targets because it has a higher resolution than 16S rRNA gene

sequencing, and is used for delineating new bacterial species

(Adékambi et al., 2009; Turton et al., 2010). Nicholson et al.

(2018) first proposed using the rpoB gene to identify

Elizabethkingia species. Subsequently, Kenna et al. studied the

distribution of Elizabethkingia species using rpoB gene

sequencing. In their study, 43 isolates from 38 patients formed a

cluster with E. miricola and E. bruuniana sp. nov. (Kenna et al.,

2018). In a separate study based on 16S rRNA and rpoB gene

sequencing, the authors identified six patients infected with E.

bruuniana between 2005 and 2017 (Lin et al., 2019). On this

basis, we further verified and confirmed the mutT gene of E.

miricola by amplification and sequencing. Zhang et al. (2015)

established a real-time fluorescent quantitative PCR system based

on mutT gene amplification, which could specifically identify E.

miricola and had no nonspecific amplification with many bacteria.

In our study, a combination of 16S rRNA, rpoB, andmutT genes was

used to identify E. miricola isolated from the bullfrog, eliminating a

possible error caused by single 16S rRNA-based identification.

Previous antibiotic susceptibility testing revealed E. miricola

was resistant to erythromycin and oxytetracycline (Colapietro et al.,

2016; Han et al., 2017; Gao et al., 2021). Elizabethkingia spp. is

highly resistant to various antibiotics, leading to fewer choices of

therapeutic drugs. Because of this, clinically, patients with

Elizabethkingia spp. infections have high mortality (Opota et al.,

2017). In this study, the NFEM01 was resistant to the majority of

antibiotics, including gentamicin, florfenicol, neomycin, penicillin,
TABLE 3 Drug sensitivity test results of NFEM01 strain.

Drugs names Inhibition zone diameter
(mm)

Sensitivity

Gentamicin 6 R

Florfenicol 9 R

Enrofloxacin 31 S

Nitrofural 26 S

Oxytetracycline 32 S

Neomycin 15 R

Mequindox 40 S

Penicillin 6 R

Amoxicillin 8 R

Rifampicin 24 S

Doxycycline 6 R

Sulfamonomethoxine 6 R
Susceptible (S), Intermediate (I), Resistant (R).
FIGURE 5

Kaplan-Meier survival curves of bullfrogs infected with different
doses of NFEM01. Control group/phosphate-buffered-saline (PBS),
the concentrations in the infection group were 5.18 × 104, 5.18 ×
105, 5.18 × 106, 5.18 × 107, 5.18 × 108, 5.18 × 109 CFU·mL-1 NFEM01.
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1094050
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Wei et al. 10.3389/fcimb.2023.1094050
amoxicillin, doxycycline, and sulfamonomethoxine. Therefore, the

choice of antibiotics to treat EMD is limited. The NFEM01 isolate

showed high resistance to multiple antibiotics similar to previously

reported isolates from the Chinese spiny frog (Lei et al., 2019). The

main reason for the multi-drug resistance of Elizabethkingia spp. is

that there are many natural resistance genes on its chromosome,

which can produce antibiotic-inactivating enzymes and lead to

corresponding antibiotic resistance, for example, Metallo-b-
lactamases (MBLs) (Opota et al., 2017). The use of Chinese

herbal medicines may be a potentially effective approach (Li

et al., 2021).

In our study, the mortality of the infected bullfrog was 40% and

100%, respectively when 105 and 107 CFU·mL-1 NFEM01 were

injected. These results are similar to those of another study, which

found that the mortality rate of infected black-spotted frogs was

50% and 70% when injected with E. miricola FL160902 at 107 and

108 CFU·mL-1, respectively (Hu et al., 2017). Another study

indicated that the mortality rates of Chinese spiny frogs after

infection at 106, 107, and 108 CFU·mL-1 were 50%, 80%, and
Frontiers in Cellular and Infection Microbiology 09180
100%, respectively (Lei et al., 2019). These traits suggest that the

strains isolated in these studies all show strong pathogenicity to

frogs. However, in previous studies, mortality after infection at 108

CFU·mL-1 was 80% and 33.3%, with relatively low lethality in the

black-spotted frog (Huang et al., 2019). These studies suggest

that different bacterial strains from amphibians may have

different pathogenicity or that different amphibian species have

differing susceptibility.
Conclusion

In summary, E. miricola was confirmed as the pathogenic

bacterium isolated from the brain of bullfrogs with meningitis-

like disease. E. miricola was first isolated from the bullfrog in

Guangxi and is highly pathogenic to bullfrogs. This provides a

reference for further study of the pathogenesis mechanism,

propagation, and prevention of the disease.
FIGURE 6

Histologically diseased bullfrog liver (C), spleen (E), kidney (G), intestine (I), and brain (A) were observed in comparison with tissue sections of healthy
bullfrog liver (D), spleen (F), kidney (H), intestine (J), and brain (B), where the most obvious signs of brain injury are ventricular thickening,
membranous tissue degeneration, and a sharp increase in glia, showing the pathological changes typical of encephalitis and meningitis.
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