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Abstract: Herein, we isolated the pathogenic strain ZZ051 from hemorrhagic channel catfish (Ictalurus
punctatus). Physiological and biochemical identification, 165 rRNA gene sequence analysis, and
MALDI-TOF-MS showed that the ZZ051 strain was Aeromonas veronii. After artificial infection, the
diseased fish showed symptoms similar to the natural disease, and the characteristics of the bacteria
reisolated from the tissues were the same as those of the original infection, indicating that the isolated
strain ZZ051 was the pathogen responsible for the channel catfish disease. The ZZ051 isolate was
highly sensitive to enrofloxacin but resistant to florfenicol. This study provided a theoretical basis for
preventing and controlling hemorrhagic disease in channel catfish.
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1. Introduction

Channel catfish [1] is a freshwater fish that was imported into China in 1984 from the
USA [2]. This population of species has strong growth within the breeding areas, with a
high yield after environmental adaptation [2]. It has been widely bred in over 30 provinces
and cities in China, such as Henan, Jiangxi, Hubei, and Guangdong, and has become the
primary breed to earn foreign exchange from China’s exports [3]. Pollution of the breeding
environment can cause several diseases. Recently, the breeding industry of channel catfish
has gradually increased due to the development of the domestic consumption market [4].
In 2020, the overall channel catfish yield was as high as 308,000 tons, increasing by 3.61% [5].
Among these, the breeding industry of channel catfish in Henan province is developing
rapidly. According to statistics, the breeding output of channel catfish in the Henan
province in 2020 was more than 30,800 tons, accounting for 10% of the total pond breeding
in China.

As the channel catfish farming scale and production increases, the germplasm re-
sources, degradation [6], poor quality of the breeding technology, the breeding density
increase, aquaculture environmental degradation, and other issues are also increasingly
prominent. These issues seriously limit the channel catfish industry’s further development
and have resulted in various disease outbreaks that have gradually become dangerous to
channel catfish [7]. A previous study reported that infectious diseases cause great harm
to channel catfish breeding, including bacterial [8,9], parasitic, viral, and fungal diseases,
especially bacterial and viral diseases [10]. The main bacterial pathogens infecting channel
catfish are Aeromonas hydrophila, Yersinia ruckeri, Edwardsiella ictaluri, and Streptococcus iniae,
which have caused severe harm and economic loss to the aquaculture industry [9,11].

A hemorrhagic disease outbreak occurred in cultured channel catfish in a pond in
Henan Province, China, in 2020 and 2021. The clinical symptoms included hemorrhage in
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the skin fin bases, visceral enlargement, and hemorrhage accompanied by intussusception.
The number of dead fish increased from 3-5 at the beginning to more than 300 within five
days. The disease lasted more than two months, and the cumulative mortality rate was
50-70%. In the present study, we focused on identifying the pathogenic microorganisms
from the channel catfish to lay the foundation to effectively control and prevent this disease.

2. Materials and Methods
2.1. Fish

Diseased channel catfish were collected from a channel catfish pond in Henan Province
between March and May 2021. Healthy channel catfish (juveniles; mean body length was
6.05 cm and mean weight was 5.29 g, respectively) were obtained from another unaffected
pond. The fish were maintained in aerated tanks under 28 °C for 7 d to guarantee that the
fish were healthy before the pathogenicity test and bacterial challenge analysis.

2.2. Histopathology

The liver, spleen, and kidney tissues were collected from naturally infected fish and
fixed with 4% paraformaldehyde for 48 h. The slices were dehydrated until, dipped in wax,
and embedded in paraffin. The thickness of the slices was 3 um, and the tissue sections were
stained with hematoxylin and eosin. After neutral resin sealing, the sections were observed
and photographed microscopically (Olympus CX21), and the pathological changes in the
tissues were analyzed [12].

2.3. Etiological Examination

The gills, skin mucus, and viscera were microscopically examined for parasites. For
bacterial isolation, liver, kidney, and ascites material from each moribund fish were in-
oculated in brain heart infusion (Sigma, St. Louis, MO, USA) agar plates and incubated
at 28 °C for 3 d. The dominant colonies with different morphological characteristics
were collected and purified twice and then identified with the methods described in
Section 2.4 [13].

2.4. Bacterial Identification
2.4.1. Identification of the Morphological, Physiological, and Biochemical Characteristics of
the Pathogenic Bacteria

According to the Gram staining instructions, the morphological characteristics of the
pathogenic bacteria were observed under a light microscope. To observe their ultra-structure,
the purified bacteria were negatively stained with phosphotungstic acid (PTA), then observed
with a transmission electron microscope at 80 kV (Hitachi-7650, Tokyo, Japan).

The physiological and biochemical indexes of the isolates were measured using bio-
chemical identification tubes of the microbacteria, referring to Berger’s Manual of Bacterial
Identification and Manual of Common Bacterial Systematic Identification.

2.4.2. Identification of Bacterial Species by MALDI-TOF-MS

The purified bacteria were inoculated in a nutrient agar plate for culture, and single
colonies were selected and coated on the MALDI-TOF-MS target plate. One pL of 70%
formic acid was added first, followed by 1 uL matrix solution. After the matrix was dried,
the target plate was put back into the system to identify the strains.

2.4.3. Sequence and Phylogenetic Analysis

Briefly, DNA was extracted using the bacterial genome DNA extraction kit (TTANGEN,
Beijing, China). The extracted DNA was used as a template to amplify the 165 rRNA of
bacteria with the universal primer pair (27 F: 5~AGAGTTTGATCCTGGCTCAG-3; 1492 R:
5'-GGTTACCTTGTTACGACTT-3), leading to a 1506 bp product. The PCR amplification
conditions were as follows: predenaturation for 4 min at 94 °C; denaturation at 94 °C for
30 s, annealing at 56.5 °C for 30 s, extension at 72 °C for 1 min, for a total of 35 cycles;



Fishes 2022, 7, 394

30f10

extension at 72 °C for 6 min; and finally, 16 °C to end the reaction process. The PCR
products were detected by 1.5% agarose gel electrophoresis. After the gel was recovered,
the purified PCR product was cloned into a T vector and sent to Sangong Bioengineering
(Shanghai, China) Co., LTD (Shanghai, China) for sequencing. BLAST analysis was per-
formed with the reference sequences published in GenBank. MEGA 7 was used for multiple
sequence matching and cluster analysis. Neighbor-joining (NJ]) was used to construct the
phylogenetic tree.

2.5. Pathogenicity

An experimental infection study was performed to examine the pathogenicity of
the bacterial isolate. The bacteria were cultured in liquid BHI medium at 28 °C for 20 h,
harvested by centrifugation at 14,000x ¢ and 4 °C for 10 min, and suspended in ster-
ile saline (0.65% NaCl). The bacterial suspensions were diluted to 1 X 107, 1 x 109,
1 x 10°,and 1 x 10* CFU/mL with sterile saline, respectively. Groups of 30 similarly sized
channel catfish were intraperitoneally injected with 0.1 mL of each bacterial suspension,
with challenge doses of 1 x 10%,1 x 10°,1 x 10% and 1 x 10° CFU/fish. The control group
included 30 channel catfish injected with the same volume of sterile saline. All fish were
raised in aerated tanks (100 L) at 25 & 2 °C. The morbidity and mortality were observed
and recorded every day for ten days. Necropsy examination, pathogen isolation, and
identification were performed again on the moribund or fresh dead fish.

2.6. Antibiotic Sensitivity Test

We used the standard Kirby—-Bauer disk diffusion approach to test the drug suscep-
tibility of the pathogens. Briefly, the strain suspensions were evenly coated on a nutrient
agar plate, and the sensitivity disk of different drugs was attached at equal distances. After
24 h of inverted culture in a constant temperature incubator at 28 °C, the diameter of the
inhibition zone was observed and recorded. The diameter of the inhibition zone was used
as a judgment indicator, and the susceptibility of the pathogenic strains to the drugs was
determined by referring to the drug-sensitive paper instructions [13].

3. Results
3.1. Natural Features and Clinical Symptoms

The external symptoms of the diseased fish were severe hemorrhage on the head, lower
jaw, and base of the pectoral fin and abdominal enlargement (Figure 1A). The necropsy
showed a large amount of yellowish fluid in the abdominal cavity, severe black—purple
hemorrhage in the spleen, pale and swollen liver with congestion, kidney enlargement,
intestinal wall congestion and bleeding, no food in the intestinal tract, filled with a large
amount of yellowish fluid (ascites), and typical symptoms of intussusception (Figure 1B).

3.2. Histopathological Observation and Analysis

The following major histological changes were observed under the microscope
(Figure 2): Liver (A): a small area of central vein and congestion in hepatic sinus (black
arrow) can be seen at the edge of the liver tissue, and no other obvious abnormality was
found. No apparent inflammatory cell infiltration was observed. Spleen (B): The parenchy-
mal cells in the spleen tissue were reduced, the structure was necrotic (black arrows), and
no other obvious abnormality was found. Kidney (C): there was a large amount of renal
tubular necrosis, pyknosis, and fragmentation of the renal tubular epithelial cells, with
disintegration and destruction of the original tissue structure (black arrow), and the yellow
arrow points to hypertrophied glomeruli in renal tissue. No other evident abnormalities
were found.



Fishes 2022, 7, 394 40f 10

Figure 1. Natural features of A. veronii infection in channel catfish. The black arrow represents
abdominal enlargement (A), and the purple arrows represent intussusception (B) in channel catfish.

Figure 2. Histopathological observation and analysis by HE. Liver (A): A small area of central vein
and congestion in hepatic sinus (black arrows) can be seen at the edge of liver tissue. Spleen (B): the
parenchymal cells in the spleen tissue are reduced, and the structure is necrotic (black arrow); kidney
(©): there is a large amount of renal tubular necrosis, pyknosis, and fragmentation of the renal tubular
epithelial cells, with disintegration and destruction of the original tissue structure (black arrows), and
the yellow arrow points to hypertrophied glomeruli in the renal tissue.

3.3. Pathogen Isolation and Identification

No parasites were detected in the skin mucus, gills, or viscera. Bacterial colonies with
the same morphological characteristics were isolated from the diseased fish’s liver, kidney,
and ascites. The bacterial colonies were round, grayish white to light yellow, with smooth
and moist surfaces and neat edges on BHI agar plates. The bacteria were Gram-negative,
rod-shaped, blunt at both ends, arranged singly or in pairs, and without spores or pods.
Electron microscopy also demonstrated that the bacterium was short rod-shaped and had a
single polar flagellum (Figure 3).
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Figure 3. Electron microscope images of the ZZ051 bacterium showed negative staining, a short rod
shape, and only one polar flagellum. Scale bar =1 pm.

Several randomly selected colonies isolated from the liver and kidney tissues were all
identified as Aeromonas veronii by MALDI-TOF-MS, including isolate ZZ051 (Figure 4), and
the MALDI-TOF score was 2.300. This isolate was selected for additional testing.
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Figure 4. The characteristic mass spectrum of A.veronii isolate ZZ051 by MALDI-TOF-MS.

The results of the 24 biochemical indexes of the pathogen ZZ051 are presented in
Table 1. Ornithine decarboxylase was the primary reaction identified that differentiated
A. veronii from other Aeromonas. According to the “Manual of Systematic Identification of
Common Bacteria”, except for the arginine decarboxylase reaction that was different from
the standard A. veronii strain, the other reactions were consistent with the standard strain,
such as gelatin, ornithine decarboxylase, and lysine decarboxylase (all positive). Therefore,
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according to the physiological and biochemical characteristics, ZZ051 was classified as A.
veronii (Table 1).

Table 1. The biochemical characteristics of the pathogenic bacteria ZZ051.

Test Items 77051  A.veronii Test Items 77051 A.veronii
indole - - ONPG - -
gelatin + + starch + +

ornithine decarboxylase + + arginine decarboxylase + -
lysine decarboxylase + + D-ribose + +
glucose + + phaseomannite - -

urea - - maltobiose + +

oxidase experiment + + saccharose + +
nitrate reaction + + arabinose - -
O-F + + cellobiose + +
esculoside - - salicin - -
lactose - - citrate + +
galactose - - semisolid + +

Note: +, positive; —, negative.

The BLAST analysis results of the 16s rRNA sequence showed that ZZ051 had a 100%
identity to other A. veronii strains. The phylogenetic analysis was based on the comparison
of the 165 rRNA sequences between isolate ZZ051 and other Aeromonas, including A. veronii
(ATCC 35624), A. jandaei (ATCC 49568), A. salmonicida (ATCC 33658), A. sobria (ATCC
43979), A. hydrophila (ATCC 7966), and A. caviae (ATCC 15467). As demonstrated by the
phylogenetic tree, isolate ZZ051 was clustered into one group with the reference A. veronii
strain (Figure 5). The BLAST and phylogenetic analysis results confirmed the identification
of the ZZ051 isolate as A. veronii.

X60414.2 Aeromonas veronii strain ATCC 35624
100

50 22051

X60413.2 Aeromonas jandaei strain AT CC 49568

NR 119042.1 Aeromonas salmonicida strain ATCC 33658

75
NR 119044.1 Aeromonas sobria strain ATCC 43979

NR 1189441 Aeromonas hydrophila strain ATCC 7966

53

X60409.1 Aeromonas caviae strain ATCC 15467

0.00M0

Figure 5. The phylogenetic relationships based on 165 rRNA sequence comparisons between strain
77051 and other fish-pathogenic Aeromonas.

3.4. Pathogenicity

Healthy channel catfish were infected with strain ZZ051 suspensions at 1 x 10°,
1 x 10%,1 x 10%, 1 x 102 CFU /fish via intraperitoneal injection. For each infection dose,
dead channel catfish were first observed at 2-3 days post-infection (dpi) (Figure 6). In
the group infected with 1 x 10® CFU/fish, mortality first occurred at 2 dpi. Then, the
cumulative mortality increased rapidly to 100% at 5 dpi. In the groups infected with
1 x 10° and 1 x 10* CFU/fish, mortality started at 2 dpi, and cumulative mortality reached
70 and 26.7%, respectively, at 8 dpi. The death of the group infected with a 1 x 103 CFU/fish
started at 3 dpi, and the final cumulative mortality rate was only 10% at 8 dpi. No dead
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or sick channel catfish was observed in the negative control group. Bacteria were re-
isolated from the kidney and liver of the dead fish and identified as A. veronii by 16S rRNA
sequencing (data not shown).

100 -
~ 90 F -
e B
C 8ot C
5}
2 70 fF D
£ 60 [ =—@=E
£ sot
(@]
E 40 |
g
2 30 +
B
> 20
=
3 10t
0! @ < > o = = = o S )
1 2 3 4 5 6 7 8 9 10

Days post infection (dpi)

Figure 6. The pathogenicity of the isolate ZZ051 in healthy channel catfish experimentally infected
with (A) 1 x 106, (B) 1 x 10%, (C) 1 x 10%, and (D) 1 x 103 CFU/fish. (E) Negative control.

3.5. Drug Sensitivity Test

The drug-sensitivity test results of strain ZZ051 to 27 antibiotics are shown in Table 2.
77051 was highly sensitive to six antibacterial agents, including Cefotaxime, Azithromycin,
Minocycline, Doxycycline, Ofloxacin, and Enrofloxacin, moderately sensitive to four an-
tibacterial agents, including Furazolidone, Polymyxin B, Vancomycin, and Rifampicin, and
resistant to 15 antibacterial agents, including Penicillin, Chlorophenicol, and Florfenicol, etc.

Table 2. Drug sensitivity test.

Concentration

Antibiotics . IZD (mm) Result
(ug/piece)
Enicillin 10 6 Resistant
Cefotaxime 30 31 Susceptible
Erythromycin 15 11 Resistant
Azithromycin 15 16 Susceptible
Chloramphenicol 30 8 Resistant
Florfenicol 30 7 Resistant
Tetracycline 30 9 Resistant
Minocycline 30 33 Susceptible
Doxycycline 30 16 Susceptible
Norfloxacin 10 6 Resistant
Ofloxacin 5 16 Susceptible
Enrofloxacin 10 18 Susceptible
Nalidixic Acid 30 9 Resistant
Pipemidic Acid 30 6 Resistant
Gentamicin 10 6 Resistant
Neomycin 30 11 Resistant
Streptomycin 10 7 Resistant
Kanamycin 30 8 Resistant
Tobramycin 10 7 Resistant
Amikacin 30 9 Resistant
Cotrimoxazole 25 7 Resistant
Metronidazole 5 6 Resistant
Polymyxin B 300 11 Intermediately
Furazolidone 300 15 Intermediately
Clindamycin 2 7 Resistant
Vancomycin 30 14 Intermediately
Rifampicin 5 13 Intermediately
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4. Discussion

Channel catfish, native to North America, are the dominant freshwater species in the
USA, comprising 60% of the fish farming in the country [14]. As a new type of freshwater
economic aquaculture fish with fast growth, high disease resistance, no intramuscular
spines, and high nutritional value, channel catfish has been widely promoted in China since
it was introduced from the USA in 1984 [15,16]. Currently, Chinese channel catfish breeding
is an important part of the world’s channel catfish industry. In recent years, diseases have
become a more prominent problem with the continuous expansion of the channel catfish
breeding industry in Henan province. Among the pathogens, A. veronii and A. hydrophila
have caused severe health issues for the fish in this province.

After isolating and identifying the pathogen and the regression infection experiment,
we found that the channel catfish’s hemorrhagic disease pathogen was A. veronii. This
pathogen mainly infects freshwater fish, such as carp [17]. Infections with A. veronii can
cause septicemia, bleeding, ulcer, ascites, and other symptoms, leading to high mortality
and morbidity and bringing substantial economic losses to aquaculture. A. veronii can
infect not only aquatic animals but also mammals, including humans. It is an opportunistic
pathogen for humans and has some infectivity for people with normal immune competence.
The general symptoms observed in this outbreak were similar to the samples of channel
catfish disease collected by Huang et al. from Meishan, Sichuan province, with typical
symptoms of abdominal enlargement, bloody ascites, anal redness and swelling, severe
enteritis, fat spot bleeding, and diffuse bleeding of parenchymal organs [18]. Here, we
characterized a similar A. veronii isolated from the liver, spleen, and kidney of the diseased
channel catfish, showing that the infection was multisystemic. This also explains the severe
disease with high death rates and the perseverance of the infection in the population. At
scanning electron microscopy, short flagellated rods were observed. The histopathological
observations of different degrees of hyperemia, hemorrhage, degeneration, and necrosis in
parenchymal organs such as the liver, spleen, and kidney were similar to the pathological
changes observed by previous reports on A. veronii-infected channel catfish [19].

Traditional physio-biochemical analysis and 16S rRNA sequencing has laid the foun-
dation for bacterial identification [20]. Nonetheless, A. hydrophila and A. caviae are almost
indistinguishable at the genotypic and phenotypic levels. In addition, routine physio-
biochemical approaches cannot precisely distinguish them, resulting in a high species
misidentification rate [21]. MALDI-TOF-MS is a novel soft ionization technology for ana-
lyzing and determining biological macromolecules (e.g., proteins and nucleic acids) [22].
Due to its rapid and efficient characteristics, it has been widely used to identify microor-
ganisms automatically [23]. This technology mainly measures the molecular weight or
characteristic protein spectrum changes in microbial cells for identification and other re-
lated detections [24]. At present, according to the research progress in China and abroad,
MALDI-TOF MS has been used in clinical detection and basic research for microbial typing,
bacterial drug resistance, epidemiological analysis, and recombinant protein expression
in bacteria, not only improving the efficiency and accuracy of microbial detection but also
being used to study microorganisms at the proteomics level. However, MALDI-TOEF-MS
also has some defects, which need to be combined with other means for bacterial iden-
tification [25-27]. In the present study, 165 rRNA sequence analysis, physiological and
biochemical determination, and MALDI-TOF-MS technology were used to identify the
pathogenic bacteria ZZ051 of channel catfish, increasing the accuracy of the results.

Antibiotics are still the main drugs used to control bacterial diseases in domestic aqua-
culture production. However, the abuse of antibiotics and the emergence of drug-resistant
strains often lead to disease control failure. Herein, we determined the susceptibility of the
isolated strain ZZ051 to 27 drugs. ZZ051 was highly sensitive to six antibacterial drugs, in-
cluding Cefotaxime, Azithromycin, Minocycline, Doxycycline, Ofloxacin, and Enrofloxacin,
moderately sensitive to four, including Furazolidone, Polymyxin B, Vancomycin and Ri-
fampicin, and resistant to 15, including Penicillin, Chlorophenicol, and Florfenicol. Among
them, ZZ051 was resistant to florfenicol, commonly used in aquaculture. This suggests
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that we should scientifically screen sensitive drugs and use targeted and precise drugs to
control pathogenic infection in fish to avoid the emergence of drug-resistant strains due to
lack of knowledge and abuse. At the same time, we should strengthen the development of
fish immune system enhancers, especially traditional Chinese medicine immune system
enhancers, to improve the fish’s immunity, prevent these diseases, and reduce the use of
antibiotics.

In conclusion, we found that A. veronii ZZ051 was the causal agent of Hemorrhagic
Septicemia in channel catfish and highly sensitive to enrofloxacin but resistant to florfenicol.
This study provided a theoretical basis for preventing and controlling hemorrhagic disease
in channel catfish.
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