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In November 2017, a group of farmed rainbow trout (Oncorhynchus mykiss) died in Yunnan Province, China, likely due to
infection.Tese rainbow trout exhibited slow movement, no feeding, dark body color, exophthalmia, and occasional ulcers on the
body surface. Pathogens were isolated from diseased rainbow trout livers, head kidneys, spleens, and eyes, and the strain was
preliminarily identifed as Acinetobacter johnsonii based on morphology, biochemical tests, and 16S rRNA and rpoB sequences.
Te isolated strains were highly sensitive to forfenicol, ciprofoxacin, oxolinic acid, and norfoxacin but resistant to ampicillin,
doxycycline, sulfadiazine, thiamphenicol, and sulfamethazine.Te selected isolate was performed for the experimental infection of
rainbow trout to confrm its pathogenicity. Experimentally infected fsh showed disease symptoms similar to those observed in fsh
naturally infected with these bacteria. Vacuolar degeneration was prevalent in the liver and spleen of diseased fsh. Cytoplasm
volume was very high in the lymphocytes of the head kidney. Te protein structure and topology of monomeric outer membrane
protein A (OmpA), outer membrane protein 34 (Omp34), and a nucleoside-specifc outer membrane transporter protein Tsx
(OmpTsx) of A. johnsonii were predicted by AlphaFold 2. Te predicted local distance diference test (pLDDT) score was used for
the assessment of structure prediction. Comprehensive analysis of antigenic determinants of the OMP family member, OmpA,
contains three antigenic determinants, which are 90% similar with epitopes ofA. baumannii. OmpA is a recombinant protein with
35 kDa expressed in the Escherichia coli system. Based on these fndings, A. johnsonii is regarded as an emerging opportunistic
pathogen in farmed rainbow trout. OmpA protein can be used as a subunit vaccine candidate molecule of A. johnsonii.

1. Introduction

Acinetobacter spp. are a group of aerobic, non-
fermentative, Gram-negative bacteria that are widely
distributed in diverse environments, including soil, water,
sludge, and human skin [1, 2]. Acinetobacter is generally
considered to be a conditional pathogen, often causing
serious infections in humans [3]. Tey are very persistent
in the environment, and they also have strong viability and

multidrug resistance [4]. For example, with the extensive
use of broad-spectrum antibiotics in the clinic in recent
years, A. baumannii has shown an extraordinary ability to
develop resistance to all antimicrobials, which is a serious
threat to human health [5]. Additionally, A. lwofi, A.
junii, A. pittii, and A. baumannii are now considered to be
fsh pathogens [6–9].

A number of bacteria produce a similar syndrome, which
is generically characterized by external reddening and
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hemorrhage in the peritoneum, body wall, and viscera
[10–12]. During intensive aquaculture rearing, environ-
mental stress factors such as hypoxia, abnormal pH, and
high population density generate an optimal setting for
pathogens to thrive [13]. Acinetobacter spp. are widely
distributed and have a wide range of hosts. Tey can infect
marine and freshwater fshes of all ages [6, 8, 14], and they
cause serious losses to the salmon and trout industries every
year [15]. A sudden change in water temperature, especially
in early to midsummer that corresponds to the conditions
for bacterial disease occurrence, results in high fsh mortality
and great economic losses to farmers. Tus, it is imperative
to study the causes of fsh deaths and develop corresponding
countermeasures.

Outer membrane proteins (OMPs), as important
immunogenic proteins of Gram-negative bacteria, not
only play an important role in the stability of cell structure
but also are considered one of the virulence factors of
Acinetobacter [16, 17]. OMPs can act as an adhesion
molecule (haemagglutinin) or as a bacterial enzyme or
toxin, which could be used as potential vaccine targets
[18]. Several studies have shown that bacterial OMPs serve
as a vaccine for immunization against bacteria infecting
fsh [19]. Additionally, targeting OMPs, these membrane-
bound porins produce channels to export antibacterial
agents outside the cell, thus resulting in drug resistance
[20, 21].

Rainbow trout (Oncorhynchus mykiss) is a cold-water
fsh that is one of the most extensively farmed fsh world-
wide. However, the expansion of rainbow trout farming
coupled with insufcient attention by farmers to compre-
hensive regulation of water quality has led to the de-
terioration of aquatic environmental conditions. As a result,
bacterial diseases have become a key factor for restricting the
healthy development of the rainbow trout breeding industry
[22]. Until now, rainbow trout can be afected by a range of
bacterial and viral pathogens and parasites, such as Aero-
monas salmonicida, infective pancreatic necrosis virus, and
Ichthyophthirius multiflis [23]. Some cases of Acinetobacter
spp. infection in farmed fsh have been reported in Poland
and China [6, 8, 15, 24]. However, there is still limited
information on the virulence factors of Acinetobacter and
the role of Acinetobacter in fsh pathology.

In this study, Acinetobacter johnsonii was isolated from
infected rainbow trout from a farm in plateaus areas,
identifed by the morphological observation, biochemical
identifcation, and 16S rRNA, and rpoB gene sequence
analysis. Te complete open reading frames of the outer
membrane proteins A (OmpA), outer membrane proteins
34 (Omp34, also known as Omp34 kDa and Omp33–36),
and a nucleoside-specifc outer membrane transporter
protein Tsx (OmpTsx) were cloned, and OmpA recombinant
plasmid was expressed in the Escherichia coli system. Ad-
ditionally, the ten antibiotic agents against the bacterial
strain were also assayed for minimal inhibitory concen-
trations (MIC). Te aim of the study was to fnd a means for
efective control of Acinetobacter spp. infections in rainbow
trout and evaluation of risk associated with these micro-
organisms in fsh farms.

2. Materials and Methods

2.1. Sampling. On November 10, 2017, approximately 20
diseased rainbow trout (20–23 cm length, 120–140 g) were
collected at Xundian Farm, Kunming, Yunnan Province,
China, and sent to our laboratory for diagnosis. Fish were
maintained and handled according to the guidelines approved
by the Institutional Animal Care and Use Committee at
Yunnan Agricultural University (Kunming, China). Te gill
and body surface of each fsh were examined microscopically
for the presence of parasites and bacteria. Te body surface
then was swabbed using 70% ethyl alcohol to decontaminate
the normal external bacterial fora. Te liver, head, kidney,
spleen, and eye were removed, and tissue was aseptically in-
oculated on brain heart infusion (BHI). After the incubation at
28C for 24h, bacteria isolated from fsh were subcultured
under the same conditions to check the purity of isolation.

2.2. Isolation and Identifcation of Bacteria. Pure culture
colonies were grown in BHI at 28°C for 24 h and collected
into 1.5mL centrifuge tubes. Te colonies were then char-
acterized using bacterial biochemical reaction tubes and
following the manufacturer’s protocol (Hangzhou Microbial
Reagent Co., Ltd., Hangzhou, China).

Te DNA was extracted according to the manufacturer’s
protocol (Aidlab Biotechnologies Co., Ltd., Beijing, China).
Te 16S rRNA and rpoB sequences were amplifed by PCR
using universal primers (Table 1). PCR reactions were
performed on a Bio-Rad T100™ (Bio-Rad Laboratories,
Foster City, CA, USA) with of 50 μL of reaction mixture
consisting of 25 μL of master mix (Tsingke Bioscience and
Technology Company, Beijing, China), 1 μL of 10 μM for-
ward and reverse primers, respectively, 2 μL of DNA tem-
plate, and nuclease-free water to fll the remaining volume.

Te 16s rRNA amplifcation reaction was initiated with
a denaturation step at 94°C for 3min followed by 30 cycles,
each including denaturation at 94°C for 30 s, annealing at
55°C for 30 s, and elongation at 72°C for 2min. Te PCR was
completed with a 10min extension at 72°C. Te rpoB am-
plifcation reaction was initiated with a denaturation step at
96°C for 2min followed by 30 cycles, each including de-
naturation at 96°C for 10 s, annealing at 55°C for 30 s, and
elongation at 72°C for 1min. Te PCR was completed with
a 10min extension at 72°C.

Te PCR products were electrophoresed on a 1% agarose
gel and purifed with an agarose gel purifcation kit (Aidlab
Biotechnologies). Te purifed product was then ligated with
the pClone007 vector (Tsingke), and ligation mixtures were
used to transform competent E. coli DH5α. Selection for
transformed colonies occurred on LB ampicillin (100mg/
mL)/X-Gal/IPTG plates. White colonies were purifed and
sequenced at Tsingke Bioscience and Technology Company.
Te sequences were deposited into the NCBI GenBank
(accession number: OP271698- OP271707).

2.3. MIC Tests. Te strains named Ajo2017L-9, Ajo2017L-
10, Ajo2017E-1, and Ajo2017E-2 were randomly selected for
MIC tests among 10 isolated strains. Te following 10
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antimicrobial agents were used to assay: ampicillin sodium
salt (0.976–50mg/L), neomycin sulfate (0.048–25mg/L),
ciprofoxacin (0.048–25mg/L), doxycycline (0.488–250mg/
L), norfoxacin (0.048–25mg/L), forfenicol (0.048–25mg/
L), sulfadiazine (0.048–25mg/L), oxolinic acid
(0.048–25mg/L), thiamphenicol (0.976–50mg/L), and sul-
famethazine (0.976–50mg/L).Te antimicrobial agents were
purchased from Solarbio (Solarbio, China).

Temacrodilutionmethodwas used to determine theMIC
value of the antibiotic agent tested. Briefy, a series of two-fold
dilutions of the antibiotic agents were prepared in BHI. Pure
culture colonies were grown in the BHI medium at 28°C for
24 h and then diluted at 2×108 colony-forming units (CFU)
mL−1 using 0.65% NaCl. Next, 10μL of bacterial suspension
and 2mL of antibiotic agent dilution were added to each glass
tube. Te completed titration was incubated at 100 rpm for
24 h at 28°C.TeMIC was defned as the lowest concentration
with no visible growth. Te MIC breakpoint of antimicrobial
agents refers to the Clinical and Laboratory Standards Institute
(CLSI) [25]. For antimicrobial agents that CLSI does not have
a reference, published information of the MIC breakpoint was
adapted as their structural analogs [26–28].

2.4. Infectivity Experiment. Healthy rainbow trout
(20–23 cm length, 120–140 g) were kept in two fberglass
tanks with cylindroconical bottoms (diameter: 1.2m, water
volume: 650 L). Water was recirculated through the flter at
a rate of 4 L/min and maintained at an average temperature
of 18°C. Te fsh were fed twice a day to satiation with
a commercial feed for rainbow trout. Tese fsh had no
history of disease or abnormality and were acclimated for
14 days before challenge. Te pathogen challenge experi-
ments were performed according to the guidelines approved
by the Institutional Animal Care and Use Committee at
Yunnan Agricultural University (Kunming, China).

During the challenge experiment, 150 fsh were ran-
domly distributed into 15 tanks (10 fsh per tank, 3 tanks per
group) with a total volume of 600 L. Te Ajo2017L-10 strain
was diluted in 0.65% NaCl solution to achieve concentra-
tions of 2.5×109, 2.5×108, 2.5×107, and
2.5×106 CFUmL−1. In order to test Koch’s postulate, 10 fsh
in each of 5 groups were injected at the base of pectoral fn
with 0.2mL bacterial suspension or 0.65% NaCl solution
(mock challenge). Te infectivity study lasted for 15 days.

Te liver, kidney, and spleen from dying fsh were
aseptically inoculated on BHI. Tese tissues of fsh from the
control group and each treatment group were fxed in 4%
paraformaldehyde for 24 h, embedded in parafn, serially
sectioned, and stained with hematoxylin eosin. After in-
cubation at 28°C for 24 h, bacteria isolated from fsh were
subcultured under the same conditions to check purity of the
isolation. Pure culture colonies were identifed by 16S rRNA
sequence.

2.5. Omp Family Member Clone and OmpA Prokaryotic
Expression. Te DNA was extracted according to the
manufacturer’s protocol (Aidlab Biotechnologies Co., Ltd.,
Beijing, China). Te OmpA, Omp34, and OmpTsx se-
quences were amplifed using PCR with specifc primers,
respectively (Table 1). PCR reactions and the clone process
were similar to 16s rRNA and rpoB cloning. Te sequences
were deposited into the NCBI GenBank (accession number:
OP312670- OP312672).

Using homologous recombination, pET32a-OmpA
recombinant plasmids were constructed, and the recombi-
nant plasmids were used to transform into competent
Escherichia coli BL21. After pET32a-OmpA identifcation, the
expression of recombinant protein was induced by IPTG
during the period of logarithm growth of bacteria. Te in-
duction conditions were 1mM IPTG at 25°C for 5h. Te
bacteria were centrifuged at 5000× g for 10min at 4°C. Te
expression of recombinant proteinwas detected by SDS-PAGE.

For a large amount of expression, the recombinant strain
was inoculated in 600mL LB medium containing ampicillin
(100 μg/mL) after the expanded culture of recombinant
strain. 1mM IPTG was added in the medium when OD600
reached 0.8, continue shaking culture at 37°C 200 rpm for
4 h. Te bacterial medium was broken by ultrasonic after
induction and then centrifuged at 4°C 5000 g for 10min.Te
recombinant protein was purifed by nickel afnity chro-
matography and detected by SDS-PAGE. We freeze-dry and
store at −80°C.

2.6. Phylogenetic Analyses. Te 16S rRNA and rpoB gene
sequences were analyzed using the BLASTsearch function of
the NCBI database for preliminary identifcation. Te
OmpA, Omp34, and OmpTsx amino acid sequences were

Table 1: Te primers were used in this study.

Gene symbols Gene description Primers Sequences (5′-3′)

16S rRNA 16S ribosomal RNA 27F AGAGTTTGATCMTGGCTCAG
1492R TACGGYTACCTTGTTACGACTT

rpoB RNA polymerase beta subunit Ac696F TAYCGYAAAGAYTTGAAAGAAG
Ac1093R CMACACCYTTGTTMCCRTGA

OmpA Outer membrane protein A Forward ATGCGTGCATTAGTTA
Reverse TTATTGTTTAGCATAAATG

Omp34 Outer membrane protein 34 Forward ATGAAAAAACTTGGTTTAGC
Reverse TTAGAAACGGAATTTAGCAT

OmpTsx Ion channel protein Tsx Forward TTAGAAGTGGTATTTAACCA
Reverse ATGCAATTAAAGCAACTTGC
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deduced using SeqEdit, Lasergene software (DNASTAR,
Madison, WI, USA). Coding sequences were aligned based
on their amino acid sequences with their respective
orthologs. Neighbor-joining trees (NJ) with 1000 bootstrap
replications were constructed using ClustalW as imple-
mented in MEGA X [29] to visualize similarity and sequence
divergence. For the concatenated datasets, only genes that
were available for outgroup species were used.

2.7. Protein StructurePrediction. AlphaFold 2 (version 2.2.2)
was used to predict the protein structure and monomer
model. Te model parameters were all default parameters.
Te prediction was conducted using the all-protein database.
Te database version: UniProt was 2022-08-03, PDBmmCIF
was 2022-08-05, and the other databases were ofcial default.
We also collected the predicted local distance diference test
(pLDDT) values for each structure. pLDDT values above 70
indicate generally good backbone prediction.

Te protective antigens of OmpA, Omp34, and OmpTsx
were predicted by VaxiJen [30]. Te prediction of hydro-
philicity, fexibility surface accessibility of protein was an-
alyzed by the immune epitope database (IEDB). Antigenic
peptides are determined using the method of Kolaskar and
Tongaonkar [31], available at https://imed.med.ucm.es/
Tools/antigenic.pl.

3. Results

3.1. Clinical Symptoms ofDiseasedRainbowTrout. Tere was
approximately 30% of total mortality from June to October
in the farm. Te death rainbow trout were mainly juvenile
fsh with 5–30 cm body length.Te infected rainbow trout in
the farm exhibited slow movement, no feeding, dark body
color, exophthalmia, and occasional ulcers on the body
surface. After dissection, infected fsh of feld investigation
showed a pale liver, empty stomach, ascites, occasional
intestinal edema, and hemorrhage resembling the septi-
caemic form of infection (Figure 1).

3.2. Physiological and Biochemical Properties of Isolated
Strains. Pure colonies of Gram-negative bacteria were iso-
lated on BHI from the livers (2 strains) and eyes (8 strains)
from 20 diseased fsh samples. After growth on the BHI
medium for 24h, the colonies were fat with smooth surfaces
and neat edges, and they were milky white. All isolated strains
had the same phenotype characteristics (Table 2).

No β-hemolysis or α-hemolysis, no motility, no nitrate
reduction, and no H2S production were observed. Te
strains also could not use β-galactosidase, glucose, Simmons
citrate, maltose, sucrose, xylose, urea, sorbose, rhamnose,
lactose, melibiose, acetamide, mannose, cellobiose, and
rafnose, and they could not degrade aesculin.

3.3. Identifcation of Isolated Strains Based on 16S rRNA and
rpoB Sequences. Te 16S rRNA sequences of 10 isolated
strains were approximately 1400 base pairs (bp). All isolated
strains showed a high degree of phylogenetic relationship

with A. johnsonii (percent identity >99%). According to the
phylogenetic tree of 16S rRNA sequences, with Bacillus
thuringiensis as the outgroup, all isolated strains and A.
johnsonii (accession nos.: NR_164627, KY118919, and
ON237942) clustered into one branch (bootstrap 96.6).
Additionally, the strains Ajo2017E-4 and Ajo2017E-7 iso-
lated from eyes were clustered into one subbranch (boot-
strap 90.4, Figure 2(a)).

Te rpoB sequences of selected strains Ajo2017E-1,
Ajo2017E-2, Ajo2017L-9, and Ajo2017L-10 were 356, 363,
344, and 356bp, respectively. Te phylogenetic tree results
were similar to those of 16S rRNA clustering. Ajo2017E-1,
Ajo2017E-2, Ajo2017L-9, Ajo2017L-10, and A. johnsonii
(accession no.: KU96161) clustered into one branch
(bootstrap 98.2, Figure 2(b)). Additionally, diferent iso-
lation sources from eyes and livers were clustered into two
subbranches. Ajo2017E-1 and Ajo2017E-2 strains clustered
into one subbranch with bootstrap 95.8, and Ajo2017L-9 and
Ajo2017L-10 strains clustered into another subbranch with
bootstrap 88.4.

Based on the morphological, physiological, and bio-
chemical data and the 16S rRNA and rpoB sequences of the
colonies, the isolated strains were identifed as A. johnsonii.

3.4. Drug Sensitivity. Te strains were susceptible to neo-
mycin sulfate, norfoxacin, and oxolinic acid, and the MIC
was 6.25, 0.39, and 0.39 of selected strains Ajo2017L-10. But
the strains were resistant to ampicillin sodium salt, doxy-
cycline, thiamphenicol, and sulfamethazine (Table 3). Te
MIC for these drugs was more than 50mg/L.

ex
ul

as
he

ed

Figure 1: Clinical symptoms of diseased rainbow trout from
a farm, Xundian County, Yunnan province, China: as: ascites;
ed: intestinal edema; ex: exophthalmia; he: mild hemorrhage; ul:
mild ulceration.
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3.5. Experimental Infection. Tere were no mortalities
during the acclimatization period prior to the infectivity
experiment. Tere was no death in the control injected with
0.65% NaCl during the experimental process. Fifty percent
mortality occurred under the 2.5×107 CFU/mL treatment
with Ajo2017L-10, whereas 90% mortality occurred under
the 2.5×109 CFU/mL treatment with Ajo2017L-10. Te frst
incidence of mortality was observed 3 days after injection
under the 2.5×106, 2.5×107, and 2.5×109 CFU/mL treat-
ment, and all mortality occurred during the frst 9 days of the
experiment (Figure 3). Te afected fsh in the treatment
groups had the same external appearance as the diseased fsh
sampled from the fsh farm. Te bacteria isolated from the
liver, head kidney, and spleen of fsh in the treatment groups
(including dead fsh and surviving fsh) were identifed as A.
johnsonii.

3.6. Histopathological Changes of Rainbow Trout. Obvious
histopathological changes were observed in the liver, head
kidney, and spleen of 5 fsh in the treatment groups. Te liver
and spleen in the treatment groups contained a high incidence
of vacuolar degeneration (Figures 4(d) and 4(f)), whereas no
lesions were detected in the liver and spleen of the fsh in the
control group. In the head kidney, a large amount of cytoplasm
was observed in lymphocytes, and melanin had also accu-
mulated in the lymphocytes (Figure 4(e)).

3.7. Characterization of OMP FamilyMembers. OMP family
members including Omp34, OmpA, and OmpTsx were
segregated into diferent branches (bootstrap 100). Omp34,
OmpA, and OmpTsx of A. johnsonii clustered with A.
baumannii with a bootstrap value of 95.9, 70.7, and 65.1,
respectively (Figure 5).

Predicted protein structures of Omp34, OmpA, and
OmpTsx of A. johnsonii were constructed by AlphaFold 2.
Te pLDDT score was used for the assessment of structure
prediction (Figure 6). Among the 5 models for each
protein, the highest pLDDT score was 75.05 (model 3),
92.59 (model 5), and 94.05 (model 5) for OmpA, Omp34,
and OmpTsx, respectively. Te model of the OMP family
member with the highest pLDDT score was used for 3D
protein structure construction. In the protein structure,
OmpA included 6 helixes and 5 strands; Omp34 included 5
helixes and 16 strands; and OmpTsx included 3 helixes and
12 strands.

Te average scores of hydrophilicity, fexibility, and
surface accessibility prediction were 2.433, 1.013, and
1.000 for OmpA, 1.900, 0.994 and 1.000 for Omp34, and
1.408, 0.992, and 1.000 for OmpTsx, respectively. Te
average antigenic propensity for this protein was 1.0122,
1.0178, and 1.0139 for OmpA, Omp34, and OmpTsx,
respectively. Tere are 8, 10, and 10 antigenic de-
terminants in OmpA, Omp34, and OmpTsx, respectively
(Table 4 and Figure 6). OmpA contains 3 antigenic

Table 2: Te phenotypic characteristics of isolated strains from rainbow trout.

Biochemical tests Isolated strains A. johnsonii [15] A. baumannii [6]
Gram stain − − −

α-hemolysis − − n.a
β-hemolysis − − n.a
β-galactosidase − − −

Arginine dihydrolase − − −

Ornithine decarboxylase − n.a −

Lysine decarboxylase − n.a −

Peptone solution (0–3% NaCl) + n.a n.a
Peptone solution (6–10% NaCl) − n.a n.a
H2S production − n.a −

Nitrate reduction − − n.a
Citrate utilization − − −

Aesculin utilization − − n.a
Urease − − −

Gelatinase − − −

Acetamide utilization − n.a n.a
Fermentation/oxidation
Glucose − − +
Maltose − − −

Sucrose − n.a n.a
Xylose − n.a +
Sorbose − n.a n.a
Rhamnose − n.a −

Lactose − n.a +
Melibiose − n.a +
Mannose − − n.a
Cellobiose − n.a n.a
Rafnose − n.a −

Note: “+”: positive; “−”: negative; “n.a.”: not applicable. Tis test was not performed for the reference strain.
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determinants, which are 90% similar with epitopes of A.
baumannii. Overall prediction for the protective antigen
was 0.7523, 0.7580, and 0.7820 for OmpA, Omp34, and
OmpTsk, respectively.

3.8. OmpAExpression. OmpA was 654bp long and contained
an open reading frame encoding a protein of 217 amino acids,
including 22.176 kDa of molecular weight and 9.363 of the
isoelectric point. Te nucleotide and amino acid sequences

showed 84.45% and 100% identity with Acinetobacter spp.
(accession numbers CP043909 andMBP9786511) by BLASTN
and BLASTP (NCBI web servers), respectively.

After optimization of the fask induction expression, the
recombinant protein expressed by the plasmid pET32a-
OmpA was nearly 35 kDa compared with the pET32a vec-
tor (Figure 7(a)). A large number of expressed proteins of the
pET32a vector were almost removed after purifcation by
nickel afnity chromatography. Te molecular weight of
recombinant protein OmpA was nearly 35 kDa (Figure 7(b)).

Ajo2017E-4
Ajo2017E-7
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A.johnsonii (ON237942.1)
Ajo2017L-10
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A.junii (NR_117623.1)
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Ajo2017L-9
Ajo2017L-10
A.johnsonii (KU961616.1)
Ajo2017E-1
Ajo2017E-2

A.junii (JQ924568.1)
A.haemolyticus (DQ207484.1)

A.celticus (KX548354.1)
A.pragensis (KX014584.1)

A.lwoffii (DQ207487.1)
A.radioresistens (DQ207489.1)

A.baumannii (DQ207471.1)
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Bacillus thuringiensis (NC_022873.1)

Tree scale: 0.1
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0.5
0.62
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(b)

Figure 2: (a) Construction of the 16S rRNA phylogenetic tree of 12 Acinetobacter strains by NJ. (b) Construction of the rpoB phylogenetic
tree of 10 Acinetobacter strains by NJ. Te degree of confdence for each branch point was determined by bootstrap analysis (1,000
repetitions). Only bootstrap values >50 are shown.

Table 3: MIC values of the Ajo2017E-1, Ajo2017E-2, Ajo2017L-9, and Ajo2017L-10 strains.

Antimicrobial agents
MIC values (mg/L)

Ajo2017L-9 Ajo2017L-10 Ajo2017E-1 Ajo2017E-2
Ampicillin sodium salt >50 (R) >50 (R) >50 (R) >50 (R)
Neomycin sulfate 6.25 (S) 6.25 (S) 6.25 (S) 6.25 (S)
Ciprofoxacin 0.39 (I) 0.39 (I) 0.39 (I) 0.39 (I)
Doxycycline >250 (R) >250 (R) >250 (R) >250 (R)
Norfoxacin 0.39 (S) 0.39 (S) 0.39 (S) 0.39 (S)
Florfenicol 6.25 (I) 6.25 (I) 6.25 (I) 6.25 (I)
Sulfadiazine >25 (R) >25 (R) >25 (R) >25 (R)
Oxolinic acid 0.20 (S) 0.39 (I) 0.20 (S) 0.20 (S)
Tiamphenicol >50 (R) >50 (R) >50 (R) >50 (R)
Sulfamethazine >50 (R) >50 (R) >50 (R) >50 (R)
S� susceptible; I� intermediate; R� resistant.
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4. Discussion

Acinetobacter is widely distributed in the external environ-
ment and can be isolated in water, soil, humans, and animals
[2], but it is generally considered to be rarely pathogenic
[32, 33]. Te species of Acinetobacter can cause infectious
diseases, which is known as a typical opportunistic pathogen in
fshes [34, 35]. Te damage that Acinetobacter causes to fsh
displayed symptoms such as ascites and ulceration on the
entire body resembling the septicaemic form of infection

[9, 36]. Diferent bacteria species of genus Acinetobacter such
as A. lwofi, A. junii, A. baumannii, and A. pittii were isolated
from diseased pig frogs (Rana grylio) with necrotic skin [37],
stone founder (Kareius bicoloratus) with bacterial septicemia
[38], channel catfsh (Ictalurus punctatus) [6], and pond loach
(Misgurnus anguillicaudatus) [8], respectively. However, there
are few studies that have focused on A. johnsonii. Terefore,
Acinetobacter spp. are emerging pathogens for fsh, as they are
widely present in various aquaculture animals and may cause
diseases in such systems.
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Figure 3: Cumulative mortality curves in rainbow trout challenged with Acinetobacter johnsonii (Ajo2017L-10) by intraperitoneal injection
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Rainbow trout were introduced for aquaculture in
China in 1959, which is an important fshing resource in
Yunnan Province [39]. With increasing cultured density,
bacterial diseases have occurred more frequently in recent
years. Many of the phenotypic characteristics of the isolated
strains in the present study are common to other Acine-
tobacter species. Due to the high specifcity and conser-
vation of 16s rRNA gene sequences, 16S rRNA gene
amplifcation and sequencing are currently used for bac-
terial identifcation [40]. However, some species of Aci-
netobacter are very closely related and display similar
phenotypic and biochemical properties [41]. Diferentiat-
ing Acinetobacter at the species level using 16S rRNA se-
quencing is not efective due to the extremely low
polymorphic nature of the variable region [42]. Te res-
olution of the housekeeping gene rpoB is signifcantly
higher than that of the 16S rRNA gene for bacterial

identifcation [43, 44]. Terefore, combined rpoB and 16S
rRNA gene sequencing can be used to improve the accuracy
of the identifcation of Acinetobacter species [44]. In this
study, 16S rRNA and rpoB sequencing showed that 10
isolated strains are A. johnsonii. Te infectivity experiment
illustrated that these strains cause mortality in rainbow
trout. A. johnsonii was also reported to be an emerging
opportunistic pathogen in farmed rainbow trout [15].
However, to date, Acinetobacter has not caused a huge
number of rainbow trout deaths. Nonetheless, the identi-
fcation of A. johnsonii as a virulent pathogen of rainbow
trout in Yunnan freshwater fsheries indicates that it is an
emerging pathogen in this setting.

As for the histopathological characteristics, exposure to
A. johnsonii resulted in obvious lesions in the liver, spleen,
and head kidneys of the infected fsh. It could be inferred
that the liver, spleen, and head kidney are the major target
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Figure 5: Construction of the Omp34, OmpA, and OmpTsx phylogenetic tree of 5 Acinetobacter strains by NJ.Te degree of confdence for
each branch point was determined by bootstrap analysis (1,000 repetitions). Only bootstrap values >50 are shown.
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organs of A. johnsonii in rainbow trout, which has also been
reported for A. baumannii and A. pittii [6, 8]. In the head
kidney, a large volume of cytoplasm was observed in lym-
phocytes, which suggests the activation of B lymphocytes
that may result in the synthesis and secretion of antibodies
[45, 46]. Macrophages contain heterogeneous inclusions,
including melanin, hemosiderin, and lipofuscin [47]. Tese
inclusions accumulated in the head kidneys of diseased
rainbow trout in this study. However, the mechanism un-
derlying the accumulation of inclusions requires
further study.

A. baumannii was reported to be a multidrug-resistant
species in hospitals [48]. When the concentrations of A.
baumannii are above 103 CFU/mL in the surrounding water,
freshwater fsh from the natural environment are probably
colonized for the spread of extensively drug-resistant

bacteria [49]. In this study, the isolated strains were resistant
to ampicillin, sulfadiazine, thiamphenicol, doxycycline, and
sulfamethazine. Tese antibiotics had never been used in the
fsh farms before, suggesting that the isolated strains
probably originated from contamination by humans with
bacteriaemia [15]. Tus, clinical strains may transfer drug-
resistant genes horizontally into aquatic microorganisms,
causing fsh disease, and as a result, they may have a great
impact on drug resistance transfer in aquaculture. Te
vaccine is a safe and efective method to prevent and treat
diseases; however, vaccines based on inactivated whole
strains can elicit antibodies against multiple surface proteins
[50]. OmpA, a major component of OMPs in Gram-negative
bacteria, is a predominant antigen in enterobacterial outer
membranes [51]. Omp34 is a virulence factor associated with
the adherence and invasion of mammal epithelial cells [52].
It has been reported that OmpA-DNA and recombinant
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Table 4: Te antigenic determinants in OmpA, Omp34, and OmpTsx of A. johnsonii.

Positions Sequences

OmpA

4–19 LVISTVVGAAVVLSGC
35–42 ALGTLIGA
63–78 AAIGAVLGAAGGLYLD
101–107 GSVQLIM∗
124–134 FYATLDKVAQT∗
140–146 KSAILVT
157–171 INIPLSQARAQSVKN∗
174–181 AGKGVPSS

Omp34

4–14 LGLATAVLLAM
16–32 GAHAYQFEVQGQSEYVD
57–80 KGPLAEAAFLNQASSVSLGYSYQQ
86–93 VNYHIGTY
95–112 VKGEAYVPTPYLPVYASA
134–158 YALEVGAMLLPNFLMTVGYTSVANQ
171–177 IYSAVNQ
186–197 DAVTARAKYVGP
220–235 GLKTDLYLTPKLSVGA
262–274 VNYFITPALAVGA

OmpTsx

4–22 KQLAATCALLSATAMVQAK
24–32 IWQDFSVTG
36–42 ENYEVVD
48–63 ITLEYAAKVKYADVFF
75–89 KSTYFELSPRLSLGE
91–105 SGKKLAYGPIKDVLI
120–139 DNFLYGFAVDLDIPYFQYAN
155–165 QMTFVYGIPFK
168–175 SEDFLVDG
206–216 PDTRLYLGIEH

∗OmpA contains 3 antigenic determinants, which are 90% similar with epitopes of A. baumannii.
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Omp34 vaccine are potent enough to trigger humoral and
cellular immune responses to protect mice against A.
baumannii infection [16, 53, 54]. Ion channel protein Tsx is
a nucleoside-specifc integral OMP that functions as a sub-
strate-specifc channel for deoxynucleosides [55]. Impor-
tantly, Tsx has been related to resistance to tetracycline and
ampicillin [56]. Terefore, in this study, more resistance to
ampicillin and doxycycline of the isolated strains may be
linked to OmpTsx.

AlphaFold is a novel machine learning approach that
incorporates the evolutionary, physical, and geometric
constraints of protein structures, greatly improving the
accuracy of protein structure prediction [57]. In this study,
the structure of Omp34 and OmpTsx of A. johnsonii forms
a monomeric, β-barrel porins with a long and narrow
channel spanning the outer membrane, which was similar to
other studies [17, 58]. Β-barrels begin to fold into a β-
sheet-like structure before they are integrated into the outer
membrane of Gram-negative bacteria [59]. Te pLDDT
score of OmpA was lower than that of Omp34 and OmpTsx;
the structure of OmpA was not similar to the membrane
topology of the N-terminal domain of OmpA [51]. It is
expected that a low-confdence prediction will be produced
by AlphaFold, and regions with pLDDT <50 that are in-
trinsically disordered or unstructured will have a ribbon-like
appearance [60]. Te OMPs family forms β-barrel with
a long and narrow hydrophobic channel, involved in the
transport of small hydrophobic molecules across the bac-
terial outer membrane [61]. A. baumannii secretes cytotoxic
OmpA to host cells via outer membrane vesicles, which may
contribute to pathogenesis during Acinetobacter
infection [62].

In conclusion, based on the morphological, physiolog-
ical, and biochemical characteristics and the 16S rRNA and
rpoB sequences of the strains isolated from diseased rainbow
trout, the isolated strains were preliminary identifed as A.
johnsonii. Te isolated strains were highly sensitive to
forfenicol, ciprofoxacin, and norfoxacin but resistant to
ampicillin, sulfadiazine, thiamphenicol, doxycycline, and
sulfamethazine. According to the characterization of OMP
family member analysis, OmpA protein could be used as
a subunit vaccine candidate molecule of A. johnsonii. Fur-
ther research is needed to be performed on the protection
rate of OmpA subunit vaccine against A. johnsonii.

Data Availability

Te data used to support the fndings of this study are in-
cluded within the article.

Conflicts of Interest

Te authors declare that they have no conficts of interest.

Acknowledgments

Tis work was supported by the Key Project of Yunnan
Natural Science Foundation (202202AE090018), the Natural
Science Foundation of Yunnan Province of China

(202101BD070001-119), and the Yunnan Agricultural
University Natural Science Foundation for Young Scientists
(2016ZR08).

References

[1] K. K. Lahiri, N. S. Mani, and S. S. Purai, “Acinetobacter spp as
nosocomial pathogen : clinical signifcance and antimicrobial
sensitivity,”Medical Journal Armed Forces India, vol. 60, no. 1,
pp. 7–10, 2004.

[2] J.-Y. Choi, Y. Kim, E. A. Ko et al., “Acinetobacter species
isolates from a range of environments: species survey and
observations of antimicrobial resistance,” Diagnostic Micro-
biology and Infectious Disease, vol. 74, no. 2, pp. 177–180,
2012.

[3] P. Visca, H. Seifert, and K. J. Towner, “Acinetobacter in-
fection--an emerging threat to human health,” IUBMB Life,
vol. 63, no. 12, pp. 1048–1054, 2011.

[4] R. H. Sunenshine, M. O. Wright, L. L. Maragakis et al.,
“Multidrug-resistant Acinetobacter infection mortality rate
and length of hospitalization,” Emerging Infectious Diseases,
vol. 13, no. 1, pp. 97–103, 2007.

[5] J. Garnacho-Montero and J. F. Timsit, “Managing Acineto-
bacter baumannii infections,” Current Opinion in Infectious
Diseases, vol. 32, no. 1, pp. 69–76, 2019.

[6] L. Xia, D. Xiong, Z. Gu et al., “Recovery of Acinetobacter
baumannii from diseased channel catfsh (Ictalurus puncta-
tus) in China,” Aquaculture, vol. 284, no. 1-4, pp. 285–288,
2008.

[7] S. Cao, Y. Geng, Z. Yu et al., “Acinetobacter lwofi, an
emerging pathogen for fsh in Schizothorax genus in China,”
Transboundary and Emerging Diseases, vol. 65, no. 6,
pp. 1816–1822, 2018.

[8] X. Wang, J. Li, X. Cao, W. Wang, and Y. Luo, “Isolation,
identifcation and characterisation of an emerging fsh
pathogen, Acinetobacter pittii, from diseased loach (Mis-
gurnus anguillicaudatus) in China,” Antonie Van Leeu-
wenhoek, vol. 113, no. 1, pp. 21–32, 2019.

[9] R. C. Malick, A. K. Bera, H. Chowdhury et al., “Identifcation
and pathogenicity study of emerging fsh pathogens Acine-
tobacter junii and Acinetobacter pittii recovered from a dis-
ease outbreak in Labeo catla (Hamilton, 1822) and
Hypophthalmichthys molitrix (Valenciennes, 1844) of
freshwater wetland in West Bengal, India,” Aquaculture Re-
search, vol. 51, no. 6, pp. 2410–2420, 2020.

[10] S. Kumaran, B. Deivasigamani, K. M. Alagappan,
M. Sakthivel, and S. Guru Prasad, “Isolation and character-
ization of Pseudomonas sp. KUMS3 from Asian sea bass
(Lates calcarifer) with fn rot,” World Journal of Microbiology
and Biotechnology, vol. 26, no. 2, pp. 359–363, 2010.

[11] T. Marudhupandi, T. T. A. Kumar, S. Prakash,
J. Balamurugan, and N. B. Dhayanithi, “Vibrio para-
haemolyticus a causative bacterium for tail rot disease in
ornamental fsh, Amphiprion sebae,” Aquaculture Reports,
vol. 8, pp. 39–44, 2017.

[12] B. D. Petty, R. Francis-Floyd, and R. P. E. Yanong, “Bacterial
diseases of fsh,” 2022, https://www.msdvetmanual.com/
exotic-and-laboratory-animals/aquarium-fsh/bacterial-
diseases-of-fsh#v66233743.

[13] N. Derome, J. Gauthier, S. Boutin, and M. Llewellyn, “Bac-
terial opportunistic pathogens of fsh,” inTe Rasputin Efect:
When Commensals and Symbionts Become Parasitic,
C. J. Hurst, Ed., pp. 81–108, Springer International Publishing,
Cham, Switzerland, 2016.

Aquaculture Research 11

https://www.msdvetmanual.com/exotic-and-laboratory-animals/aquarium-fish/bacterial-diseases-of-fish#v66233743
https://www.msdvetmanual.com/exotic-and-laboratory-animals/aquarium-fish/bacterial-diseases-of-fish#v66233743
https://www.msdvetmanual.com/exotic-and-laboratory-animals/aquarium-fish/bacterial-diseases-of-fish#v66233743


[14] S. D. Eddy and S. H. Jones, “Microbiology of summer founder
Paralichthys dentatus fngerling production at a marine fsh
hatchery,” Aquaculture, vol. 211, no. 1-4, pp. 9–28, 2002.
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