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Abstract

Edwardsiella ictaluri is an emerging bacterial pathogen affecting farmed tilapia ( Oreochromis spp.). This study reports

the arrival, establishment and widespread of E. ictaluri in farmed tilapia in Vietnam. Among 26 disease outbreaks from 9

provinces in Northern Vietnam during 2019-2021, 19 outbreaks originated from imported stocked seeds while outbreaks in 7

farms were from domestic sources. Clinically sick fish showed appearance of numerous white spots in visceral organs, and

accumulative mortalities reached 30-65%. Twenty-six representative bacterial isolates recovered from 26 disease outbreaks were

then identified as E. ictaluri based on a combination of phenotypic tests, genus- and species-specific PCR assays, 16S rRNA and

gyrB sequencing and phylogenetic analysis. All isolates harbored the same virulence gene profile esrC +, evpC +, ureA-C +,

eseI-, escD- and virD4-. Antimicrobial susceptibility tests revealed 80.8-100% isolates were multidrug-resistant, with resistance

to 4-8 antimicrobials in the groups of penicillin, macrolide, sulfonamide, amphenicols, and glycopeptide. Experimental challenge

successfully induced disease that mimicked natural infection. The median lethal dose (LD 50) of the tested isolates (n = 4)

were 42 to 61 CFU/fish, indicating their extremely high virulence. This emerging pathogen has already been established and

spread to various geographical locations and causing serious impact to farmed tilapia in Northern Vietnam. It is likely that

this pathogen will continue to occur through possibly contaminated stocks (both imported and domestic sources) and persist

spreading. Thus, increased awareness combined with biosecurity measures and emergent vaccination programs are essential to

mitigate the negative impact of this emerging disease on the tilapia farming industry.
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SUMMARY

Edwardsiella ictaluri is an emerging bacterial pathogen affecting farmed tilapia (Oreochromis spp.). This
study reports the arrival, establishment and widespread of E. ictaluri in farmed tilapia in Vietnam. Among
26 disease outbreaks from 9 provinces in Northern Vietnam during 2019-2021, 19 outbreaks originated
from imported stocked seeds while outbreaks in 7 farms were from domestic sources. Clinically sick fish
showed appearance of numerous white spots in visceral organs, and accumulative mortalities reached 30-
65%. Twenty-six representative bacterial isolates recovered from 26 disease outbreaks were then identified as
E. ictaluri based on a combination of phenotypic tests, genus- and species-specific PCR assays,16S rRNA and
gyrB sequencing and phylogenetic analysis. All isolates harbored the same virulence gene profileesrC +, evpC
+,ureA-C +, eseI- ,escD- and virD4- . Antimicrobial susceptibility tests revealed 80.8-100% isolates were
multidrug-resistant, with resistance to 4-8 antimicrobials in the groups of penicillin, macrolide, sulfonamide,
amphenicols, and glycopeptide. Experimental challenge successfully induced disease that mimicked natural
infection. The median lethal dose (LD50) of the tested isolates (n = 4) were 42 to 61 CFU/fish, indicating
their extremely high virulence. This emerging pathogen has already been established and spread to various
geographical locations and causing serious impact to farmed tilapia in Northern Vietnam. It is likely that
this pathogen will continue to occur through possibly contaminated stocks (both imported and domestic
sources) and persist spreading. Thus, increased awareness combined with biosecurity measures and emergent
vaccination programs are essential to mitigate the negative impact of this emerging disease on the tilapia
farming industry.

Keywords : Edwardsiella ictaluri , outbreaks, tilapia, virulence genes, antimicrobial resistance

INTRODUCTION

The interests in tilapia are increasing in aquaculture because the species is affordable to produce, is an
inexpensive source of protein and nutrients and has high tolerance to stress induced by handling, high
density condition and a wide range of environmental conditions (Prabu et al., 2019). To date, tilapia is the
second most important farmed fish worldwide after the carps, which has been farmed in over 135 countries
(FAO, 2018; Prabu et al., 2019). In 2015, global tilapia production was 6.4 million tons with an estimated
value of $9.8 billion and a trade value of $1.8 billion (FAO, 2017). Vietnam is among the top 7 tilapia
producers in the world (FAO, 2017). The yield of tilapia in Vietnam reached 255,000 tons in 2018 and the
production aims to reach 400,000 tons by 2030 (MARD, 2019). Intensive production and growing numbers
of tilapia farms have led to the emergence and rapid widespread of infectious diseases which is likely a
significant impact to overall tilapia production (Li et al., 2015; Romero et al., 2012).

Edwardsiella ictaluri , a Gram-negative rod-shaped bacterium belonging to the family Enterobacteriaceae,
is the causative pathogen of enteric septicemia in channel catfish (ESC) in USA (Hawke et al., 1981). The
bacterium is a facultative intracellular pathogen that can survive inside channel catfish phagocytes such
as macrophages and neutrophils (Baldwin & Newton, 1993; Waterstrat et al., 1991). So far, the pathogen
has been reported to infect other catfish species including walking catfish and hybrid catfish in Thailand
(Kasornchandra et al., 1987; Suanyuk et al., 2014), striped catfish in Vietnam, Indonesia and Thailand (Dong
et al., 2015; Rogge et al., 2013; Yuasa et al., 2003), yellow catfish in China (Liu et al., 2010) and non-catfish
species including zebrafish in USA (Hawke et al., 2013), tilapia in USA (Soto et al., 2012), and wild ayu in
Japan (Hassan et al., 2012; Sakai et al., 2008). Naturally disease outbreaks caused 40-90% mortality (Dong
et al., 2019; Dung et al., 2004; Iwanowicz et al., 2006) while experimental infection resulted in up to 100%
mortality (Dong et al., 2019; Ngoc Phuoc et al., 2020; Plumb & Sanchez, 1983; Sakai et al., 2008), indicating
that E. ictaluri is a deadly pathogen of multiple freshwater fish species.

Vietnamese catfish industry has suffered from Edwardsiellosis caused byE. ictaluri for almost two decades
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since the early 2000s (Ferguson et al. (2001). Emergence of the natural cases of E. ictaluri in red tilapia in
open floating cages in Northern Vietnam in 2016 raised an alarm of widespread of this emerging pathogen
in this significantly important industry (Dong et al., 2019). A recent comparative genomic analysis of E.
ictaluri from different fish hosts revealed four distinct host-specific genotypes, indicating that the E. ictaluri
strain from tilapia is an emerging, unique genotype (Machimbirike et al., 2021). However, little is known
regarding the arrival, establishment and spread of this E. ictaluri strain in tilapia aquaculture industry in
Vietnam. The present study provides comprehensive information on the establishment and widespread of
a highly pathogenic E. ictaluri strain in Northern Vietnam and highlights the importance of biosecurity
measures, especially for imported stocks to prevent wider spread of this emerging pathogen.

2. MATERIALS AND METHODS

2.1. Disease outbreaks, sampling and bacterial isolation

After the first report of E. ictaluri infection in red tilapia (Oreochromis sp.) in one Northern province
of Vietnam (Dong et al., 2019), similar disease outbreaks with massive mortalities continually occurred in
various tilapia farms in 9 provinces in Northern Vietnam during the period from February 2019 to March
2021. Epidemiological investigations and fish sampling were conducted at 26 affected farms (Table 1),
including 5 earth-pond farms and 21 cage-culture farms located in 9 provinces in Northern Vietnam (Figure
1).

During the study, the information on the source of fish stocking (imported or domestic), the estimation of
fish mortality caused byE. ictaluri was obtained by interviewing the farmers. In each affected farm, the
water temperature was measured at the time of fish sampling using a water quality meter (YSI Professional
Plus, YSI Incorporated, USA). Ten to fifteen diseased fish were collected, placed in sterile sealed plastic bags,
and transferred to the laboratory of the Department of Aquatic Environment and Fish Pathology – Faculty
of Fisheries, Vietnam National University of Agriculture (VNUA) in a cold box (below 4ºC) for microbial
analysis. Clinical signs and gross features of all diseased fish were observed and recorded.

Bacteria were isolated from the head kidney, spleen and liver of the affected fish using brain heart infusion agar
(BHIA). The plates were then incubated at 28°C for 48 h. Twenty-six representative isolates corresponding
to 26 disease outbreaks were selected and preserved in brain heart infusion broth (BHIB) containing 20%
glycerol and kept at –80°C for further examinations.

2.2. Biochemical tests

Twenty-six putative E. ictaluri isolates (whitish, pinpoint colonies) were cultured on BHIA at 28°C for 48 h
and then subjected to biochemical characteristics examination. Gram staining was conducted and bacterial
morphology was examined under a light microscope. Oxidase and catalase tests were carried out on all 26
isolates as described by Crumlish et al. (2002). Other biochemical tests were performed using API 20E kit
(bioMérieux, France) following the manufacturer’s instructions.

2.3. DNA extraction and PCR confirmation of E. ictaluri

Genomic DNA of all bacterial isolates (n = 26) were extracted using InstaGene Matrix kit (Bio-Rad, USA).
PCR tests were performed using genus- and species-specific primers targeting Fimbrial gene of E. ictaluri
(generating 848 and 470 bp amplicon, respectively) as previously described (Sakai et al., 2009) (Table 2).
Genomic DNA ofE. ictaluri LMG7860 from striped catfish (Purchased from BCCM/LMG Bacteria collec-
tion) was used as a positive control and nuclease-free water was used as a negative control. PCR reaction
mixtures (total 20 μl) included 10 μl of Gotaq Green Master Mix (Promega), 1.5 μl (10 μM) of specific primer
(each of forward and reverse), 3 μl DNA template and 4 μl of DNA-free distilled water. The mixtures were
then placed in a thermal cycler for amplification under the following conditions: an initial denaturation of 4
min at 94°C; 35 cycles consisting of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension
at 72°C for 60 s; and a final extension for 7 min at 72°C. The amplified products were then analyzed by
electrophoresis on a 1% agarose gel containing Redsafe nucleic acid staining solution (Intron, Korea). The
images were captured digitally using a Gel image system (Bio-rad, USA).
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2.4. 16S rRNA and gyrB amplification, sequencing and phylogenetic analysis

Nine representative isolates (Ed.HB-02, Ed.TQ-06, Ed.HD-09, Ed.TB-07, Ed.YB-08, Ed.BN-04, Ed.HY-06,
Ed.SL-07, and Ed.HNa-02) originated from nine different provinces were chosen for further genetic analysis.
The16S rRNA and gyrB genes were amplified using the universal bacterial primer (27F/1525R, ˜1500 bp)
(Weisburg et al., 1991) and gyrB primer (1245F/1949R, 1860 bp) (Griffin et al., 2014); and the purified
PCR products were submitted for sequencing (Macrogen, South Korea). Bacterial species identification was
performed using Blast N search on the GenBank database. The nucleotide sequences of 16S rRNA and
gyrB genes of representative E. ictaluri isolates in this study and closely related sequences retrieved from
GenBank were aligned using ClustalW (Thompson et al., 1994). Phylogenetic trees were then constructed
using the neighbor-joining method with bootstrap of 1000 replicates (Saitou & Nei, 1987) by MEGA 10
software (Kumar et al., 2018).

2.5. Detection of putative virulence genes

Amplifications of the 6 virulence genes of E. ictaluri including type III secretion system (T3SS), ersC ,
putative T3SS effectoreseI and its chaperone, escD , type IV secretion system (T4SS), virD4 , type VI
secretion system (T6SS), evpC and ureA-C genes of the urease operon were performed on all the 26 isolates
using specific primers and protocols outlined by Rogge et al. (2013) (Table 2). Nuclease-free water was used
as no template control. Thermal conditions were used for each respective primer set as described previously
(Rogge et al., 2013) with 1 cycle of 98°C for 30 s, 35 cycles of 98°C for 10 s, 56°C for 30 s and 72°C for 2
min, followed by a final extension of 72°C for 5 min. PCR products were stained and visualized as described
above.

2.6. Antimicrobial susceptibility test

The susceptibility of E. ictaluri isolates to antibiotics was examined using the disk diffusion method ac-
cording to the guidelines of the Clinical Laboratory Standards Institute (CLSI, 2018). Sixteen antibiotics
(Oxoid, England) of 11 antibiotic classes/subclasses were tested including two penicillin: oxacillin (Ox, 1
μg) and amoxicillin (Ax, 10 μg); one β-Lactam/β-Lactamase inhibitor combination( BL/BLIs): amoxicillin-
clavulanic acid (Ac, 20/10 μg); three cephalosporins: cefotaxime (Ct, 30 μg), cefuroxime (Cu, 30 μg), and
ceftriaxone (Cx, 30 μg); one macrolide: erythromycin (Er, 15 μg); one quinolone: nalidixic acid (Na, 30
μg); one sulfonamide: sulfamethoxazole/trimethoprim (ST, 23.75/1.25 μg); one aminoglycosides: neomycin
(Ne, 30 μg); one glycopeptide: vancomycin (Va, 30 μg); two fluoroquinolones: ofloxacin (Of, 5 μg) and
norfloxacin (No, 10 μg); two tetracyclines: doxycycline (Dx, 30 μg) and oxytetracycline (OTC, 30 μg); and
one amphenicol: florfenicol (Fl, 30 μg).

Edwardsiella ictaluri isolates were grown in Mueller Hinton (MH) broth and were adjusted to reach a
McFarland turbidity of 0.5. The suspension was then spread onto MH agar by a sterilized cotton swab.
Antibiotic discs were placed on the inoculated plates and incubated at 28°C for 48 h. The inhibition zone
diameters were recorded and classified as susceptible, intermediate, and resistant according to the standard
CLSI (2020) valid for Enterobacterales. In the case of ammoxicillin and neomycin for which CLSI (2020)
assessment does not exist, the clinical breakpoints according to the EUCAST standard (EUCAST, 2021)
were applied. The multiple antibiotic resistance (MAR) index of the isolates was calculated as described
by Krumperman (1983), in which MAR = a/b, where ‘a’ represents the number of antibiotics to which the
isolate was resistant and ‘b’ represents the total number of antibiotics to which the isolates were exposed for
susceptibility testing.

2.7. Challenge experiment

Apparently healthy Nile tilapia juveniles, O. niloticus(˜28 g) were obtained from a commercial tilapia hat-
chery in Northern Vietnam for the challenge experiments. The fish were acclimatized to the experimental
conditions for one week before conducting experiments. Ten fish were randomly checked for E. ictaluri free
status by Gram staining and inspection of spleen and head kidney for the presence of bacteria and by strea-
king these tissue samples on BHIA plate prior to commencing the experiments. Four representative bacterial
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isolates (Ed.HB-02, Ed.HD-09, Ed.YB-08, Ed.TB-07) were chosen for experimental infection. Each isolate
was grown in BHIB at 28°C for 36 h. The viable bacterial density of the stock suspension was determined
by plate count method. The bacterial density of the stock suspension was then adjusted to approximately
1 × 108 CFU/ml by adding an equivalent volume of PBS buffer. Ten-fold serial dilutions of bacteria from
102to 108 CFU/ml were prepared for the virulent test. With each bacterial isolate, fish were divided into
eight 100 L groups (15 fish/tank, two replicates). Fish from the 7 groups were intraperitoneally (i.p.) injected
with 0.1 ml of the serial bacterial suspensions to reach the respective bacterial concentrations of 101 to 107

CFU/fish. In control group, the fish were injected with normal saline solution without bacteria. Mortality
was observed daily for 2 weeks. Representative moribund and freshly dead fish (n = 3) from each challenge
group and apparently healthy fish from control groups (at the end of the experiment, n = 3) were subjected
to bacterial re-isolation and histopathological analysis.

2.8. Histopathological examination

Representative moribund tilapia (n = 3) from each challenge group and apparently healthy tilapia (n = 3)
from control groups were examined for the histopathological changes. Tissues of affected fish (spleen, kidney,
liver and brain) were collected and preserved in buffer formalin 10%. After being fixed for 24 h, sampled
tissues were dehydrated in a series of ethanol, embedded in paraffin, and sectioned at 5 μm thickness. The
sections were then stained with hematoxylin and eosin (H&E) following the standard histology protocol.
The histopathological changes were examined under light microscope equipped with a digital camera.

3. RESULTS

3.1. Disease history and epidemiological factors

During the period from February 2019 to March 2021, 26 tilapia disease outbreaks, located in 9 provinces in
Northern Vietnam, were investigated. In tilapia farming systems using earth-pond and floating cage on rivers
in Delta region (Hai Duong, Thai Binh, Hung Yen, Bac Ninh and Ha Nam provinces), the disease outbreaks
often occurred from July to October, while for the cage culture in reservoirs in mountainous provinces such
as Hoa Binh, Yen Bai, and Tuyen Quang and Son La, the outbreaks were from December to March. Water
temperature during the disease outbreaks ranged from 23.3 to 29.1ºC. The 26 affected farms included 5
earth pond and 21 floating cage farms, culturing red tilapia (8 farms) and Nile tilapia (18 farms). The tilapia
seed were imported (19 farms) and domestic (7 farms). The mortality estimated by farmers during disease
outbreaks were ranged within 30-65% (Table 1). In all disease outbreaks, clinically sick fish showed gross signs
of pale gills due to anemia; no clearly external symptoms were observed except for darkened body in Nile
tilapia and pale color in hybrid red tilapia (at a low frequency). Internally, numerous white spots appeared
on the spleen and head kidney, and were occasionally observed in the liver. Hemorrhage or congestion on
liver was also recorded at a high frequency.

3.2. Bacterial isolation and identification

Totally, 341 infected fish collected from 26 tilapia farms (10-15 fish/farm) were subjected to bacterial isolation.
A typical type of whitish, pinpoint colonies was dominantly recovered from the spleen, kidney and liver of
the majority of diseased fish from each farm (Table 1). Twenty-six representative isolates (one per farm) were
chosen for further identification. All the isolates were Gram negative, rod-shaped bacteria, oxidase-negative
and catalase-positive. Other biochemical features were homogeneous among the 26 isolates and identical to
the reference isolates of E. ictaluri from red tilapia (Dong et al., 2019) and from striped catfish (Crumlish
et al., 2002), except for Voges-Proskauer which was variable amongst isolates (Table 3). The specific PCR
results showed that all 26 isolates were positive to bothEdwardsiella genus and E. ictaluri species, evidenced
by presence of 848 bp and 470 bp amplicon, respectively (Figure S1).

Partial 16S rRNA and gyrB sequences (1500 bp and 1860 bp, respectively) were successfully amplified and
sequenced from all nine representative isolates. Nucleotide sequences of these isolates were deposited in the
GenBank database under the accession number of MZ382896 - MZ382904 for 16S rRNA , and MZ576507 -
MZ576515 for gyrB . Nucleotide BLAST results revealed that all isolates showed 99.93-100% and 99.41-100%
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nucleotide identity to the respective 16S rRNAand gyrB sequences of the reference strains, E. ictaluriATCC
33202 (NR024769), E. ictaluri 2234 (MH540086.1) and less than 95% identity to other species in the Ed-
wardsiella genus. Phylogenetic analysis for both 16S rRNA and gyrB gene sequences also demonstrated that
nine isolates in this study were grouped in the same cluster with other E. ictaluri isolates and were separated
from other species in the same genus (Figure 2).

Taken together, the results of biochemical tests, genus- and species-specific PCR, sequencing of 16S rRNA
and gyrBconfirmed that 26 bacterial isolates recovered from disease outbreaks in this study were E. ictaluri
.

3.3. Detection of virulence genes of E. ictaluri

PCR amplification results for 6 virulence genes revealed that all 26 isolates were esrC +,evpC +, and ureA-C
+(Figure 3, Table 4). However, all of these isolates were PCR negative for the three remaining genes (eseI
-,escD -, and virD4- ) (Table 4).

3.4. Antimicrobial susceptibility

Overall, the E. ictaluri isolates were susceptible to the antimicrobials belonging to the classes/subclasses
of β-Lactam/β-Lactamase inhibitor combination, Cephems, Tetracyclines and Fluoroquinolones, while re-
sistant to antimicrobials belonging to the groups of Penicillin, Macrolide, Sulfonamide, Amphenicol, and
Glycopeptide (Tables 4 and 5). Specifically, more than 80% of the isolates were susceptible to cefotaxime,
ceftriaxone, cefuroxime, doxycycline, oxytetracycline, ofloxacin, and norfloxacin; 73.1% of the isolates were
also susceptible to the combination of amoxicillin and clavulanate (Tables 4 and 5). However, 80.8 to 100%
isolates were resistant to amoxicillin, oxacillin, erythromycin, sulfamethoxazole/trimethoprim, florfenicol and
vancomycin. The resistant frequencies of E. ictaluri isolates to nalidixic acid and neomycin were 27.0 and
19.2%, respectively (Table 5). The multi-antibiotic resistance values (MAR) of E. ictaluri isolates ranged
from 0.25 to 0.5 corresponding to 4 to 8 antibiotics or 12 resistant phenotypes (Table S1). The highest
frequency of the isolates (34.6%) was observed to resist to 7 tested antimicrobial agents, followed 5 and 6
agents (23% both). The frequencies of the isolates resistant to 2 and 8 drugs were 11.5 and 7.7%, respectively
(Table S1).

3.5. Virulence test and histopathology

The experimental challenge using four multi-drugs resistant E. ictaluri isolates, Ed.HB-02, Ed.HD-09,
Ed.YB-08, Ed.TB-07 (Table 1), resulted in LD50 values of 42, 54, 46, and 61 CFU/fish, respectively (Figure
4). Overall, mortality rates were dose-dependent. The fish that received high doses (106-107 CFU/fish)
showed 77-97% mortality within 3 days and reached almost 100% at 5-6 days post infection (dpi). The fish
that died at day 3 or earlier showed visceral decay, fluid accumulation in fish abdomen and unclear visceral
white spots. All dead fish after 3 dpi exhibited clear white spots in the viscera similar to those of the nat-
urally infected fish collected from ponds/cages (Figure 5). In the groups injected with lower doses (101-102

CFU/fish), white spots appeared clearly in the spleen, head kidney and posterior kidney after 4-5 dpi and in
the liver after 10 dpi. Noticeably, apart from a small number of affected fish with darker color, most infected
fish in challenge test showed no obvious external clinical signs. Bacterial isolation from internal organs of
the infected fish resulted in dominant pinpoint colonies which were identical to the colony morphology ofE.
ictaluri and tested positive by species-specific assay (figure not shown). No bacteria were recovered from
clinically healthy fish of the control groups.

Histopathological manifestation of E. ictaluri infected fish was consensus at similar challenged dose amongst
four bacterial isolates used in experiments. The lesion exhibited accurately reflected the gross features
in affected organs. Severe multifocal necrosis and pyogranulomas were observed in the spleen and kidney
(Figure 6 A, C). At high magnification, splenic focal necrosis surrounded by collagenous fibers, infiltration
of inflammatory cells, the presence of basophilic rod-shaped bacterial clumps, and pyknosis and karyorrhexis
were clearly observed (Figure 6B). Similarly, the kidney of infected fish exhibited pyogranulomas, multifocal
necrosis and hyaline droplet accumulation in the kidney tubular epithelium (Figure 6D). The affected livers
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showed severe congestion, hepatic lipidosis and tissue degeneration with occasional presence of multifocal
necrosis areas (Figure 6E-F). The brain of diseased fish also exhibited severe congestion and inflammations
in the primitive meninges and periventricular grey zone of optic tectums (Figure 6 G-H).

4. DISCUSSION

Edwardsiellosis caused by E. ictaluri in Nile tilapia (O. niloticus ) was reported for the first time in Western
Hemisphere (Soto et al. , 2012) and later in farmed hybrid red tilapia (Oreochromis sp.) in Vietnam,
a country in Southeast Asia, in 2016 (Dong et al., 2019). Comparative genomic analysis of E. ictaluri
from different fish hosts revealed thatE. ictaluri isolates from tilapia is a novel genotype, which differ from
currently circulated catfish genotypes (Machimbirike et al., 2021; Reichley et al., 2017). This comprehensive
follow-up investigation and findings suggest that this emerging pathogen has been well-established and spread
in tilapia farms in Northern Vietnam. Although the introduction (sources of infection) remains inconclusive,
the notation of majority of affected farms that used imported stocks for aquaculture with improper diagnostic
screening suggests possible foreign introduction of this pathogen. On the other hand, there were a proportion
of disease outbreak farms that used domestic stock sources. This implies that this pathogenic E. ictaluri
may have already circulated domestically from previously unknown introduction to Vietnam (Dong et al.,
2019) and continued to spread thereafter through contaminated seeds and/or contaminated water bodies
during disease outbreaks. The detection of E. ictaluri associated with disease outbreaks from two different
continents (America and Asia) highlights the risk of transboundary spread and potential impact to tilapia
industry. The countries that rely on imported tilapia stocks for aquaculture like Vietnam may have the same
theoretical risk on introduction of this emerging pathogen. Therefore, active surveillance, early diagnostic
screening and biosecurity measures are highly recommended for these tilapia farming countries.

The present study also identified some potential risk factors associated with disease outbreaks caused by E.
ictaluri in tilapia including the influence of temperature, fish size and belated detection due to unclear clinical
symptoms. The occurrence of the disease was in cool seasons including autumn (ponds and cage culture
on the rivers) and winter time (cage culture on deep lake/ hydropower reservoir) when temperature range
within around 23-29°C. This temperature condition is probably suitable for this pathogen in propagating
and causing the disease outbreak. The incidence of E. ictaluri infections associated with cool seasons in
other host species including catfish and non-catfish species were demonstrated in previous reports (Hawke
et al., 1998; Pham et al., 2021; Takeuchi et al., 2016). In addition, our survey results revealed that tilapia
at the small size (< 350 g) were more susceptible to E. ictaluri infection which tends to cause acute death
with higher mortality than at adult stages. Farming observation revealed that in cage line raising tilapia
culture on the same rivers/lakes, cages raising fish less than 350 g were found to be susceptible and have
higher mortality rate than that of other cages raising marketable size fish. The fish stages influenced the
susceptibility of infection similar to catfish E. ictaluri infection, in which the disease occurs in all ages of
catfish, but fingerlings and juvenile were demonstrated to be more susceptible than adult fish (Dung et al.,
2008; Hawke et al., 1998). Further works on epidemiology and experimental studies is needed to determine
the optimal temperature and influence of ages on the circulating and outbreaks cause of this pathogen in
tilapia. Moreover, E. ictaluri affected fish did not exhibit recognizable external symptoms, causing misleading
presumptive disease diagnostic and untimely treatment efforts.

Virulence factors of pathogenic bacteria may be encoded by particular regions of the prokaryotic genome,
termed pathogenicity islands (Hacker et al., 1990). Pathogenicity islands are present in the genomes of
pathogenic strains but absent in the genomes of nonpathogenic members of the same or related species
(Hacker & Kaper, 2000). Detection of the identical virulence gene profile among 26 isolates from 9 provinces
implies the circulation of a homologous strain. The presence ofesrC , evpC , ureA-C genes, which are well-
known for enabling the bacteria to survive and replicate intracellularly (Booth et al., 2006; Chen et al., 2017;
Hu et al., 2014; Moore et al., 2002; Rogge & Thune, 2011), in all identified isolates in the present study
suggests their potential virulence and difficulty in management using antimicrobials. While virD , eseI ,
and its chaperoneescD genes were present in the US channel catfish (Ictalurus punctatus ) isolates, they
were absent from all 26 isolates identified in this study as well as from isolates collected from striped catfish
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(Pangasianodon hypophthalmus ) in Vietnam (Rogge et al., 2013) and from tilapia in Western Hemisphere
(Griffin et al., 2016). Our findings support previous studies that the variability in virulence genes of E.
ictaluri is in relation to host fish species and geographic origins (Griffin et al., 2016).

Although disease caused by E. ictaluri was first detected and affected farmed tilapia in Vietnam only few
years ago, their high levels of antibiotic resistance pose potential risks and thus emergent action is needed
to mitigate the disease outbreak and spread of this pathogen. High resistance frequencies of this bacterium
to various antimicrobials belonging to several classes/subclasses might be the consequence of inappropriate
usage of these drugs for disease control in tilapia farms, leading to 12 multi-drugs resistance phenotypes.
Of note, these AMR isolates may have also been introduced to Vietnam elsewhere and continue to spread
and acquire more resistance. Some resistances were likely intrinsic resistance. Specifically, almost 85% of
the E. ictaluri isolates from tilapia were resistant to erythromycin which is consistent with the previous
report on the intrinsic resistance ofEdwardsiella species to macrolide (Stock & Wiedemann, 2001). The
intrinsic resistance of Gram negative bacteria and specifically ofEdwardsiella species to glycopeptide is also
widely revealed (Breijyeh et al., 2020; Stock & Wiedemann, 2001) and was reaffirmed by the present result
of extremely high frequency of E. ictaluriresistant to vancomycin. However, some resistances were likely
resulted from misuse of antimicrobials. For example, florfenicol was highly effective in the control of E.
ictaluri infection in catfish (Gaunt et al., 2015), but all E. ictaluri isolates from tilapia in present study
were resistant to this drug. Similarly, high resistant frequencies were also recorded with two other approved
antibiotics used in aquaculture in Vietnam, namely, amoxicillin (80.8%) and sulfamethoxazole/trimethoprim
(100%). Nevertheless, alternatives to antibiotics such as vaccines, probiotics, and bioactive metabolites should
be further explored to tackle this emerging, pathogenic, multi-drug resistant bacterium.

The multidrug resistant E. ictaluri isolates in this study were extremely highly virulent. In comparison with
previous studies where the LD50 was 3.2×104 CFU/ml in yellow catfish (Kim & Park, 2015) and 5.1 ×104

CFU/ml in Nile tilapia (Soto et al., 2013), E. ictaluri isolates in this study required only 42 to 61 CFU/fish
to kill 50% tilapia population. At higher dose, the results were similar to that reported by Dong et al. (2019)
when fish challenged with 105-107 CFU/fish resulted in 95-100% mortality within 9 days post infection.
Gross signs and histopathological manifestation were similar to that of previous studies that showed severe
tissue destructions, especially in the spleen and head kidney, two major lymphoid organs playing important
roles in defense against infection. The failure of these organs may explain the high mortality in experimental
challenged fish (Dong et al., 2019; Soto et al., 2013). Since our investigation suggested homologous strains of
the collected E. ictaluri isolates, an autogenous vaccine might be the best option to combat this emerging
disease in present time before a better vaccine candidate for a wider region is discovered.

In conclusion, this follow-up investigation from our previous case report highlights the establishment and
widespread of extremely high virulent, multidrug resistant E. ictaluri isolates as an emerging threat for
tilapia farming industry in Vietnam. The arrivals of this pathogen were likely involving both imported and
domestic stocks. Therefore, increased awareness, early diagnostic testing and biosecurity measures at both
national and international levels are needed to prevent its transboundary spread and negative impact to the
tilapia industry at large.
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