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Abstract

Widespread distribution of a highly pathogenic Edwardsiella ictaluri strain in farmed tilapia
in northern Vietnam has recently been reported. The subsequent investigation noticed a disease
outbreak occurred at five nearby tilapia farms with floating cages, in which the clinical signs of both
edwardsiellosis and columnaris diseases were observed on the same infected fish and caused 65 to
85% fish mortality. Naturally diseased fish (n=109) were sampled from the five infected farms for
bacterial identification and conducting challenge tests. The two bacteria Edwardsiella
ictaluri and Flavobacterium oreochromis were identified by a combination of biochemical tests, PCR
and 16SrRNA sequencing methods. Experimental challenge tests on Nile tilapia resulted in the
median lethal dose (LDso) of E. ictaluri and F. oreochromis at 70 CFU/fish by intraperitoneal (i.p.)
injection and 3.6 x 10° CFU/ml by immersion, respectively. The experimentally co-infected
challenged fish exposed to LDso doses resulted in 83 £ 6 % mortality, with the infected fish exhibiting
clinical signs of both edwardsiellosis and columnaris diseases, mimicking the naturally diseased fish.
This finding suggests that the co-infection of E. ictaluriand F. oreochromis may interact in a
synergistic manner, to enhance the overall severity of the infection and elevates the need for
efficient methods to control both pathogens.

Keyword: co-infection, Flavobacterium oreochromis, Edwardsiella ictaluri, tilapia, disease outbreak

1. Introduction

Tilapia (Oreochromis spp.) is one of the most popular aquaculture species and is widely
promoted for farming due to its unique characteristics in growth and ease of culture (Yue et al.,
2016). This species is commercially cultured in more than 140 countries, with the global production
in 2020 reaching over 6 million tons (Market, 2021). Vietnam is among the top ten tilapia producers
with reported production in 2019 of 250,000 tons and aims to reach 400,000 tons by 2030 (MARD,
2019). Despite the rapid growth of tilapia production, high stocking densities within intensively
cultured farms is likely to increase the risk of disease outbreaks. Diseases often occur following an
initial stressor, and in the case of infectious disease, it is common that more than one pathogen can

simultaneously infect the fish (Abdel-Latif et al., 2020a; Dong et al., 2015b; El-Sayed, 2019).

Concurrent infection is the simultaneous presence of more than one pathogen, which often

drastically alters the host's susceptibility to the infection and makes the situation more severe
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(Abdel-Latif et al., 2020a; Nicholson et al., 2020; Wanja et al., 2020). Several events of naturally
occurring concurrent infections have been reported in tilapia, e.g. multiple bacteria (Assis et al.,
2017; Delphino et al., 2019; Dong et al., 2017; Lee and Wendy, 2017), parasite-parasite (Echi et al.,
2009; Pinto et al., 2014; Zhi et al., 2018), parasite-bacteria (Abdel-Latif and Khafaga, 2020b; Xu et
al., 2009; Xu et al., 2007), bacteria-virus (Dong et al., 2015b; Nguyen et al., 2020; Nicholson et al.,
2017), and fungi-bacteria (Cutuli et al., 2015; Eissa et al., 2013; Oda et al., 2016). In tilapia, natural
co-infections act synergistically to worsen the health status of infected fish, resulting in heavy

mortalities and economic loss to farms (Abdel-Latif et al., 2020a; Amal et al., 2018).

Flavobacterium columnare is one of the oldest known bacterial pathogens in aquaculture,
having a global impact on freshwater fish farming, infecting most of the cultured species including
tilapia, carp and catfish (Anderson and Conroy, 1969; Barony et al., 2015; Chockmangmeepisan et
al., 2020; Dong et al., 2016; Tien et al.,, 2012). Recently, LaFrentz et al. (2022) reclassified
Flavobacterium columnare into four distinct species: F. columnare, F. covae, F. davisii, and F.
oreochromis. Of which, F. oreochromis are the species causing diseases in tilapia. Meanwhile, E.
ictaluri has been considered one of the most pathogenic bacteria in catfish worldwide for a long
time. This bacterial species was reported to infect tilapia in Western Hemisphere in 2012 (Soto et
al., 2012), Vietnam and possibly other tilapia farming countries relying on imported tilapia fry or

fingerlings (Dong et al., 2019; Nhinh et al., 2022).

The present study describes a natural disease outbreak occurring in several floating-cage fish
farms resulting from co-infection with a highly pathogenic strain of E. ictaluri and F. oreochromis.
Experimental infection studies demonstrated the synergistic effect of co-infection contributing to
increased fish mortality and highlighted the need for improved disease management strategies

targeted to tackle co-infections by these two bacteria.
2. Materials and methods

2.1. Disease outbreaks and sample collection

In February 2022, a disease outbreak occurred in Nile tilapia approximately 1-2 months post
stocking at five nearby farms (approximate distance between 0.5-2 km) in Hoa Binh reservoir,
Vietnam (Figure S1). Fish were transferred from hatchery farms in North Vietnam and cultured in
144 m3-floating cages (6m x 6m x 4m-width x length x depth) at stocking densities from 2,500 to
3,500 fish at the initial size of 10-15 gram/fish. Approximately 65-85% of the fish died within 3-7
days, presenting clinically with pale discolouration of the skin, fins and gills, along with gross lesions

3
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of white sports in the internal organs including kidney, spleen and liver (Table 1). The water
temperature at the time of the disease outbreak was 22-24°C. Onsite examination of the affected
fish showed the clinical signs indicative of both edwarsiellosis and columnaris diseases. At the time
of the peak mortality, a total of 109 moribund fish were sampled for disease diagnostics. The
sampled fish were kept in closed plastic bags partially filled with oxygenated water during
transportation (2 - 3 hours) to the laboratory. The screening of sampled fish showed that all fish
were negative with Tilapia Lake Virus (TiLV) and the gills occasionally infected with Dactylogyrus sp.
(5 out of 109 examined fish) at low infestation (4-6 parasites/fish). Thus, we presumptively

diagnosed that the disease outbreaks were likely caused by bacteria.

2.2. Disease diagnosis and bacterial isolation

Clinical examination was immediately conducted when the collected samples arrived the
laboratory. The fish were weighed, examined gross lesions recorded. Tissue smears were made at
the time of sampling from each fish including gill, head kidney, spleen, and liver and Gram stained

to identify the presence of bacteria in the organs.

Samples of infected gill, skin, kidney, spleen, and liver of each fish were aseptically streaked
onto Tryptic soy agar (TSA; Merck, Darmstadt, Germany) and tryptone yeast extract salts agar (TYES)
(Holt, 1987), incubated for 36-48h at 28°C. The predominant colony types were subsequently sub-
cultured as required, and pure isolates were preserved in the respective Tryptic Soy Broth (TSB)

containing 15% glycerol, stored at -80°C.
2.3. Morphological and biochemical characterizations of bacteria

Five representative isolates presumptively identified as Edwardsiella sp. and Flavobacterium sp.
from each farm were randomly selected for full species identification. They were selected based on
colony morphology in the respective agars. The Flavobacteria sp. were identified based on
conventional tests described by Bernardet et al. (1996) and Bernardet et al. (2002). The morphology of
colonies on TYES plates, bacterial cells and their motility were observed under a light microscope. The
presence of flexirubin pigment was detected using a 20% (w/v) potassium hydroxide (KOH) solution,
while congo red adsorption was tested using a 0.01% dye solution. The production of cytochrome
oxidase was differentiated using tetramethyl-p-phenylene diamine dihydrochloride reagents

(bioMerieux, Marcy-I'Etoile, France).

For putative Edwardsiella sp. isolates, the morphology of Gram-staining bacterial cells and

colonies on TSA plates was examined under a microscope. Oxidase and catalase tests were
4
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performed as described by Crumlish et al. (2002). Other phenotypic tests were conducted using the

API 20E kit (BioMeriux) following the instruction of the manufacturer.

2.4. DNA extraction

Genomic DNA of all bacterial isolates (n = 5 for each pathogen) was extracted using the
InstaGene Matrix kit (Bio-Rad, California, USA) following the manufacturer’s protocol. The extracted

DNA was preserved at -20°C for sequencing and PCR assays.
2.5. Polymerase chain reaction (PCR) assays

PCR assays were conducted using universal primers targeting the 16S rRNA gene and species-
specific primers targeting the fimbrial gene of E. ictaluri (470 bp; Sakai et al., 2009; Table 2). Since
specific PCR was not available to identify F. oreochromis, this study employed a previously reported
PCR assay targeting the ISR gene of F. columnare, which later split into four species, for the initial
confirmation of the Flavobacterium genus (450-550 bp; Welker et al., 2005; Table 2). Nuclease-free
water was used as a negative control. The DNA of E. ictaluri LMG 7860 and F. columnare LMG 13035
purchased from BCCM/LMG Bacteria Collection, Gent, Belgium was used as the respective positive
controls. Each PCR reaction mixture (25 uL) included 12 uL Gotag Green Master Mix (Promega,
Wisconsin, USA), 1.5 uL (10 uM) of each respective primer (forward and reverse), 5 uL DNA
template, and 5 pL DNA-free distilled water. The mixtures were then placed in a thermocycler for
the amplification process under the following conditions: initial denaturation for 4 min at 94 °C; 35
cycles consisting of denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, 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 1.3% agarose gel containing a RedSafe nucleic acid staining solution (Intron,
Gyeonggi-do, Korea). The images were digitally captured using a gel image system (Bio-Rad,

California, USA).
2.6. Sequence and phylogenetic analysis of the 16S rRNA gene

The PCR products of the 16S rRNA gene were purified using the QlAquick PCR extraction kit
(Qiagen) and sequenced (Macrogen, Seoul, Korea). The obtained sequences were assembled using
Bio Edit version 7.0 (Hall, 1999) and deposited in the GenBank database to issue the accession
numbers. The sequences were aligned with related sequences in GenBank using the Basic Local

Alignment Search Tool (BLAST) nucleotide search.
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The phylogenetic analysis was conducted to match the 16S rRNA sequences of the five
representative isolates with the closely related sequences retrieved from GenBank using the
ClustalW program (Thompson et al., 1994). Phylogenetic trees were then performed by MEGA 10
software (Kumar et al., 2018) using the neighbour-joining method (Saitou and Nei, 1987). A boot-

strap value of 1000 replicates was applied for the robustness of phylogeny.
2.7. Challenge experiments

Single-pathogen challenges

Nile tilapia juveniles (Oreochromis sp.) at approximately 35 g with a health certificate were
obtained from a commercial tilapia hatchery in northern Vietnam for bacterial challenge
experiments. The fish were acclimatized to the experimental conditions for one week before
conducting experiments. Bacterial isolates recovered from the naturally infected fish, which were
representative of the identification profiles per species, were selected for the challenge studies. The
E. ictaluri strain Fo-VNO522 and F. oreochromis strain EdTil-VN0522 were randomly selected for
experimental infection, cultured aseptically in 100ml-flasks of TSB and TYES broth, respectively and
incubated at 28°C for 36h with gentle shaking. The viable bacterial density of the stock suspensions
was adjusted to approximately 1 x 108 colony forming units (CFUs)/mL, and confirmed using Miles

and Misra method (Miles et al., 1938).

Ten-fold serial dilutions of E. ictaluri Fo-VN0522 were prepared to achieve seven bacterial
concentrations from ~1 x 102 to ~1 x 108 CFU/ml. 240 fish were divided into 21 experimental tanks of
seven bacterial concentrations (10 fish in each tank with three replicates) and 3 control tanks. For each
bacterial concentration, fish were intraperitoneally injected with 0.1 ml of bacterial suspension, while in

the control group, fish were injected with 0.1 ml PBS.

For the F. oreochromis challenge experiment, fish were exposed to the pathogen by
immersion challenge at a bacterial concentration from 1 x 10! to 1 x 107 CFU/ml. The other 240 fish
were divided into eight groups of 30 fish. Of which seven groups were immersed in the seven
corresponding bacterial suspensions and one in freshwater with PBS addition for one hour. The 30 fish
in each immersion group were then divided into three 120L-tanks (three replicates) for monitoring for
14 days. The medium lethal doses (LDso) of E. ictaluri and F. oreochromis on tilapia were calculated as

described by Reed and Muench (1938).

Combined-pathogen challenge
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Fish were divided into four groups of ten fish per tank: (1) received 0.1 ml of the LDso dose
of E. ictaluri by i.p. injection; (2) received LDso dose of F. oreochromis for one hour by immersion; (3)
received both 0.1 ml of the LDso dose of E. ictaluri by i.p. injection then immersed in LDso dose of F.
columnare for one hour; and (4) treated the same way as group 3 but not exposed to bacteria and
instead injected with PBS and immersed in clean water for one hour (control group). Three replicate
tanks were included for each treatment group. Mortality/morbidity was observed daily for two
weeks. All affected fish were collected for gross inspection of external and internal clinical signs.
Moribund fish from each challenge group and healthy fish from the control groups (at the end of

the experiment) were subjected to bacterial re-isolation and histopathological analysis.

2.7. Histopathological examination

Affected tissues (gills, kidney, liver, spleen) from natural co-infected fish, moribund and
healthy tilapia from each challenge experiment group described (3-5 fish/group) were observed for
histopathological examination. The tissues were collected and preserved in 10% buffered formalin
for 24 hours. The sampled tissues were then dehydrated in an ethanol series, embedded in paraffin,
and sectioned at 5 um thickness before being stained with hematoxylin and eosin following the
standard histological protocol. Histopathological changes in the infected tissues were examined

under a light microscope equipped with a digital camera (Olympus, Tokyo, Japan).
2.8. Statistical analysis

The mortality rates of fish between treatment groups exposed to the bacteria in the challenge
tests were compared by one-way ANOVA which was performed using the SPSS program 20.0, and

the significance was identified as P < 0.05.
3. RESULTS
3.1. Clinical signs and gross lesions of diseased tilapia

In the present study, naturally diseased tilapia from the five affected farms ranged from 25-
215g in weight, with the estimated mortality rate between 65-85% (Table 1). Macroscopic
examination showed that the diseased fish (n=109) presented grossly with signs of both freshwater
columnaris disease which included whitish or yellow areas on the gill, pale discolouration areas on
the skin and the fin base with more clearly shown in the caudal fin and edwardsiellosis as shown by
the presence of white spots on the spleen, kidney, and occasionally on the liver (Figure 1).
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3.2. Bacterial isolation and identification

Microscopically, the damaged tissues of the gill and skin revealed the presence of bundles of
Gram-negative, filamentous bacteria, which were suspected to be F. oreochromis. (Figure 2A). On
the same fish, there were Gram-negative, intra-cellular, rod-shaped bacteria, which were similar to
E. ictaluri, on the spleen, kidney, and liver (Figure 2B). Consistently, there were two dominant types
of bacterial colonies retrieved from the same fish representing the co-infection of columnaris and
edwarsiellosis diseases after isolation. The first one was yellow rhizoid colonies on TYES agar (Figure
2C), isolated from the whitish gills and pale areas on the skin of all diseased fish and occasionally from
the kidney and spleen. The bacteria were Gram-negative, slender, and variable length but
predominantly long rod-shaped cells (2-10um) and showed gliding motility (Video footage-S1). These
yellow-pigmented bacteria produced positive results in flexirubin pigment, congo red, and oxidase
tests (Table 3), identical to the reference strains F. columnare. In addition, LaFrentz et al. (2018, 2022)
demonstrated that F. columnare represents four distinct species, in which F. oreochromis is the species
causing disease in tilapia. Thus, the rhizoid-colony bacteria were identified as belonging to the putative
F. oreochromis. The second bacteria presented with whitish, pinpoint size colonies on TSA, isolated
from the spleen, kidney, and liver of the infected fish with white spots lesion (Figure 2B and 2D) and
were identified as Gram-negative, rod-shaped (1.5-2.5um), oxidase-negative and catalase-positive
organisms. Other biochemical characteristics were identical to the E. ictaluri strains from red tilapia

(Dong et al., 2019) and striped catfish (Crumlish et al., 2002) (Table 4).

The PCR assays conducted on the specific-species genes confirmed that the rod-shaped
bacteria were E. ictaluri which produced a specific band at 470 bp (Figure S2). Further identification
of the bacterial species was done by sequence analysis of their 16S rRNA genes. For the five tentative
E. ictaluri isolates, the sequences of 16S rRNA (~1.5kb) displayed 99.93%-100% nucleotide identity
to the reference strain E. ictaluri ATCC 33202 (NR024769). In addition, phylogenetic trees performed
on the 16S rRNA gene showed that the selected isolates were placed in the same cluster with other
E. ictaluri strains, including the isolates infected in tilapia in other Northern provinces of Vietnam;
and were phylogenetically distinct from other Edwardsiella species (Figure S3). The 16S rRNA
sequences of these isolates have been deposited in GenBank under accession numbers OP604351-

OP604355.



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

The PCR results revealed that the filamentous bacteria were positive with the Flavobacterium
genus (Figure S2). The 16S rRNA sequences of five putative F. oreochromis isolates yielded fragments
of 1437 bp, which have been deposited in the GenBank database under the following accession
numbers: OP604326-0P604330. The BLAST analysis of the 16S rRNA gene sequences revealed that
they shared 100% similarity with the species F. oreochromis on GenBank, strain TI2056 (KX711900.1)
and TI982 (MG516961.1). Also, the sequences of the five isolates matched 100% with the F.
columnare strains isolated from tilapia, such as CUVET1343 (KF274048.1) and CUVET1350
(KF774291.1), which were identified in 2013, prior to the re-classification of F. columnare into four
genetic groups, and later four species conducted by LaFrentz et al. (2018; 2022). Meanwhile, these
sequences showed 98.04% nucleotide identity with the reference strains, F. columnare ATCC 23463
from chinook salmon and F. columnare ATCC 49513 from catfish. The phylogenetic analysis showed
that the five isolates in this study clustered with the strains of F. oreochromis isolated from tilapia

(Figure S3). In conclusion, the five filamentous bacterial isolates were identified as F. oreochromis.
3.3. Bacterial challenge experiments

The challenge experiments revealed that the LDso doses for E. ictaluri and F. oreochromis were
70 CFU/fish and 3.6 x 10°% CFU/ml, respectively. Fish exposed to high concentrations of E. ictaluri
(10%-107 CFU/fish) became sick and died quicker than the fish in lower concentrations, with the
mean percent mortality from 63-93% on 4 dpi and reached 100% after 6-10 dpi (Figure 3A). The low
concentrations from 10 — 103 CFU/fish of E. ictaluri caused 27 - 77% mortality at 14 dpi. No
mortalities or morbidities were observed in any of the fish exposed to F. oreochromis by immersion
at 10%-10* CFU/ml. The mean percent mortality was from 23 - 63% when challenged with the higher
concentrations of 10°-10” CFU/ml (Figure 3B). The moribund/dead fish in the E. ictaluri treatment
showed a typical gross presentation of white spots in the viscera, particularly spleen and kidney,
which were not observed in the fish exposed to F. oreochromis only. On the other hand, pale to
white discoloration on the gill lamellae of the diseased fish were observed in the F. oreochromis
challenge group. The fish experimental challenged with single pathogen were successfully reisolated

and confirmed for the respective pathogens of E. ictaluri and F. oreochromis.

The tilapia challenged with the LDso dose of single F. oreochromis (3.6 x 10® CFU/ml) or E.
ictaluri (70 CFU/fish) resulted in a mean percent mortality of 47 £ 6 % and 53 + 6 %, respectively, on
the 14 dpi (Figure 4). Meanwhile, the simultaneous challenge with the LDso dose of F. oreochromis

and E. ictaluri resulted in 83 + 6%, which is significantly higher than individual infection (P<0.01).
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The infected fish in the simultaneous exposure group presented clinical signs of both columnaris
and edwardsiellosis, mimicking the naturally diseased fish (Figure 5). No mortality was observed in
the control group during the challenge period. Isolates of F. oreochromis and E. ictaluri were
successfully recovered and species were confirmed from the same infected fish exposed to both

pathogens (data not shown).

3.4. Histopathology

Histopathological changes observed in fish exposed to F. oreochromis only, were primarily
observed in the gills, with degeneration and extensive necrosis of the gill lamellae, as well as
colonization of filamentous bacteria. No significant lesions were found in the kidney, spleen, and
liver of the affected fish. In contrast, fish challenged with E. ictaluri only, showed no gill changes but
exhibited severe lesions of focally-extensive to confluent areas of necrosis in the spleen, kidney, and
liver. These findings demonstrate the specific pathogenic effects of each pathogen, with F.

oreochromis targeting the gills and E. ictaluri causing multi-organ necrosis.

In the fish receiving a combined pathogen challenge, the mixed histopathological features
were observed in both external and internal organs including the gills, kidney, spleen and liver. The
lesions were distinguishable by the severe degeneration of the fish gill, such as the extensive
necrosis of primary and secondary gill filaments, as well as lamellae (Figure 6). In severe cases, areas
of the gill filaments were partially or completely degenerated and the colonization of massive
basophilic filamentous bacteria was found on the gill filaments. The spleen of the affected fish in
the groups subjected to combined pathogen challenge exhibited notable focal areas of necrosis
within the parenchyma, accompanied by the development of pyogranulomas. (Figure 7A and 7B).
The affected livers showed vascular congestion, lipidosis and multifocal necrotic areas with the
infiltration of inflammatory cells resembling macrophages and lymphocytes. Hepatocytes also
showed loss of storage lipid, cell degradation, and pyknosis (Figure. 7C). Similarly, the kidneys of
infected fish showed disruption of typical normal structure of kidney glomerulus and tubules,
accompanied by several histopathological lesions including pyogranulomas, focal necrosis and signs

of haemorrhages (Fig. 7D).

4. Discussion

Infectious disease outbreaks in farmed tilapia remain a global challenge to this aquatic food

production sector. Traditionally the emphasis has been on single diseases or single pathogens,
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however coinfection by two or more pathogens simultaneously has been reported previously (Dong
et al., 2015b; Kotob et al., 2017). The present study described the first natural coinfection in tilapia
of E. ictaluri, an emerging disease in tilapia (Nhinh et al., 2022) and F. oreochromis, one of four
distinct species in fish pathogen F. columnare (LaFrentz et al., 2022). Dong et al. (2015c)
demonstrated co-infection in striped catfish (Pangasianodon hypophthalmus) species with isolates
from these two bacteria under experimental conditions. It is postulated from this study that co-
infections from E. ictaluri and F. oreochromis occurs more frequently in tilapia farms due to their
similar optimal temperature range (20 - 28 °C) for invasion and disease manifestation, but may not
be widely recognised. In Northern Vietnam, during the winter and early spring, the air temperature
often falls below 20°C, but due to the water depth, the large reservoirs still keep the water cool and
make opportunities for the prevalence of both columnaris and edwardsiellosis leading to the
coinfection of these two diseases at this time. Moreover, due to the widespread infection of E.
ictaluriin tilapia farms in Northern Vietnam, as reported by Nhinh et al., (2022), and the ubiquitous
presence of Flavobacterium spp. in freshwater (Declercq et al., 2013), the coinfection of these two
diseases is likely to appear frequently in tilapia culture systems exacerbated by lower temperature,

including floating-cage and pond cultures.

In aquatic pathology, fish are often experimentally challenged by either i.p injection,
cohabitation, or immersion. In the present study, fish were challenged with E. ictaluri by i.p
injection, which is an efficient method that shortens the time to develop signs of disease and is
preferred due to the reduction in time and cost (Meza et al., 2019). More importantly, this method
produces more reproducible results than other exposure methods (Avila et al., 2022) as every fish
is exposed to the pathogen at the same concentrations. However, a different exposure method was
adopted for the fish in the Flavobacterium group as it does not cause a systemic disease. The
isolation process in our study also revealed that F. oreochromis existed in affected fish at low
concentrations and can be difficult to isolate from internal organs, similar to the previous report by
Dong et al. (2015a). In addition, Staroscik et al. (2008) suggested that Flavobacterium spp. could
utilize fish skin mucus as a substrate for growth, hence lack of systemic invasion by these bacteria.
Subsequently, several studies have demonstrated that the immersion exposure route was most
suitable experimental model for challenging fish with Flavobacterium spp. (Declercq et al., 2015;
Dong et al., 2015c). Therefore, tilapia exposed to E. ictaluri via intraperitoneal injection and F.
oreochromis through immersion could serve as a suitable model for effectively reproducing clinical

signs and pathological features observed in naturally coinfected fish with these two bacteria.
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In both macroscopic and microscopic levels, fish experimentally challenged with only F.
oreochromis did not exhibit systemic lesions. However, the gills were predominantly affected,
potentially impairing normal respiratory function. This was attributed to the formation of F.
oreochromis biofilm on the gill surface, which hindered the uptake of oxygen into the fish's body,
ultimately leading to mortality as suggested by previous studies (Dong et al., 2015a; Declercq et al.,
2015). On the other hand, fish experimentally infected with E. ictaluri displayed severe damage to
internal organs, particularly the head kidney (a central lymphoid and hematopoietic organ) and the
spleen (a peripheral lymphoid organ). These lesions were consistent with previous reports (Dong et
al., 2019; Nhinh et al., 2022). Interestingly, when the two bacteria were simultaneously introduced,
synergistic effects of two respective diseases were observed in both gross signs and
histopathological lesions. This implies that co-infection with both pathogens results in concurrent
lesions and dysfunction in multiple vital organs. As a result, the ability of the fish to recover is
diminished due to the disruptive synergistic effects on normal physiological functions of the gills
and crucial internal organs. Consequently, the mortality rate in co-infected fish is significantly higher

compared with single infections.

Overall, this study reports the first case of naturally concurrent infection ofF.
oreochromis and E. ictaluri and experimentally proves their synergistic effects of the coinfection on
tilapia. The results raise awareness and the requirement for management strategies with a
simultaneous approach, such as bivalent vaccines or immunological enhancement, to control the

infection and mitigate economic losses for farmers.
REFERENCES

Abdel-Latif, H. M., Dawood, M. A., Menanteau-Ledouble, S., & El-Matbouli, M. (2020a). The nature
and consequences of co-infections in tilapia: A review. Journal of Fish Diseases, 43(6), 651-
664. doi:https://doi.org/10.1111/jfd.13164

Abdel-Latif, H. M., & Khafaga, A. F. (2020b). Natural co-infection of cultured Nile tilapia Oreochromis
niloticus with Aeromonas hydrophila and Gyrodactylus cichlidarum experiencing high
mortality during summer. Aquaculture Research, 51(5), 1880-1892.
doi:https://doi.org/10.1111/are.14538

Amal, M., Koh, C., Nurliyana, M., Suhaiba, M., Nor-Amalina, Z., Santha, S., Diyana-Nadhirah, K.,
Yusof, M., Ina-Salwany, M., & Zamri-Saad, M. (2018). A case of natural co-infection of Tilapia
Lake Virus and Aeromonas veronii in a Malaysian red hybrid tilapia (Oreochromis niloticusx
O. mossambicus) farm experiencing high mortality. Aquaculture, 485, 12-16.
doi:https://doi.org/10.1016/j.aquaculture.2017.11.019

12



381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

Anderson, J., & Conroy, D. (1969). The Pathogenic Myxobacteria with Special Reference to Fish
Diseases. Symposium on Myxobacteria and Flavobacteria: Paper VII. Journal of Applied
Bacteriology, 32(1), 30-39. doi:https://doi.org/10.1111/j.1365-2672.1969.tb02186.x

Assis, G., Tavares, G., Pereira, F., Figueiredo, H., & Leal, C. (2017). Natural coinfection by
Streptococcus agalactiae and Francisella noatunensis subsp. orientalis in farmed Nile tilapia
(Oreochromis  niloticus L.). Journal of Fish  Diseases, 40(1), 51-63.
doi:https://doi.org/10.1111/jfd.12493

Avila, B. W., Huyvaert, K. P., Winkelman, D. L., & Fetherman, E. R. (2022). Factors Affecting Post-
Challenge Survival of Flavobacterium psychrophilum in Susceptible Rainbow Trout from the
Literature. Pathogens, 11(11), 1318. doi:https://doi.org/10.3390/pathogens11111318

Barony, G., Tavares, G., Assis, G., Luz, R., Figueiredo, H., & Leal, C. (2015). New hosts and genetic
diversity of Flavobacterium columnare isolated from Brazilian native species and Nile tilapia.
Diseases of Aquatic Organisms, 117(1), 1-11. doi:https://doi.org/10.3354/dao02931

Bernardet, J.-F., Nakagawa, Y., & Holmes, B. (2002). Proposed minimal standards for describing new
taxa of the family Flavobacteriaceae and emended description of the family. International
journal of systematic and evolutionary  microbiology, 52(3), 1049-1070.
doi:https://doi.org/10.1099/00207713-52-3-1049

Bernardet, J.-F., Segers, P., Vancanneyt, M., Berthe, F., Kersters, K., & Vandamme, P. (1996). Cutting
a Gordian knot: emended classification and description of the genus Flavobacterium,
emended description of the family Flavobacteriaceae, and proposal of Flavobacterium
hydatis nom. nov.(basonym, Cytophaga aquatilis Strohl and Tait 1978). International journal
of systematic and evolutionary microbiology, 46(1), 128-148.
doi:https://doi.org/10.1099/00207713-46-1-128

Chockmangmeepisan, P., Sakulworakan, R., Dong, H. T., Kayansamruaj, P., Rung-ruangkijkrai, T.,
Pirarat, N., & Rodkhum, C. (2020). Virulence properties and pathogenicity of Flavobacterium
columnare in hybrid red tilapia (Oreochromis sp.). The Thai Journal of Veterinary Medicine,
50(1), 103-108. doi:https://digital.car.chula.ac.th/tjvm/vol50/iss1/13

Crumlish, M., Dung, T., Turnbull, J., Ngoc, N., & Ferguson, H. (2002). Identification of Edwardsiella
ictaluri from diseased freshwater catfish, Pangasius hypophthalmus (Sauvage), cultured in
the Mekong Delta, Vietnam. Journal of Fish Diseases, 25(12), 733-736.

Cutuli, M. T., Gibello, A., Rodriguez-Bertos, A., Blanco, M. M., Villarroel, M., Giraldo, A., & Guarro, J.
(2015). Skin and subcutaneous mycoses in tilapia (Oreochromis niloticus) caused by Fusarium
oxysporum in coinfection with Aeromonas hydrophila. Medical mycology case reports, 9, 7-
11. doi:https://doi.org/10.1016/j.mmcr.2015.06.002

Declercq, A., Chiers, K., Haesebrouck, F., Van Den Broeck, W., Dewulf, J., Cornelissen, M., &
Decostere, A. (2015). Gill infection model for columnaris disease in common carp and
rainbow trout. Journal of aquatic animal health, 27(1), 1-11.
doi:https://doi.org/10.1080/08997659.2014.953265

Declercq, A. M., Haesebrouck, F., Van den Broeck, W., Bossier, P., & Decostere, A. (2013).
Columnaris disease in fish: a review with emphasis on bacterium-host interactions.
Veterinary research, 44(1), 1-17.

Delphino, M. K., Leal, C. A., Gardner, I. A,, Assis, G. B., Roriz, G. D., Ferreira, F., Figueiredo, H. C., &
Gongalves, V. S. (2019). Seasonal dynamics of bacterial pathogens of Nile tilapia farmed in a
Brazilian reservoir. Aquaculture, 498, 100-108.
doi:https://doi.org/10.1016/j.aquaculture.2018.08.023

Dong, H., LaFrentz, B., Pirarat, N., & Rodkhum, C. (2015a). Phenotypic characterization and genetic
diversity of Flavobacterium columnare isolated from red tilapia, Oreochromis sp., in
Thailand. Journal of Fish Diseases, 38(10), 901-913. doi:https://doi.org/10.1111/jfd.12304

13



429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

Dong, H., Senapin, S., Jeamkunakorn, C., Nguyen, V., Nguyen, N., Rodkhum, C., Khunrae, P., &
Rattanarojpong, T. (2019). Natural occurrence of edwardsiellosis caused by Edwardsiella
ictaluri in farmed hybrid red tilapia (Oreochromis sp.) in Southeast Asia. Aquaculture, 499,
17-23. doi:https://doi.org/10.1016/j.aquaculture.2018.09.007

Dong, H., Senapin, S., LaFrentz, B., & Rodkhum, C. (2016). Virulence assay of rhizoid and non-rhizoid
morphotypes of Flavobacterium columnare in red tilapia, Oreochromis sp., fry. Journal of
Fish Diseases, 39(6), 649-655. doi:https://doi.org/10.1111/jfd.12385

Dong, H., Techatanakitarnan, C., Jindakittikul, P., Thaiprayoon, A., Taengphu, S., Charoensapsri, W.,
Khunrae, P., Rattanarojpong, T., & Senapin, S. (2017). Aeromonas jandaei and Aeromonas
veronii caused disease and mortality in Nile tilapia, Oreochromis niloticus (L.). Journal of Fish
Diseases, 40(10), 1395-1403. doi:https://doi.org/10.1111/jfd.12617

Dong, H. T., Nguyen, V. V., Le, H. D., Sangsuriya, P., Jitrakorn, S., Saksmerprome, V., Senapin, S., &
Rodkhum, C. (2015b). Naturally concurrent infections of bacterial and viral pathogens in
disease outbreaks in cultured Nile tilapia (Oreochromis niloticus) farms. Aquaculture, 448,
427-435. doi:https://doi.org/10.1016/j.aquaculture.2015.06.027

Dong, H. T., Nguyen, V. V., Phiwsaiya, K., Gangnonngiw, W., Withyachumnarnkul, B., Rodkhum, C.,
& Senapin, S. (2015c). Concurrent infections of Flavobacterium columnare and Edwardsiella
ictaluriin striped catfish, Pangasianodon hypophthalmus in Thailand. Aquaculture, 448, 142-
150. doi:https://doi.org/10.1016/j.aquaculture.2015.05.046

Echi, P. C, Eyo, J. E.,, & Okafor, F. C. (2009). Co-parasitism and morphometrics of three
Clinostomatids (Digenea: Clinostomatidae) in Sarotherodon melanotheron from a tropical
freshwater lake. Animal Research International, 6(2), 982 - 986.
doi:https://doi.org/10.4314/ari.v6i2.48129

Eissa, A., Tharwat, N., & Zaki, M. (2013). Field assessment of the mid winter mass kills of trophic
fishes at Mariotteya stream, Egypt: Chemical and biological pollution synergistic model.
Chemosphere, 90(3), 1061-1068. doi:https://doi.org/10.1016/j.chemosphere.2012.09.010

El-Sayed, A. F. M. (2019). Tilapia Culture: Second Edition. Academic Press, San Diego, US. 358 pp

Hall, T. A. (1999). BioEdit: a user-friendly biological sequence alignment editor and analysis program
for Windows 95/98/NT. Paper presented at the Nucleic acids symposium series.

Holt, R. A. (1987). Cytophaga psychrophila, the causative agent of bacterial cold-water disease in
salmonid fish. Oregon State University.

Kotob, M. H., Menanteau-Ledouble, S., Kumar, G., Abdelzaher, M., & ElI-Matbouli, M. (2017). The
impact of co-infections on fish: a review. Veterinary research, 47(1), 1-12.

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X: molecular evolutionary
genetics analysis across computing platforms. Molecular biology and evolution, 35(6), 1547.
doi:https://doi.org/10.1093%2Fmolbev%2Fmsy096

LaFrentz, B. R., Garcia, J. C., Waldbieser, G. C., Evenhuis, J. P., Loch, T. P,, Liles, M. R., Wong, F. S., &
Chang, S. F. (2018). Identification of four distinct phylogenetic groups in Flavobacterium
columnare with fish host associations. Frontiers in microbiology, 9, 452.
doi:https://doi.org/10.3389/fmicb.2018.00452

LaFrentz, B. R., Kralova, S., Burbick, C. R., Alexander, T. L., Phillips, C. W., Griffin, M. J., Waldbieser,
G. C., Garcia, J. C,, de Alexandre Sebastido, F., & Soto, E. (2022). The fish pathogen
Flavobacterium columnare represents four distinct species: Flavobacterium columnare,
Flavobacterium covae sp. nov., Flavobacterium davisii sp. nov. and Flavobacterium
oreochromis sp. nov., and emended description of Flavobacterium columnare. Systematic
and Applied Microbiology, 45(2), 126293. doi:https://doi.org/10.1016/j.syapm.2021.126293

Lee, S., & Wendy, W. (2017). Antibiotic and heavy metal resistance of Aeromonas hydrophila and
Edwardsiella tarda isolated from red hybrid tilapia (Oreochromis spp.) coinfected with motile

14



477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

aeromonas septicemia and edwardsiellosis. Veterinary world, 10(7), 803-807.
doi:https://doi.org/10.14202%2Fvetworld.2017.803-807

MARD. (2019). Decision to approve the plan of tilapia farming development by 2020, driven by 2030”
issued on May, 6th 2016. by the Ministry of Agriculture and Rural Development, Vietnam
(MARD).

Market, B. (2021). Global Industry Trends, Share, Size, Growth, Opportunity and Forecast 2021—
2026. IMARC Group. Available online: https://www. imarcgroup. com/induction-motor-
market (accessed on 27 May 2021).

Meza, K., Inami, M., Dalum, A. S., Lund, H., Bjelland, A. M., Sgrum, H., & Lgvoll, M. (2019).
Comparative evaluation of experimental challenge by intraperitoneal injection and
cohabitation of Atlantic salmon (Salmo salar L) after vaccination against Piscirickettsia
salmonis (EM90-like). Journal of  Fish Diseases, 42(12), 1713-1730.
doi:https://doi.org/10.1111/jfd.13091

Miles, A. A., Misra, S., & Irwin, J. (1938). The estimation of the bactericidal power of the blood.
Epidemiology & Infection, 38(6), 732-749. doi:https://doi.org/10.1017/5002217240001158X

Nguyen, V. V., Dong, H. T., Senapin, S., Kayansamruaj, P., Pirarat, N., Rung-Ruangkijkrai, T.,
Tiawsirisup, S., & Rodkhum, C. (2020). Synergistic infection of Ichthyophthirius multifiliis and
Francisella noatunensis subsp. orientalis in hybrid red tilapia (Oreochromis sp.). Microbial
Pathogenesis, 147, 104369. doi:https://doi.org/10.1016/j.micpath.2020.104369

Nhinh, D. T., Giang, N. T. H,, Van Van, K., Dang, L. T., Dong, H. T., & Hoai, T. D. (2022). Widespread
presence of a highly virulent Edwardsiella ictaluri strain in farmed tilapia, Oreochromis spp.
Transboundary and Emerging Diseases. doi:https://doi.org/10.1111/tbed.14568

Nicholson, P., Fathi, M., Fischer, A., Mohan, C., Schieck, E., Mishra, N., Heinimann, A., Frey, J.,
Wieland, B., & Jores, J. (2017). Detection of Tilapia Lake Virus in Egyptian fish farms
experiencing high mortalities in 2015. Journal of Fish Diseases, 40(12), 1925-1928.
doi:https://doi.org/10.1111/jfd.12650

Nicholson, P., Mon-on, N., Jaemwimol, P., Tattiyapong, P., & Surachetpong, W. (2020). Coinfection
of tilapia lake virus and Aeromonas hydrophila synergistically increased mortality and
worsened the disease severity in tilapia (Oreochromis spp.). Aquaculture, 520, 734746.
doi:https://doi.org/10.1016/j.aquaculture.2019.734746

Oda, S. S., Tohamy, H. G., & Massoud, R. G. (2016). Pathological alterations in Nile tilapia
experimentally infected with Streptococcus iniae and Candida albicans. Turkish Journal of
Fisheries and Aquatic Sciences, 16(4), 779-788. doi:10.4194/1303-2712-v16_4 04

Pinto, H. A., Mati, V. L., & Melo, A. L. (2014). Metacercarial infection of wild Nile tilapia (Oreochromis
niloticus) from Brazil. The Scientific World Journal, 2014, 1-7.
doi:https://doi.org/10.1155/2014/807492

Reed, L. J., & Muench, H. (1938). A simple method of estimating fifty per cent endpoints. American
journal of epidemiology, 27(3), 493-497.
doi:https://doi.org/10.1093/oxfordjournals.aje.a118408

Saitou, N., & Nei, M. (1987). The neighbor-joining method: a new method for reconstructing
phylogenetic  trees. Molecular  Biology  and  Evolution, 4(4), 406-425.
doi:https://doi.org/10.1093/oxfordjournals.molbev.a040454

Sakai, T., Yuasa, K., Sano, M., & lida, T. (2009). Identification of Edwardsiella ictaluri and E. tarda by
species-specific polymerase chain reaction targeted to the upstream region of the fimbrial
gene. Journal of Aquatic Animal Health, 21(2), 124-132. doi:10.1577/H08-061.1

Soto, E., Griffin, M., Arauz, M., Riofrio, A., Martinez, A., & Cabrejos, M. E. (2012). Edwardsiella ictaluri
as the causative agent of mortality in cultured Nile tilapia. Journal of Aquatic Animal Health,
24(2), 81-90. doi:https://doi.org/10.1080/08997659.2012.675931

15



525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

557

558

Staroscik, A. M., & Nelson, D. R. (2008). The influence of salmon surface mucus on the growth of
Flavobacterium columnare. Journal of fish diseases, 31(1), 59-69.
https://doi.org/10.1111/j.1365-2761.2007.00867.x

Thompson, J. D., Higgins, D. G., & Gibson, T. J. (1994). CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Research, 22(22), 4673-4680.
doi:https://doi.org/10.1093/nar/22.22.4673

Tien, N. T., Dung, T. T., Tuan, N. A., & Crumlish, M. (2012). First identification of Flavobacterium
columnare infection in farmed freshwater striped catfish Pangasianodon hypophthalmus.
Diseases of Aquatic Organisms, 100(1), 83-88. doi:https://doi.org/10.3354/dao02478

Wanja, D. W., Mbuthia, P. G., Waruiru, R. M., Bebora, L. C., & Ngowi, H. A. (2020). Natural
Concurrent Infections with Black Spot Disease and Multiple Bacteriosis in Farmed Nile Tilapia
in Central Kenya. Veterinary Medicine International, 2020, 1-8.
doi:https://doi.org/10.1155/2020/8821324

Weisburg, W. G., Barns, S. M., Pelletier, D. A., & Lane, D. J. (1991). 16S ribosomal DNA amplification
for phylogenetic study. Journal of Bacteriology, 173(2), 697-703.
doi:https://doi.org/10.1128/jb.173.2.697-703.1991

Welker, T. L., Shoemaker, C. A,, Arias, C. R., & Klesius, P. H. (2005). Transmission and detection of
Flavobacterium columnare in channel catfish Ictalurus punctatus. Diseases of Aquatic
Organisms, 63(2-3), 129-138. doi:10.3354/dao063129

Xu, D.-H., Shoemaker, C. A., & Klesius, P. H. (2009). Enhanced mortality in Nile tilapia Oreochromis
niloticus following coinfections with ichthyophthiriasis and streptococcosis. Diseases of
Aquatic Organisms, 85(3), 187-192. doi:https://doi.org/10.3354/dao02073

Xu, D. H., Shoemaker, C., & Klesius, P. (2007). Evaluation of the link between gyrodactylosis and
streptococcosis of Nile tilapia, Oreochromis niloticus (L.). Journal of Fish Diseases, 30(4), 233-
238. doi:https://doi.org/10.1111/j.1365-2761.2007.00806.x

Yue, G, Lin, H., & Li, J. (2016). Tilapia is the fish for next-generation aquaculture. Int J Marine Sci
Ocean Technol, 3(1), 11-13.

Zhi, T., Xu, X., Chen, J., Zheng, Y., Zhang, S., Peng, J., Brown, C. L., & Yang, T. (2018). Expression of
immune-related genes of Nile tilapia Oreochromis niloticus after Gyrodactylus cichlidarum
and Cichlidogyrus sclerosus infections demonstrating immunosupression in coinfection. Fish
& Shellfish Immunology, 80, 397-404. doi:https://doi.org/10.1016/].fsi.2018.05.060

16



559

560

561
562
563
564
565

566

567

568

569

570

571

TABLES

Table 1. Information on the disease outbreak in this study

Farm Fish Mortality Number No of Number of Representative Water
code size(g) rate (%) of collected fish co- isolates temperature
affected fish infected (°C)
cages
21 Fo-VN0122
F1 25-96 80-85 6 21 ) 22
EdTil-VN0O122
26 Fo-VN0222
F2 75-118 65-70 8 26 . 23
EdTil-VN0222
18 Fo-VN0322
F3 48-73 70-75 5 18 . 22.5
EdTil-VN0322
16 Fo-VN0422
F4 85-127 65-75 4 16 . 24
EdTil-VN0O422
131- 28 Fo-VN0522
F5 65-70 8 28 . 23
215 EdTil-VNO522

() estimated by the farm holder; the isolates with bold names were used for the challenge
experiments in Section 2.7.
Fo, Flavobacterium oreochromis

EdTil, Edwardsiella ictaluri from tilapia
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Table 2. Primers used for 16r-RNA sequencing and PCR assays in this study

Target
Primer sequence (5'->3’) References
Gene (size)

Sequencing
Uni-Bact-F/AGAGTTTGATCMTGGCTCAG 16S rRNA Weisburg et
Uni-Bact-R/ACGGHTACCTTGTTACGACTT (~1500 bp) al. (1991)
Specific PCR assay for F. columnare determination
F.columnare-F/TGCGGCTGGATCACCTCCTTTCTAGAGACA ITS Welker et al.
F.columnare-R/TAATYRCTAAAGATGTTCTTTCTACTTGTTTG (450-550 bp)  (2005)
Specific PCR assay for E. ictaluri determination
Ed-ictaluri-F/GTAGCAGGGAGAAAGCTTGC Fimbrial gene Sakai et al.

(2009)

Ed-ictaluri-R/GAACGCTATTAACGCTCACACC

(470 bp)
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Table 3. Bacterial identification of tentative Flavobacterium isolates

Characteristic

Isolates in this study
(n=5)

F. columnare (Bernardet
et al., 2002)

Gram staining

Bacterial morphology

long, slender rod

long, slender rod

Colony morphology Rhizoid rhizoid
Gliding motility + +
Growth on TSA - -
Flexirubin pigments

Congo red + +

Cytochrome Oxidase
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Table 4. Biochemical characteristics of presumptive E. ictaluri isolates from diseased tilapia in this

study

Characteristics

E. ictaluri in this study
(n=5)

E. ictaluri
(Dong et al., 2019)

Gram

Morphology

rod

rod

Oxidase

Catalase

ONPG

Arginine dihydrolase

Lysine decarboxylase

Ornithine decarboxylase

Citrate utilisation

H2S production

Urease

TDA

Indole production

Voges-proskauer

Gelatin

Acid production

D-glucose

D-mannitol

Inositol

D-sorbitol

L-rhamnose

D-sucrose

D-melibiose

Amygdalin

L-arabinose

V, variable; (-), negative; (+), positive
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583  FIGURES

584
585  Figure 1. Clinical signs and gross finding of naturally infected fish collected in the outbreak. A-The

586 infected fish showed pale areas on skin and fins (arrow); B-C: discoloration of gills (arrows) and white

587  spots on the spleen and head kidney (arrow heads)

588

589
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594

595

Figure 2. A- Gram-negative and filamentous bacteria observed on Gram-staining smear samples of
fish gill; B- Gram-negative and rod-shaped bacteria observed on Gram-staining smear samples of
head kidney of the same diseased fish; C, D- the respective bacterial colonies with presumptive

features of F. columnare complex and E. ictaluri
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598 Figure 3. Cumulative percentage mortality of Nile tilapia challenged with a series of doses of E.
599 ictaluri (A) and F. oreochromis (B), n=10, three replicates per treatment.
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603 Figure 4. Cumulative percentage mortality of Nile tilapia challenged with LDso doses of single E.
604 ictaluri, single F. oreochromis, and both pathogens simultaneously. (**) indicates the significant
605 difference in the mortality rate values at p<0.01, n=10, three replicates per treatment.
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Figure 5. A-Fish challenged with single F. oreochromis showed only necrotic gill filaments (red
arrow); B-Fish challenged with single E. ictaluri showed only white-spots in the head kidney, spleen
and liver (black arrows); C-Fish challenged with two pathogens showed clinical signs of both
columnaris (red arrow) and edwarsiellosis (black arrows).
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Figure 6. Representative photomicrographs showing histopathological changes on the gills of
diseased fish in the dual challenged group of F. oreochromis. A- Severe distortion (SD) of the gill
filaments and lamellae resulting in the loss of their normal architectural integrity; B-colonization of
filamentous bacteria (FB) on gill filaments and lamellae; C- Filament degradation (FD) and clusters
of filamentous bacteria (FB); D-Large areas of the filament degradation (FD)
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Figure 7. Representative photomicrographs showing histopathological changes of the infected fish
in dual-pathogen challenges. A- The parenchyma of the spleen displays focally-extensive to
confluent areas of necrosis (*), with some areas progressing to pyogranulomatous lesions; B-higher
magnification of spleen showed multiple focal necrotic areas (*), and occasional congestion (yellow
arrow); C-Liver exhibited blood vessel congestion (yellow arrow), lipidosis (black arrow), infiltration
of inflammatory cells (black arrowhead), pyknosis (white arrow). D-kidney with multiple areas of
pyogranulomas (*) and haemorrhages (black arrow).
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