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INTRODUCTION

Edwardsiella ictaluri is the causative agent of
 en teric septicemia of catfish (ESC), one of the most
devastating and economically important diseases in
channel catfish Ictalurus punctatus aquaculture
(Hawke et al. 1981, Plumb & Hanson 2011). The bac-
terium is mainly associated with diseases in cultured
ictalurids in the southeastern USA and Asia, but has
also been reported as a causative agent of mortality
in wild ayu Plecoglossus altivelis in Japan (Hawke
et al. 1981, Nagai et al. 2008). Moreover, in recent

years, isolates of E. ictaluri have been recovered from
high-mortality events in cultured Nile tilapia Ore-
ochromis niloticus (Soto et al. 2012).

ESC usually develops as a subacute-to-chronic dis-
ease. Clinically affected catfish can present with ab -
normal swimming behavior, pale gills, exophthalmia,
and petechiation in several tissues. Internally, an
enlarged dark spleen, renomegaly, and a pale or
mottled liver and the presence of bloody intraperi-
toneal fluid are encountered (Plumb & Hanson 2011).
Micro scopically, the most severely damaged organs
are the posterior kidney and the spleen (Plumb &
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Hanson 2011). In Edwardsiella ictaluri-infected tila -
pia, the most consistently reported findings are mul-
tifocal nodulations in the spleen, head kidney, and
hepato megaly with a reduced fat reserve in the liver
and peritoneal cavity. Moreover, microscopically, a
severe chronic inflammatory infiltrate is observed in
the spleen, head kidney, and liver, with multifocal
areas of necrosis and granuloma formation (Soto et
al. 2012).

The use of experimental animal models remains
critical to elucidating disease pathogenesis, espe-
cially when studying emergent diseases. In the pres-
ent study, we used quantitative real-time PCR (qPCR)
and histological analysis to evaluate the dissemina-
tion of Edwardsiella ictaluri in Nile tilapia under con-
trolled conditions.

MATERIALS AND METHODS

Bacteria

Edwardsiella ictaluri strain RUSVM-CO-2-5 was
originally a clinical isolate obtained from a recently
reported outbreak of edwardsiellosis in cultured
tilapia (Soto et al. 2012). The bacterium was grown
on tryptic soy agar (TSA) supplemented with 5%
sheep blood at 28°C for 48 h. Three colonies were
suspended in 100 ml of brain-heart infusion broth
(Remel-Thermo Fisher Scientific), and grown over -
night at 150 rpm in a shaking incubator maintained
at 27°C. The next morning, bacteria were pelleted,
washed twice in 1× phosphate-buffered saline (PBS),
and resuspended in 100 ml 1× PBS (used for inocula-
tion of fish). Enumeration of bacteria was done by the
drop plate method, with 50 μl drops of each 10-fold
dilution placed on plates of TSA supplemented with
5% sheep blood. Resulting colony-forming units
(CFU) per ml were determined 48 h post-inoculation.

Median lethal and infective dose challenges

Experimental infection of naïve Nile tilapia (mean
weight: 15.4 g) was tested by intraperitoneal injec-
tion (IP) and immersion challenges (IC). The fish
were obtained from a source considered to be free of
Edwardsiella ictaluri infection. Prior to use in the
present study, fish were confirmed negative for
edwardsiellosis by splenic culture in agar media.
Fish were maintained in 10 gallon (~38 l) tanks (10
fish per tank) with recirculating fresh water at a tem-
perature of 25°C and fed a commercial tilapia feed 3

times per week at 2% body weight. Water-quality
parameters (temperature, pH, alkalinity, hardness,
ammonia, nitrates, and nitrites) were measured 3
times per week. The median lethal (LD50) and infec-
tive (ID50) doses of E. ictaluri in naïve tilapia were
determined experimentally by IC and IP challenges
after 2 wk of acclimation.

IP challenge

At challenge, all fish were anesthetized with 100 mg
l−1 tricaine methanesulfonate (MS-222) (Argent Chem-
ical Laboratories). Seven different groups of 10 fish
were placed in 10 gallon (~38 l) tanks with recirculat-
ing water flow (1 tank per treatment). Water temper-
ature was maintained at 25°C. From an initial bacte-
rial concentration of Edwardsiella ictaluri of 3.3 × 106

CFU ml−1 of PBS, 10 serial dilutions in PBS were pre-
pared. Each fish per treatment was injected with 0.1
ml of the bacterial suspension. Fish in the control
tank were injected with 0.1 ml of sterile PBS. Bacter-
ial suspensions were inoculated on TSA supple-
mented with 5% sheep blood agar plates, and the
resulting colonies were enumerated as described
above (subsection ‘Bacteria’).

IC challenge

LD50 and ID50 of the Edwardsiella ictaluri isolates in
naïve tilapia following immersion exposure were also
explored. Seven different 10 gallon (~38 l) tanks
(1 tank per treatment) were stocked with 10 fish each
and maintained with recirculating water flow. Water
temperature was maintained at 25°C. The IC was
carried out in 6 different dilutions of each bacterial
suspension: 8.9 × 106, 8.9 × 105, 8.9 × 104, 8.9 × 103,
8.9 × 102, and 8.9 × 101 CFU ml−1 of tank water.
Actual bacterial counts delivered were determined
by plate counts from the inocula, as described above
(subsection ‘Bacteria’). Control fish were treated with
sterile PBS in a similar manner.

Analysis of dead and surviving fish 
after challenge

After inoculation, the mortality events in each tank
were recorded every 12 h for 14 d. Dead and mori-
bund fish were necropsied, and bacteriological exa -
mination was performed on each fish by plating a
sample of the spleen in agar media. The identity of
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isolated bacteria was confirmed by bacteriological
and molecular methods (qPCR) (Griffin et al. 2011,
Soto et al. 2012). Moreover, all surviving fish from
each group of challenged fish were euthanized 14 d
post-challenge, and spleens were harvested to deter-
mine approximate bacterial burdens. Individual fish
were considered to be infected if Edwardsiella
ictaluri was isolated from the spleen. Organs were
weighed, homogenized in 0.5 ml sterile PBS, plated
in triplicate on TSA supplemented with 5% sheep
blood, and incubated at 27°C for 2 d prior to
CFU determinations. CFU was expressed as mean ±
SEM. The LD50 and ID50 of E. ictaluri in Nile tilapia
fingerlings were calculated utilizing GraphPad Prism
software.

Pathogenesis challenge

Nile tilapia (mean weight: 72 g) obtained from an
inland fish farm with no previous history of edward-
siellosis were acclimated for 2 wk in a recirculating
system at 25°C under optimum water-quality condi-
tions and observed twice daily during this quarantine
period. To confirm the absence of edwardsiellosis in
this fish population, 10 fish were then euthanized
using 500 mg l−1 of MS-222, and examined for evi-
dence of Edwardsiella ictaluri infection by gross
examination and bacteriological isolation (Soto et al.
2012).

Once the absence of Edwardsiella ictaluri was con-
firmed, fish were challenged with an LD50 dose by
immersion exposure to study the kinetics of E. ictaluri
infection in tilapia. Infectivity challenges in tilapia
were made following a bath challenge model previ-
ously described (Soto et al. 2012). Briefly, 5 tanks
containing 72 l of fresh water at a stocking density of
5 fish per tank were challenged with 5.3 × 105 CFU
ml−1 of water of E. ictaluri by immersion and main-
tained for 16 d, being fed to satiation daily. Two tanks
of negative controls were similarly handled but were

not exposed to E. ictaluri. Fish were observed twice
daily during the 16 d experiment. Mortality in each
tank was recorded twice daily, and feed was adjusted
daily. Three fish from each treated group were sam-
pled at 3 h post-bacterial inoculation, and 1, 2, 4, 8,
and 16 d post-challenge. Two control fish were ana-
lyzed at each time point. Fish were euthanized using
500 mg ml−1 of MS-222, and mucus, gills, heart, liver,
spleen, brain, gonad, stomach, proximal, mid and
distal intestine, and posterior and head kidney were
removed aseptically. Tissue samples from each fish
were processed separately, and subsamples from
each tissue were suspended in 10% buffered forma-
lin for histopathology assessment and in 90% ethanol
for qPCR analysis.

DNA extraction and qPCR analysis

Total genomic DNA was extracted from ~20 mg of
each recovered tissue using the DNeasy Blood and
Tissue kit (Qiagen) following the manufacturer’s
directions. The qPCR assays were conducted and
analyzed within the Applied Biosystems 7500 Fast
Real-Time PCR Systems.

The 178 bp amplicons of an Edwardsiella ictaluri
putative phosphoserine aminotransferase gene (Gen-
Bank accession no. AF110153) were quantified using
primers and probes previously described, with few
modifications (Table 1) (Bilodeau et al. 2003, Griffin et
al. 2011). The 20 µl reaction mixture consisted of a
TaqMan Universal PCR Master Mix (Applied Biosys-
tems), containing 10 pmol of each primer, 3 pmol of
probe, and 5 µl of DNA extracted from the sample.
Template controls containing PCR-grade water and 7
serial dilutions of 100 ng µl−1 of E. ictaluri diluted in
PCR-grade water were included in each run. The dif-
ferent tissue samples, as well as the diluted standards
and negative controls, were run in triplicate. Cycling
conditions were 2 min at 50°C, 15 min at 95°C, fol-
lowed by 40 cycles of 15 s at 95°C and 60 s at 60°C.
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Table 1. Primers and dual-labeled probe for specific detection of Edwardsiella ictaluri. Primer location based on GenBank
accession no. AF110153. Melting temperature (Tm) calculated using the nearest-neighbor method, assuming concentrations of 

50 mM for NaCl and 0.5 µM for the oligonucleotide (www.sigma-genosys.com/calc/DNACalc.asp)

                      Sequence (5’ to 3’)                                                    Sequence location            Tm (°C)                                Source

Primers
ESCF2           ACT TAT CGC CCT CGC AAC                                   bp 481−498                 62.8              Griffin et al. (2011)
ESCR2           GCC TCT GAT AAG TGG TTC TCG                          bp 659−639                 62.7              Griffin et al. (2011)

Probe
ESCTMP       CCT CAC ATA TTG CTT CAG CGT CGA C             bp 537−561                 77.7            Bilodeau et al. (2003)
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Histopathology

At the time of necropsy, the gills, heart, liver,
spleen, brain, gonad, stomach, proximal, mid and
distal intestine, and posterior and head kidney were
removed and fixed in 10% buffered formalin. Sam-
ples of fixed tissue were routinely embedded in
paraffin wax, cut at 6 µm, and stained with hema-
toxylin and eosin (H&E).

RESULTS

LD50 and ID50 of Edwardsiella ictaluri
in Nile tilapia

Based on the cumulative mortalities found at Day
14, the observed ID50 and LD50 for the IP-challenged
tilapia infected with Edwardsiella ictaluri was <10
and 51 260 CFU fish−1, respectively. For the IC-chal-
lenged tilapia infected with E. ictaluri, the observed
ID50 and LD50 at Day 14 was 113 322 and 347 362 CFU
ml−1 of water, respectively. With IP, the mean number
of days to death in fish challenged with 3.3 × 105, 3.3 ×
104, 3.3 × 103, and 3.3 × 102 CFU fish−1 was 1.9, 2.7, 6.8,
and 7.2 d, respectively. With IC, the mean number of
days to death in fish challenged with 8.9 × 106, 8.9 ×
105, and 8.9 × 104 CFU ml−1 of tank water was 9.6,
11.7, and 10 d, respectively. Most E. ictaluri-infected
fish presented with mild to moderate ascites after only
5 d. Re nomegaly and splenomegaly was evident in
moribund and dead fish after 8 d post-infection. The
Widespread, miliary off-white nodules in organs such
as the anterior kidney and spleen were observed in
moribund and surviving fish after 8 d post-challenge
(Fig. 1). No mortalities occurred
in the other treatments.

Pathogenesis of Edwardsiella
ictaluri in Nile tilapia

Three hours post-inoculation of
the bacteria into the water, only
the epidermal mucus layer, stom-
ach, and proximal intestine had
de tect able Edwardsiella icta luri
genome equi valents (GE) (Fig. 2,
Table 2), suggesting the cuta-
neous and oral routes as the ports
of entry for bacterial colonization.
At this time point, no microscopic
lesions were detected.
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Fig. 1. Gross pathological findings in Nile tilapia Oreo -
chromis niloticus challenged with Edwardsiella ictaluri
by immersion and euthanized at 8 d post-challenge. (A)
Severe renomegaly (head kidney) with multifocal slightly
raised poorly defined off-white nodules ("). (B) Severe
splenitis (") and renomegaly (posterior kidney) (<) with off-
white miliary foci scattered throughout the affected tissues. 

Scale bars = 1 cm

Fig. 2. Edwardsiella ictaluri genome equivalents (GE) detected in Nile tilapia Ore-
ochromis niloticus after immersion challenge at 3 h and 1, 2, 4, 8, and 16 d post-chal-
lenge. Three fish were euthanized at different time points, and different tissues were
processed for molecular detection utilizing a TaqMan real-time PCR assay. Error bars
represent SE. Ak: anterior kidney; Pk: posterior kidney; Pi: proximal intestine; 

Mi: mid intestine; Di: distal intestine
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Similar levels and distribution of Edwardsiella
icta luri GE were detected in fish sampled at 1 and
2 d post-challenge. Epidermal mucus, gills, ante-
rior kidney, heart, and brain presented signifi-
cantly higher GE than at 3 h (Table 2, Fig. 2).
Microscopic findings in fish euthanized at Day 1
post-infection were subtle and confined mainly to

the small and large intestine. In addition to mild
mononuclear inflammatory cell infiltration within
the lamina propria and submucosa, ob served in
both control and challenged fish, occasional foci
of individual cell necrosis within enterocytes and
transepithelial leuko cytosis were seen in infected
fish (Fig. 3A).
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Table 2. Burden of Edwardsiella ictaluri in tissues of tilapia Oreochromis niloticus following immersion challenge. Values 
represent the log10 E. ictaluri genomic equivalents mg−1 of tissue (±SE) determined by quantitative real-time PCR

                                                                              Time post-challenge
                                              3 h                       1 d                       2 d                       4 d                       8 d                       16 d

Mucus 3.9 ± 0.05 4.42 ± 0.16 5.61 ± 0.21 5.55 ± 0.41 7.3 ± 0.21 4.82 ± 0.41
Gills 0 ± 0.00 1.62 ± 0.69 1.72 ± 0.71 3.75 ± 0.57 2.24 ± 0.93 0 ± 0.00
Anterior kidney 0 ± 0.00 0 ± 0.00 0.57 ± 0.46 2.6 ± 0.30 3.83 ± 0.93 2.4 ± 0.19
Posterior kidney 0 ± 0.00 0 ± 0.00 0 ± 0.00 1.99 ± 0.85 2.49 ± 1.02 1.29 ± 0.74
Spleen 0 ± 0.00 0 ± 0.00 0 ± 0.00 1.47 ± 1.20 3.23 ± 0.89 1.8 ± 1.04
Heart 0 ± 0.00 0.56 ± 0.46 2.34 ± 0.09 2.95 ± 0.49 3.16 ± 0.47 0 ± 0.00
Stomach 2.62 ± 0.78 0 ± 0.00 0 ± 0.00 1.88 ± 0.79 3.14 ± 0.53 0.71 ± 0.39
Proximal intestine 0.66 ± 0.54 0.57 ± 0.47 0 ± 0.00 1.83 ± 0.75 3.09 ± 1.34 2.15 ± 0.12
Mid intestine 0 ± 0.00 0 ± 0.00 0 ± 0.00 1.78 ± 0.88 2.24 ± 0.92 0 ± 0.00
Distal intestine 0 ± 0.00 0.53 ± 0.43 0 ± 0.00 0.65 ± 0.53 2.55 ± 1.05 1.33 ± 0.77
Liver 0 ± 0.00 0 ± 0.00 0 ± 0.00 0.58 ± 0.47 1.33 ± 0.57 0 ± 0.00
Gonad 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 0.28 ± 0.23 1.43 ± 0.83
Brain 0 ± 0.00 0.42 ± 0.34 1.48 ± 0.63 1.94 ± 0.45 3.19 ± 0.35 0.64 ± 0.37

Fig. 3. Histological findings in tissues of Nile tilapia Oreochromis niloticus infected with Edwardsiella ictaluri during early
stages of the disease. (A) Enteritis characterized by multifocal individual cell necrosis of enterocytes (<) at 1 d post- challenge
(H&E, scale bar = 200 µm). (B) Multifocal branchitis at 2 d post-challenge (H&E, scale bar = 200 µm). (C) Lymphocytic branchi-
tis with effacement of gill filaments and lamellar fusion at 4 d post- challenge (H&E,  scale bar = 150 µm). (D) Splen itis. Multiple 

aggregates of vacuolated mononuclear phagocytic cells (") at 4 d post- challenge (H&E, scale bar = 200 µm)
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In addition to mild intestinal lesions, fish sampled
at Day 2 post-challenge exhibited occasional mild
multifocal epithelial hyperplasia and inflammation
within gill filaments and lamellae (Fig. 3B,C).

At 4 d post-challenge, sampled fish had similar but
slightly more prominent microscopic findings than
those sampled on Day 2. Gastric submucosal edema,
vacuolation of the gastric gland epithelium, ‘clubbing’
of the tips of the gill filaments, and fusion and loss of
gill lamellae were also seen (Fig. 3C). Variably sized
nodular clusters of mononuclear phagocytic cells, of-
ten with pale eosinophilic, poorly defined foamy and
vacuolated cytoplasm, were scattered within the
splenic parenchyma (Fig. 3D) and the hematopoietic
tissue of the head kidney. Compared to previous time
points, significantly greater GEs were detected in all
the tissues sampled (Table 2, Fig. 2). Similarly, qPCR
performed in fish sampled at 8 d post-infection also
presented high GE levels in all tissues examined
(Table 2, Fig. 2). Moreover, multifocal moderate to se-
vere inflammatory and necrotizing lesions in several
tissues and organs, including the stomach, intestine,
gills, spleen, hema to poietic tissue of the head kidney,
posterior kidney, ovary, brain, and spinal cord, were
observed (Fig. 4A). Microscopic findings in the central

nervous system were characterized by spongiform de-
generation within the neuropil, focal gliosis, and
perivascular cuffing (Fig. 4B). Focal thrombosis of a
medium-sized artery was present in the kidney of one
of the fish. Phagocytic cells filled with Edwardsiella
ictaluri were occasionally observed within necrotic
lesions in the kidney and hematopoietic tissue of the
head kidney (Fig. 4C).

At Day 16 post-challenge, and as a result of mortal-
ity events occurring after 5 d post-inoculation, only
2 fish were available for post-mortem examination.
Necrotizing and granulomatous lesions similar to
those observed at 8 d post-challenge were present in
the 2 surviving fish. No gill lesions were detected at
this time. Renal perivascular and interstitial inflam-
matory and necrotizing lesions appeared more pro -
minent than those observed at earlier time points.
Nodular necrotizing and granulomatous lesions in
the spleen and elsewhere occasionally became lytic
and appeared as empty cystic spaces surrounded by
a thin rim of fibrous connective tissue and small
 numbers of inflammatory cells, mainly macrophages
(Fig. 4D). Reduced GE detection was observed in
several tissues when compared to earlier time points
(Table 2, Fig. 2).
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Fig. 4. Histological findings in tissues of Nile tilapia Oreochromis niloticus infected with Edwardsiella ictaluri during late
stages of the disease. (A) Chronic granulomatous splenitis at 8 d post-challenge (H&E, scale bar = 200 µm). (B) Encephalitis at
8 d post-challenge (H&E, scale bar = 400 µm); note small foci of gliosis (>, <) within the cerebral white matter. (C) Phagocytic
cells filled with E. ictaluri (>) within a necrotic area in the hematopoietic tissue of the head kidney at 8 d post-challenge (H&E,
scale bar = 50 µm). (D) Chronic splenitis with well-defined granulomas containing lytic and necrotic centers at 16 d post-

challenge (H&E, scale bar = 400 µm)
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DISCUSSION

In the present study, we combined qPCR and histo -
pathology to gain better insight into the pathogenesis
of Edwardsiella ictaluri infection in Nile tilapia.
Infection with an isolate previously recovered from a
clinical case produced morbidity and mortality in
tilapia fingerlings and mimicked the clinical presen-
tation of edwardsiellosis in tilapia as described else-
where (Soto et al. 2012).

Even though the LD50 and ID50 of Edwardsiella
ictaluri in tilapia fingerlings was investigated utiliz-
ing both IC and IP challenges, the IC challenge was
chosen for the pathogenesis study. Although IP chal-
lenge is an easy, quick, and accurate method to
administer suspended bacteria, IC most closely repli-
cates natural infection, in which bacteria need to
overcome important innate immune defense mecha-
nisms present in the epidermal mucus, gills, and gas-
trointestinal mucosa. As expected, an acute onset of
disease was observed when fish were challenged by
the IP route, with high mortalities and few premoni-
tory clinical signs in the fish receiving the highest
dosage. Not surprisingly, the amount of bacteria
needed to cause mortality by the IC method was
higher, and the clinical disease had a slower onset.
Initially after the IC (3 h post-infection), the gastro -
intestinal tract and the skin mucus were the only tis-
sues with detectable levels of bacteria, suggesting
the cutaneous and oral routes as the initial portals of
entry. Further research utilizing electron microscopy,
in situ hybridization, and/or immunohistochemical
assays are needed to corroborate this finding. Subse-
quently, at 1 and 2 d post-challenge, brain, heart,
head kidney, and gills were found to harvest high
levels of E. ictaluri. The earlier qPCR data concurred
with the histological findings of gastroenteritis and
branchitis detected as early as 2 d post-challenge.
The absence of microscopic changes in the fish euth-
anized 3 h and 1 d post-challenge and the subtle
nature of the lesions observed at 2 d post-challenge is
not surprising, since fish rarely mount an effective
acute cellular inflammatory response (Ferguson
2006). The qPCR data suggest that once the bac-
terium has overwhelmed the local immune-protec-
tive mechanisms of the skin and gastrointestinal
tract, it disseminates hematogenously throughout the
body, since by Day 2 post-challenge, high levels of
bacterial DNA were detected in highly vascularized
tissues such as the gills, heart, and head kidney.
Histopathological assessment of fish euthanized 4 d
post-IC or later revealed significant and consistent
involvement of the spleen and head kidney, organs

rich in phagocytic cells of the reticuloendothelial sys-
tem. The severity of the gross and microscopic lesi -
ons in these organs suggests that they are the main
targets for E. ictaluri, and that antigen-presenting
cells such as macrophages may play a significant role
in the survival and dissemination of the bacteria
throughout the body. At 4 d post-infection, there was
a generalized inflammatory response evidenced by
the presence of microscopic lesions in several organs,
and significant high levels of bacterial DNA detected
throughout the tissues analyzed. By 8 d post-chal-
lenge, the inflammatory infiltrate became clearly
granulomatous, and at Day 16 post-challenge, sur-
viving fish presented with prominent well-defined
granulomas evident grossly as widespread white
nodules throughout the splenic and renal paren -
chyma (Fig. 1). This is not surprising, since many
bacteria, including Edwardsiella spp., can induce
granulomata formation in fish, and the elicited chro -
nic cellular inflammatory response can be as severe
and extensive as to completely efface the normal
architecture of the affected organs (Ferguson 2006).

IC has been previously used to describe the patho-
genesis of Edwardsiella ictaluri in channel catfish
Ictalurus punctatus (Rafinesque) fingerlings (Newton
et al. 1989, Baldwin & Newton 1993). Acute disease
was characterized grossly by cutaneous hemorrhage
and ulceration, and microscopically by enteritis,
olfactory sacculitis, hepatitis, and dermatitis. Chronic
ESC was reported most commonly 3 to 4 wk post-
exposure, and has been characterized by dorso-
 cranial swelling and ulceration, granulomatous olfac-
tory neuritis, perineuritis, and meningoencephalitis
in volv ing the olfactory bulbs, olfactory tracts, and ol -
factory lobes of the brain (Newton et al. 1989, Bald-
win & Newton 1993).

Although a complete comparison between ESC
in channel catfish and edwardsiellosis caused by
Edwardsiella ictaluri in Nile tilapia is not possible
at this moment, similar tissues (e.g. gastrointestinal
tract, spleen, and nervous system) are compromised
in both hosts. Results from the present study sug-
gest the oral and cutaneous routes as the main
ports of entry for E. ictaluri in Nile tilapia, and the
spleen and head kidney as the target organs of
infection. Further comparative pathogenicity studies
of E. ictaluri in different fish species, using addi-
tional techniques in cluding transmission electron
microscopy, in situ hybridization, and immunohisto-
chemistry, could help elucidate the specific cellular
targets of infection and the similarities and differ-
ences in the pathogenesis of E. ictaluri infection in
different species of fish.
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