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ABSTRACT
To clarify early events in the pathogenesis of enteric
septicemia of catfish,

140 channel catfish fingerlings

(Ictalurus punctatus) were each infected with approximately
1.0 X 109 colony forming units Edwardsiella ictaluri (E.
ictaluri^ by intragastric intubation.

Fish were sacrificed

at 0, 0.25, 0.5, 1, 3, 6, 12, 24, 48, 72, 96, and 120 hours
post infection (PI).

Multiple tissue samples were

evaluated by gross observation,

light and electron

microscopy, and immunohistochemical methods.
stomach,

In addition,

intestine, trunk kidney, and liver were cultured

quantitatively for bacteria.
Trunk kidney cultures were positive by 0.25 hours PI,
indicating rapid transmucosal passage.

Histologic lesions

were evident in the intestine at 0.5 hours PI and in other
tissues at 48 hours.

In the intestine, E^_ ictaluri was

seen in contact with the brush border at 0.5 hours PI.
Also at 0.5 hours PI, dilated cells with large
intracytoplasmic inclusions were observed subadjacent to
the basement membrane.

From 1 to 3 hours PI, occasional

necrotic enterocytes were seen on tips of intestinal folds.
Proprial leukocytes were rare before 24 hours PI but common
thereafter, and many contained cytoplasmic bacteria.
In other tissues, earliest observed lesions

(48 hours

PI) consisted of bacteria within vascular associated
phagocytic cells.

Electron microscopy showed bacteria were
viii

in cytoplasmic vacuoles within phagocytes.

Bacteria were

also seen within vacuoles in enterocytes and hepatocytes at
later time periods.
This study confirms EL. ictaluri can invade channel
catfish by crossing the intestinal mucosa and suggests E .
ictaluri may have a similar pathogenesis as other
enteroinvasive enterobacteriaceae.
In addition, antigens of EL. ictaluri recognized by
channel catfish infected naturally were determined by
probing bacterial components with serum from diseased fish.
Whole cell preparations and enriched fractions of outer
membrane proteins,

flagella, and lipopolysaccharide

(LPS)

were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to nitrocellulose
membranes.

Transfer was verified by India ink staining.

Separated bacterial components affixed to nitrocellulose
membranes were probed using catfish serum and catfish serum
absorbed with purified LPS.

Lipopolysaccharide and the

major outer membrane protein (37 kD) were strongly
immunogenic.

A flagellar antigen (36 kD) and five

additional outer membrane proteins

(51 kD, 3 9 kD, 3 3 kD,

23.5 kD and 21 kD) were weakly immunogenic.

ix

INTRODUCTION
The farming of channel catfish (Ictalurus punctatus)
in the southern United States has become a major
agricultural industry.

In 1991, surface hectares in the 16

states with catfish production totaled 65,182
Production 1992).

(Catfish

States with the most hectares devoted to

catfish farming are,

in decreasing order, Mississippi

(38,475), Arkansas

(8,302.5), Alabama

(4,050), and Texas

(1,336.5).

(7,695), Louisiana

Catfish producers had an

excess of 323 million dollars of sales in 1990 and over 304
million dollars in 1991 (Catfish Production 1991; Catfish
Production 1992).

As illustrated in figure 1, weight

processed has increased from 8600 metric tons in 1976 to
177,300 metric tons in 1991.
has increased,

Unfortunately,

as production

so have catfish losses.

In 1990, 288 million fish weighing a total of 11.7
metric tons were lost to producers
1991).
and fry.

The vast majority (259 million) were fingerlings
Percentage of fish losses by cause for 1990 is

shown in Figure 2.
disease,

The most significant source of loss was

accounting for 64% of the total or 184 million

fish (7.5 metric tons).

The average price-per-kilogram

paid to producers in 1990 was $1.70
1991).

(Catfish Production

(Catfish Production

Accounting only death losses, and not decreased

production, which may be more significant but more
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difficult to quantify, at least 12 million dollars were
lost to the catfish producer from disease in 1990.
The most significant disease of cultured channel
catfish is enteric septicemia of catfish (ESC) caused by
the bacterium Edwardsiella ictaluri (E. ictaluri)
(MacMillan 1985).

Enteric septicemia of catfish currently

accounts for 34% of all cases submitted to the Louisiana
Aquatic Diagnostic Laboratory (J. Hawke, Louisiana State
University, personal communication), and 40% of all cases
received at the Mississippi Cooperative Extension Service
(M. Johnson, Mississippi State University, personal
communication).

Freund et al.

(1990) reports that in

Mississippi alone, ESC accounts for four to six million
dollars in losses each year.
The definitive pathogenesis of ESC is unknown.
Preliminary to studies at the molecular level, a
descriptive sequence of events following exposure to E .
ictaluri is required.

Thus, in this dissertation, early

events in the pathogenesis of ESC are reported.

In

addition, the immunogenicity of structural components of E.
ictaluri in naturally infected channel catfish is
presented.

Chapter I, summarizes the current literature

available on E-. ictaluri, and since EL. ictaluri is a member
of the bacterial family Enterobacteriaceae, invasion
methods of enteroinvasive members of this family are also
reviewed.

The subsequent two chapters explore early

pathogenic events at the light and electron microscopic
level.

The final chapter reports on the immunogenicity of

E. ictaluri to channel catfish.

CHAPTER I.

LITERATURE REVIEW

Enteric septicemia of catfish
Geographic distribution
Enteric septicemia of catfish was initially described
in infected channel catfish from Alabama and Georgia
1979).

(Hawke

By 1982, ESC outbreaks had occurred in Mississippi,

Arkansas, Idaho, Colorado,

Indiana, and Maryland, with

suspected cases in Arizona and California
Schwedler 1982).

(Plumb and

Enteric septicemia has since been

reported in every state where channel catfish are cultured
(Johnson 1989).

Moreover, widespread intrastate

dissemination of ESC has occurred in states where intensive
channel catfish culture is practiced.

In Mississippi,

from

1980 through 1988, 427 producers in 56 counties had
outbreaks of ESC (Freund et a l . 1990).

The distribution of

ESC in wild catfish populations is not known.
Species affected
Edwardsiella ictaluri. the causative agent of ESC, was
initially considered only infectious for ictalurid species
of fish, with the majority of cases reported in channel
catfish.

Solitary isolates from other ictalurid fish, the

white catfish (Ictalurus catus) and the brown bullhead
(Ictalurus nebulosis), were subsequently reported (Plumb
and Sanchez 1983).
5

Reports of ESC in non-ictalurid fish followed.
and Lyons

Kent

(1982) reported an "ictaluri-like" bacterium in a

green knife fish fEiqemannia virescens) with manifestations
of ESC.

Waltman et al.

(1985) isolated E^_ ictaluri from

diseased aquarium fish, Danio deva r i o . in Florida.

Tilapia

(Sarotherodon aureus) and European catfish (Silurus qlanis)
are susceptible to infection by EL. ictaluri. but have
considerably higher lethal dose requirements than channel
catfish

(Plumb and Sanchez 1983; Plumb and Hilge 1986).

In

1985, EL. ictaluri was isolated in Australia from two
separate consignments of Rosy barbs

fPuntius conchonius) ,

aquarium fish imported from Singapore
1986).

Edwardsiella ictaluri was also isolated from

walking catfish
Thailand

(Humphrey et al.

(Clarias batrachus)

in natural waters off

(Kasornchandra et al. 1987).

Baxa and Hedrick

(1989) reported that rainbow trout (Oncorhvnchus mvkiss)
and Chinook salmon (Oncorhvnchus tshawvtscha) are
susceptible to experimental infections.
Blanch et al.

In addition,

(1990) reported a strain of salt water

adapted EL. ictaluri which produced high mortalities in
cultured sea bass, Dicentrarchus labrax.

These reports

show that although most infections caused by E^_ ictaluri
are in channel catfish within the United States, there is
potential for disease outbreaks in other species and
geographical areas.
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Bacterial morphology and biochemical characteristics
Edwardsiella ictaluri is a member of the family
Enterobacteriaceae
small,

(Farmer and McWhorter 1985).

It is a

straight rod, measuring 1 /m in diameter and 2-3 /urn

in length (Hawke 1979).

Peritrichous flagella are present

and the organism is motile at 25 but not at 37 °C (Hawke et
al. 1981).

Optimum growth, determined by maximum motility

and fermentation,

is between 25-30 °C.

Edwardsiella ictaluri is a facultative anaerobe with
the ability to ferment glucose,
manno.se, and produces gas

fructose, galactose,

(Waltman et al. 1986) .

triple sugar iron reaction (TSI tubes)

and

The

is alkaline over

acid with little to no gas production and no H2S.

Other

important differentiating characteristics include negative
reactions for cytochrome oxidase and indole.

A complete

listing of biochemical parameters is given in table 1.
Growth in culture is slow, requiring 36 to 48 hours on
enriched media

(Farmer and McWhorter 1985).

Brain heart

infusion or blood agar plates are commonly used.

Colonies

at 3 6 hours post inoculation are approximately l mm in
diameter, raised, white,

and opaque.

Isolate homogeneity
Edwardsiella ictaluri isolates from different
geographical locations and different species of fish have
remarkable homogeneity (Plumb and Vinitnantharat 1989) .
Bertolini et al.

(1990) examined 32 isolates of

Table l: Biochemical characteristics of E. ictaluri
Characteristic or substrate tested

Reaction

oc-Methyl-D-glucoside fermentation
B-Galactos idase
a-Nitrophenyl-JS-D-galactpyranoside (ONPG)
Acetate utilization
Adonitol fermentation
Alginate
Amygdalin
Arabinose fermentation
Arabitol fermentation
Arbutin
Arginine dihydrolase
Bacteriolysis
Brilliant green agar
Casein
Catalase
Cellobiose fermentation
Cellulose
Cetrimide
Chitin
Chondroitin sulfate
Citrate (Simmon's)

+/-

Characteristic or substrate tested

Reaction

Collagen
Cytochrome oxidase
Deoxyribonuclease
Dextrin
Dulcitol fermentation
Elastin
Erythritol fermentation
Esculin hydrolysis
Fibrinogen
Flagellation

+

Fromate (gas)

+

Fructose fermentation

+

Galactose fermentation

+

Gas from D-glucose, 37 °C
Gas from D-glucose, 25
Gelatin hydrolysis

(22 °C)

Gluconate
Glucose fermentation
Glycerol fermentation
Gram stain
Growth on KCN
Growth at 42 °c

°C

+

10
Characteristic or substrate tested

Reaction

H2S on triple sugar iron
Hemolysis

+

Hyaluronic acid
Indole production
Inositol fermentation

-

Inulin

-

Lactose fermentation
Lecithin
Lipase
Lysine decarboxylase

+

MacConkey agar

+

Malonate utilization

-

Maltose fermentation

+

Mannitol fermentation
Mannose fermentation

+

Melibiose fermentation
Melezitose fermentation
Methyl red

+

Motility, 22 °C

+

Motility,

37 °C

Mucate fermentation
NaCl,

i.o%

+

11
Characteristic or substrate tested

Reaction

NaCl, 1.5%
NaCl, 2.0%
Nitrate reduction to nitrite
0/F test, 25 °C

+ /+

Ornithine decarboxylase

+

Pectin hydrolysis

-

Phenylalanine deaminase

-

Pigment
Raffinose fermentation
Rhamnose fermentation

-

Ribose fermentation

+

Salmonella-shigella agar

+

Sorbitol fermentation
Sorbose fermentation
Starch fermentation
Sucrose fermentation
Tartrate, Jordan's
Trehalose fermentation
Tween (20-80)
Urease

-

Xylose fermentation

-

(Hawke 1979; Hawke et al. 1981; Farmer et al. 1985;
Waltman et al. 1986)
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E. ictaluri,

including bacteria cultured from Danio and

green knife fish,

for variations in proteins and LPS

components using polyacrylamide gel electrophoresis
andimmunoblots.

No structural protein differences were

observed and only slight out-of-phase variances were seen
in LPS antigens.
In contrast, Plumb and Klesius

(1988) used monoclonal

antibodies to assess the antigenic homogeneity of E.
ictaluri. and reported that antibody from one hybridoma
reacted with 17 isolates tested, another with 16 isolates,
and a third with 15.

This indicates that serological

differences between isolates do exist.
Plumb and Vinitnantharat (1989) compared 40 isolates
of EL. ictaluri from different geographical areas and host
species for biochemical,
differences.
46 tests

and biophysical

Biochemical reactions were identical in 42 of

(91%).

gas at 30 °C,

serological,

An isolate from Thailand failed to produce
and an isolate from a green knife fish was

ornithine decarboxylase and D-mannose negative.
reactions were homologous.

All other

All isolates grew optimally at

25-3 0 °C with a medium pH of 7.0-7.5.

No serological

differences were determined using polyclonal rabbit sera as
the primary antibody.
Starliper et al.

(1988) used multilocus isozyme

electrophoresis to compare enzyme mobility patterns from 33
isolates of EL, ictaluri.

A total of 23 different enzymes

13
were analyzed and genetic diversity estimates made.
Minimal genetic diversity was observed "indicating a high
degree of homogeneity in this species".

In addition to

similar enzyme patterns, homogeneity is also observed in
the structural and genetic components of EL. ictaluri.
Bacterial components
Capsule:

A number of pathogenic bacteria have an

extramembranous capsule or glycocalyx which acts as a
virulence factor (Cross 1990).

This extracellular matrix

envelops an individual bacterium or groups of bacteria, and
is composed of large chains of homo- or heteropolysac
charides (Williams 1988).

A glycocalyx acts as a virulence

factor principally by inhibiting phagocytosis and
protecting the bacteria from complement lysis (Williams
1988).
Efforts to visualize or extract capsular material from
E. ictaluri have so far failed (Wong et al. 1989; J. C.
Newton, Louisiana state University, personal
communication), which implies that EL ictaluri is
nonencapsulated.

Further research is needed to firmly

establish the presence or absence of a capsule and its role
in virulence.
Fimbria: Fimbria are proteinaceous structures found on
bacterial outer membranes which function in bacterial
adhesion to eukaryotic cells (Williams 1988; Jann and
Hoschutzky 1990).

A number of types are recognized based

on size, binding sensitivity,
Hoschutzky 1990).

and contractility

(Jann and

Within the enterobacteriaceae, type one

fimbria which bind to D-mannose residues on eukaryotic cell
membranes are most common

(Finlay and Falkow 1989a).

are composed of identical,

17 to 21 kilodalton

They

(kD),

repeating subunits of protein assembled into a filament and
have associated minor proteins at the tips or spaced
periodically along the length of the filament.

Binding

specificities are associated with the minor proteins
(Finlay and Falkow 1989a).
attachment,
factors

Because of their role in

fimbria have long been considered virulence

(Reid and Sobel 1987).

Fimbria have not been definitively isolated from E.
ictaluri.

No fimbria were visualized by electron

microscopy by Wong et al.

(1989), although hemagglutinating

studies revealed JL_ ictaluri has a mannose sensitive
adhesin.
fimbria

Mechanical shearing likewise failed to reveal
(Wong et al. 1989).

Further research is required

to document the presence or absence of fimbria in E.
ictaluri and their role in the pathogenesis of ESC.
Flagella: Flagella, which provide bacterial motility
through rotation, are filamentous structures anchored in
bacterial membranes.

They have three structural domains: a

basal body, hook, and filament (Aizawa et al. 1985; Macnab
and DeRosier 1988).

The basal body contains ring-like

structures which provide required rotational energy

(via a

15
proton gradient), transmembrane passage, and stability
(Aizawa et al. 1985; Macnab and DeRosier 1988).

The hook

is external to the cell, is composed of a single molecular
species of protein, and connects the basal body to the
flagellar filament (Macnab and DeRosier 1988).

Filaments

are typically 0.02 fivi in diameter and 10 to 20 jitm long.
Filaments are composed of polymers of a single molecular
weight protein known as flagellin (Macnab and DeRosier
1988).
Flagella act as virulence factors by providing
motility (Stocker and Makela 198 6).

Not all pathogens

require motility to be virulent; Shigella flexneri. a
serious enteric pathogen of humans, is highly virulent and
non-motile

(Hale and Formal 1987).

However, motility has

noted effects on the virulence of Salmonella and Vibrio
species (Liu et al. 1988; Allweiss et al. 1977).
Edwardsiella ictaluri has peritrichous flagella and is
motile at 25 °C (Hawke et al. 1981).

Newton and Triche (in

press, a) have examined flagellin profiles from 10 isolates
of EL. ictaluri.

On polyacrylamide gel electrophoresis, all

isolates showed two flagellin bands with apparent molecular
masses of 38 kD and 44 kD.

The role of flagella in the

pathogenesis of EL. ictaluri is unknown.
Lipopolvsaccharides:

Lipopolysaccharides

(LPS) are

complex molecules found in the outer membranes of most
Gram-negative bacteria (Doyle and Sonnenfeld 1989).

They

are composed of three elements: lipid A, a core
oligosaccharide (KDO), and O-side chain polysaccharides
(Luderitz et al. 1982).

The O-side chains are composed of

repeating units of oligosaccharides and vary both in
structure and quantity between bacteria (Doyle and
Sonnenfeld 1989).

These changes are partly responsible for

the serological and structural differences between bacteria
(Orskov et al. 1977).

Bacteria with complete LPS O-side

chains are referred to as smooth strains due to their
appearance on culture plates.

Bacteria lacking significant

amounts of O-side chain polysaccharide units are referred
to as rough strains

(Doyle and Sonnenfeld 1989).

The LPS of Ei ictaluri has been isolated and examined
by polyacrylamide gel electrophoresis, gas chromatography,
spectrophotometry, and immunoblotting techniques

(Nomura

and Akoki 1985; Weete et al. 1988, Bertolini et al. 1990;
Newton and Triche in press, b ) .

Nomura, Bertolini, and

Newton,

found the LPS of 63

in separate experiments,

different isolates of JL ictaluri to be of the smooth type.
Thirty of these isolates were examined by Newton and Triche
by SDS-PAGE, and a complete ladder-like array of low,
medium, and high molecular weight bands were observed.
Little variation was noted between isolates.

This

corresponds with observations by Bertolini et al.
3 2 isolates.

(1990) on

Weete et al.

(1988) examined an isolate originally

obtained in an outbreak of ESC in Georgia and found it to
be of the rough type.

Analysis of this strain showed the

lipid A portion was similar to that found in Salmonella
tvphimurium and Escherichia c o l i . but the core
oligosaccharide contained twice the hexose.

The O-antigen

sugar content was also different, having high quantities of
glucose and galactose but no mannose or dideoxy sugars.
The percent sugar composition of this rough strain is given
in table 2.

Whether this analysis is representative of

smooth strains is unknown.

The importance of LPS in the

virulence of EL. ictaluri is also unknown.
Outer membrane proteins:

In addition to LPS and

fimbria, a number of proteins are in the outer membranes of
bacteria (Doyle and Sonnenfeld 1989).

These usually number

less then 10 and are structural proteins only, possessing
no enzymatic activity.

Examples include the lipoprotein

which binds to intramembranous peptidoglycan, and a number
of porins (Williams 1988).
Outer membrane hemolysins are exceptions and may act
as enzymatic cytotoxic virulence factors (Reitmeyer et al.
1986).

Shigella and enteroinvasive Escherichia utilize a

contact-hemolysin to escape from endocytotic vacuoles
following cellular uptake, gaining access to host cytoplasm
and avoiding lysosomal degradation

(Hale and Formal 1987).

In addition, outer membrane proteins may serve as virulence

Table 2: Sugar composition of E^. ictaluri
Sugar

Percent within O-antigen side chains
E. ictaluri

S . tvphimurium

E. coli

Rhamnose

9.3

25.1

Arabinose

0

1.5

0

Mannose

0

16.5

0

Glucose

40.9

8.0

16.2

Galactose

29.2

20. 0

16.5

Mannohepto s e

10.1

1.1

0.6

Unknown

10.5

0.9

4.3

2.8

(Weete et al. 1988)

factors by contributing to attachment and penetration
(Hoffman 1992).
Recently, Newton et al.

(1990) examined protein

profiles from 33 E^. ictaluri isolates by N-laurylsarcocinate extraction and polyacrylamide gel
electrophoresis.

One major protein, with apparent

molecular mass of 35 kD, and nine minor proteins, with
apparent molecular masses of 71, 51, 46, 43.5, 38.5, 37.5,
31.5, 28.5, and 19.5 kD, were found on 27 channel catfish
isolates.

Identical gel patterns were found for Bengal

danio and walking catfish isolates.

A green knife fish

isolate had a major protein of 37 kD, a moderate increase
in the amount of the 38.5 kD protein, lacked the 46 kD
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band, and had a unique 45 kD protein.
isolate had two major proteins,

A white catfish

43 and 35 kD, but was

otherwise similar to the channel catfish isolates.

These

studies further indicate the common theme of homogeneity
demonstrated by EL. ictaluri.

The role of these proteins as

virulence factors is unknown.
Plasmids: Extrachromosomal segments of circular DNA
known as plasmids carry genes encoding a variety of
virulence factors in pathogenic bacteria
Shipley 1980).

(Elsell and

Factors such as resistance to complement

lysis, antibiotic and heavy metal resistance, and
production of outer membrane proteins, LPS, fimbria, and
toxins are all known to be plasma encoded (Elwell and
Shipley 1980; Foster 1983; Kopecki and Formal 1984).

The

importance of plasmids in the virulence of EL. ictaluri is
unknown although isolate analyses has demonstrated
remarkable strain homogeneity suggesting an important
function.
Speyerer and Boyle

(1987)

investigated plasmid

contents from 18 isolates of EL. ictaluri by agarose gel
electrophoresis.

Two small plasmids of 5200 and 4400 base

pairs were isolated.

Plasmids from all 18 isolates

hybridized with radiolabeled portions of the 52 00 base pair
plasmid indicating homologous regions.
corroborated by Lobb and Rhodes
plasmids,

This work was

(1987) who isolated two

5700 and 4900 base pairs,

from 18 different

20
strains of E-. ictaluri.

Moreover, restriction enzyme

analysis showed that each strain had identical restriction
patterns.
Minor variations in plasmid profiles from isolates in
non-ictalurid fish were reported by Newton et al.
who examined 55 isolates of E^. ictaluri.

(1988)

All 49 isolates

from channel catfish and one from a Bengal danio had
plasmid profiles similar to those reported by Lobb and
Rhodes (1987), and were designated as pEIl and pEI2.
Restriction endonuclease maps of the plasmids were
performed and are shown in figure 3.

Isolates from walking

catfish from Thailand had three plasmids with molecular
masses of 2.5, 3.7 and 45 megadaltons (MD).

A green knife

fish isolate also had three plasmids with masses of 2.1,
2.5,

and 3.7 MD.

plasmid of 3.2 MD.

A white catfish isolate contained one
Reid and Boyle (1989) further

characterized the plasmid profiles of E^_ ictaluri isolated
from ictalurid and non-ictalurid fish.
plasmids,

Homologous

5600 base pairs and 4000 or 4700 base pairs, were

found in every isolate except the white catfish, which
contained only a solitary plasmid.

Purified regions of the

5600 base pair plasmid was used as a hybridization probe
and every 5600 base pair plasmid from all isolates of E.
ictaluri were complementary.

None of the 4000 or 4700 base

pair plasmids hybridized as reported earlier by Speyerer
and Boyle (1987).

It was postulated contamination of the
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Figure 3: Restriction endonuclease maps of plasmids pEIl
and pEI2 from JL. ictaluri (Newton et al. 1988) .

22
earlier probe produced the observed cross-reactions.

Reid

and Boyle (1989) concluded that "all isolates, regardless
of source,

contained classes of homologous plasmids with

similar but not identical sizes".

Although the role of

plasmids in virulence of E^. ictaluri infections is not
known, their uniform presence in most isolates suggests
they encode important products.
Occurrence and transmission
Outbreaks of ESC are highly correlated with water
temperature

(Hawke 1979; MacMillan 1985; Johnson 1989).

In

the southern United States, peak incidence-of disease
occurs in June and September when water temperatures are
between 22 and 28 °C (MacMillan 1985).

This infection

temperature phenomenon is observed yearly.
et al.

Francis-Floyd

(1987) studied the effect of temperature on the

clinical manifestations of ESC on catfish experimentally
infected with EU. ictaluri by intraperitoneal injection.
The percent mortality was highest in fish kept in water
temperatures from 23 to 25 °C.

They concluded that fish in

water temperatures from 22 to 28 °C were most susceptible
to infection.
In an epidemiological study on the occurrence of ESC
in Mississippi from 1980 to 1988, Freund et al.

(1990)

found that 90.7% of all cases occurred in the spring (May
and June) and fall

(September and October) when air

temperatures were within 16.1 to 28.3 °C.

This correlation
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is illustrated in Figure 4 which shows the percent of total
cases received at the Mississippi Cooperative Extension
Service and average monthly temperatures for 1982
(MacMillan 1985).
Transmission methods of EU. ictaluri from pond to pond
are unknown but dissemination may partly be due to
inadvertent transport of infected fingerlings
(MacMillan 1985).

A possible carrier state, in which E.

ictaluri can be cultured from the intestine in the absence
of clinical disease, has been reported (Johnson 1989), and
may be a source of new pond infections.

Transport of

bacteria laden water on machines and equipment should also
be considered.

Edwardsiella ictaluri can survive in pond

water for eight days (Hawke 1979) and in pond mud for
greater than 95 days (Plumb and Quinlan 1986).

Pond mud

may be the source of repeat infections in the same pond in
successive years.
Clinical signs
Enteric septicemia of catfish can occur in both acute
and chronic forms (Johnson 1989).

The clinical signs of

acute ESC are similar to those of other systemic bacterial
infections of channel catfish.

Infected fish are

lethargic, weak, often hang vertically at the water
surface, and swim erratically or in spiraling circles when
disturbed (Plumb and Schwedler 1982; Blazer et al. 1985).
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Figure 4: The percent of total cases received at the
Mississippi Cooperative Extension for 1982 (MacMillan
1985).

Chronically infected fish may have no clinical signs or may
show evidence of neurological dysfunction.
Gross lesions
In naturally acquired acute infections,

fingerlings

are pale, exophthalmic, have a distended abdomen

(ascites),

and frequently show numerous petechiae and ecchymoses at
the fin bases, opercular flaps, and skin over the ventral
abdomen and jaw (Jarboe et al. 1984; Miyazaki and Plumb
1985; Miyazaki and Kaige 1985; Blazer et al. 1985).
Scattered, raised,

1-5 mm, white plaques and reddened

epithelial ulcers are common on the head and body skin
(Jarboe et al. 1984; Miyazaki and Kaige 1985).

Erosion and
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ulceration of the olfactory sacs are seen {Miyazaki and
Plumb 1985).

Common visceral lesions include a swollen,

mottled, pale to deep red liver with multifocal areas of
necrosis and hemorrhage.

The head kidney, trunk kidney,

and spleen are edematous and may have areas of necrosis and
hemorrhage.

The anterior portion of the intestine is

mildly dilated and contains clear yellow to blood tinged
fluid.
Chronically infected fish frequently have a swelling
or prominent ulcer on the dorsum of the head caudomedial to
the eyes (Blazer et al. 1985; Miyazaki and Plumb 1985).
Other organs may or may not have areas of necrosis.
In experimentally infected fish, lesions are similar
(Areechon and Plumb 1983; Shotts et al. 1985; and Newton et
al. 1989).

Some variation may occur depending on the

method of exposure.

For example, Areechon and Plumb

indicated an absence of intestinal lesions when the
bacteria were given by intraperitoneal injection.
Experimental infections have provided information on
the time of lesion occurrence and progression.

The acute

lesions are reported to occur between 4 and 12 days post
exposure and the chronic lesions 3 to 4 weeks post exposure
(Newton et al. 1989).
Histooatholoav
Lesions observed grossly are further clarified
histologically.

In acute infections, the lamina propria

and submucosa of the small intestine are multifocally
infiltrated with macrophages,
neutrophils

lymphocytes, and fewer

(Blazer et al. 1985; Newton et al. 1989).

Mucosal ulceration is rare.
precede gross lesions.

Histologic lesions frequently

For example,

were seen by Shotts et al.

(1985)

intestinal lesions

in one of three fish,

infected by gastric intubation, and examined at 1 day post
infection.

Newton et al.

(1989) reported intestinal

lesions by 2 days post infection in 28 out of 37
fingerlings immersion exposed to EL. ictaluri.

Lesions were

most severe on days 5 through 8 post infection.
Multifocal necrotic foci infiltrated with inflammatory
cells are observed in the liver, trunk kidney, head kidney,
and spleen

(Jarboe et al. 1984; Miyazaki and Plumb 1985;

Shotts et al. 1985; and Newton et al. 1989).

Hemorrhage,

leukocyte infiltrates without necrosis, and edema are also
reported in these organs.

Multifocal areas of epidermal

necrosis with associated leukocyte infiltrates are in the
skin

(Jarboe et al. 1984; Newton et al. 1989).

Mononuclear cell infiltration into the olfactory sacs and
occasional meningoencephalitis are also observed.
In chronically infected fish, accumulations of
macrophages within and around the olfactory nerves and in
the olfactory bulbs of the brain are present

(Miyazaki and

Plumb 1985; Miyazaki and Kaige 1985; Blazer et al. 1985;
and Newton et al. 1989).

Extension into the meninges and
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adjacent fat is common.

Inflammation also extends through,

the sutra fontanels of the skull and into the subcutaneous
tissues.

The overlying skin ulcerates producing the

grossly observed head ulcer.
Few studies on clinical pathologic changes observed in
fish with ESC have been done.

Areechon and Plumb

reported a normocytic normochromic anemia,

(1983)

leukopenia,

hypoproteinemia, and hypoglycemia from fish injected
intraperitoneally with EU. ictaluri.

No alterations in the

leukocyte differential counts were noted.
Pathogenesis
A descriptive sequence of pathogenic events following
exposure t o L . ictaluri is not available.

However,

pathologic studies have provided some insights.
al.

(1985)

Shotts et

successfully infected fish by gastric intubation

and indicated the intestine as a point of bacterial access.
Miyazake and Plumb (1985) suggested the olfactory sac as a
site of pathogen passage.
et al.

Shotts et al.

(1985) and Newton

(1989) both proposed intestinal invasion by the

bacteria was responsible for the acute syndrome, while
passage through the olfactory sac and subsequent ascending
olfactory neuritis and perineuritis produced the chronic
syndrome.

Bacterial passage across either mucosal barrier

has not been observed.
Molecular mechanisms of pathogenesis have also not
been defined.

In other Enterobacteriaceae, outer membrane
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structures such as lipopolysaccharides, proteinaceous
adhesins, and fimbria are considered virulence factors
(Williams 1988).

In addition, the production of toxins,

motility due to flagella, and plasmid and chromosomally
encoded serum and antibiotic resistance are important for
pathogenesis

(Finlay and Falkow 1989a).

These structures

aid in chemotaxis, bacterial attachment and penetration of
host cells, resistance to complement lysis, allow for
bacterial multiplication, and provide resistance to
phagocytic destruction.
A mannose sensitive adhesin has been described for E.
ictaluri

(Wong et al. 1989).

Whether this is an outer

membrane protein or important for attachment or
internalization is unknown.

A cell associated hemolysin

which may be important for cellular penetration,
replication,

or cellular escape has also been described

(Waltman et al. 1986).

Edwardsiella ictaluri does possess

chondroitin sulfatase and this may be partially responsible
for the observed erosion through the sutra fontanels in
chronic infections (Waltmann et al. 1986).
As can best be determined, only one cell culture
invasion study has been done with EL-. ictaluri
1991).

(Janda et al.

Edwardsiella ictaluri was unable to penetrate

monolayers of HEp-2 cells (human larynx origin) whereas E.
tarda and some strains of E^. hoshinae were.
underlying this difference are unknown.

The reasons
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A number of researchers have noted large numbers of E.
ictaluri within macrophages in various tissues (Blazer et
al. 1985; Miyazaki and Kaige 1985; Shotts et al. 1985;
Miyazaki and Plumb 1985; and Newton et al. 1989).
et al.

Shotts

(1985) suggested the bacteria within macrophages

were viable and "may actually proliferate within the
macrophage".
In electron microscopic studies of catfish macrophages
infected with E^. ictaluri. Stanley (1991)

found numerous

virulent bacteria attached to and within macrophages.
Avirulent bacteria had little association with macrophages.
Moreover, virulent bacteria were resistant to
phagolysosomal degradation but avirulent strains were not.
The molecular mechanisms responsible are unknown.
Regardless of the mechanisms used, Eh, ictaluri can
replicate to high numbers in channel catfish.
Plumb (1983)

injected

Areechon and

ictaluri into the coelomic cavity

and quantified bacterial numbers in various tissues.
Highest bacterial numbers, exceeding 107 bacteria per gram
tissue, were in the spleen, trunk kidney, and liver 4 days
post injection and declined thereafter.
Mechanisms underlying observed clinicopathologic
changes are also unknown.

Areechon and Plumb (1983)

proffered a number of possible explanations for the
observed anemia, hypoproteinemia, and leukopenia in
experimentally infected fish. Hemorrhage, bacteria-mediated
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hemolysis and hypoglycemia, destruction of hematopoietic
cells, and protein loss through damaged renal tubules were
considered.

Further research in this area will clarify

responsible mechanisms.
Diagnosis
In a typical clinical situation, ESC is diagnosed by
gross lesion observation and bacterial cultures of internal
organs, a procedure requiring several days
1986) .

(Ainsworth et al

Blood or brain heart infusion agar are commonly

used (Hawke 1979).

Monitoring environmental water levels

as a means of detecting exposure has been difficult due to
plate contamination by faster growing bacteria.

Recently,

a selective medium for the isolation of EU. ictaluri has
been developed

(Shotts and Waltmann 1990) which should aid

in water detection.
Serological methods of detecting E^. ictaluri have also
been developed.

Serum agglutination tests and enzyme

linked immunosorbant assays for detecting antibody against
E. ictaluri have been developed which determine previous
exposure

(Saeed and Plumb 1987; Waterstrat et al. 1989).

In addition, polyclonal and monoclonal antibodies directed
against E^. ictaluri and coupled with florescent compounds
or color producing enzyme reactions have been developed
(Rogers 1981; Ainsworth et al. 1986).

The monoclonal

indirect florescent antibody technique by Ainsworth et al.
(1986) claims a 90.3% correlation with culture results and
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requires 3 to 4 hours.

A rapid diagnosis is advantageous

since prompt treatment can be initiated.
Treatment
Outbreaks of ESC are currently controlled using
antibiotic medicated feeds.

Edwardsiella ictaluri is

sensitive to a number of antibiotics but resistant to
others

(Hawke 1979; Hawke et al. 1981; Waltman and Shotts

1986; Plumb et
Plumb et al.

al. 1987); these are listed in table 3.

(1987) and Johnson (1989) report

that

only two

antibiotics are registered by the Food and Drug
Administration for treatment of catfish raised for food:
ormetoprim-sulfadimethoxine

(Romet-3 0*) and oxytetracycline

(Terramycin*) .

Ormetoprim-sulfadimethoxine is fed at 50

milograms

active ingredient per kilogram (kg)

(mg)

of fish

for 5 days. Oxytetracycline is fed at 55 to 82 mg active
ingredient per kg fish for 10 days

(Johnson 1989).

An

advantage of the potentiated sulfa is a shorter withdrawal
time prior to marketing - 3 days verses 21 days for
oxytetracycline.

Moreover, Romet-30* can be incorporated

into floating feeds whereas Terramycin* is destroyed by
heat during pelleting

(Johnson 1989).

Currently, there are

no published reports of resistance to these therapeutics,
but resistant strains have been encountered clinically
Johnson, Mississippi State University, personal
communication).

(M.
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Table 3: Antibiotic sensitivities of EL. ictaluri
Sensitive

Resistant

Aureomycm

Bacitracin

Chiortetracyc1ine

Clindamycin

Cinoxacin

Cloxacillin

Dihydrostreptomycin

Colistin

Furacin

Erythromyc in

Kanamycin

Lincomycin

Moxalactam

Sulfadiazine

Nalidixic acid

Sulfamerazine

Neomycin

Triple sulfa

Nitrofurantoin
Ormetoprim-sulfadimethoxine (Romet-30*)
Oxolinic acid
Oxytetracycline (Terramycin*)
Ticarcillion
Trimethoprim
(Hawke 1979; Hawke et al. 1981; Waltman and Shotts
1986; Plumb et al. 1987)

In addition to medicated feeds, high levels of dietary
vitamin C have been advanced as an aid in controlling and
preventing outbreaks of ESC (Liu et al. 1989).

The amount

of vitamin C needed by growing catfish is between 30 and 90
mg/kg diet (Li and Lovell 1985).

Fish receiving 1000 mg/kg
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feed had a 100-fold increase in the exposure dose required
to kill 50% of the fish (LD50) following vaccination with a
whole cell bacterin (Lin et al. 1989).

The significance

of this report is uncertain since all fish had pre-trial
titers to

ictaluri. indicating previous exposure.

Vaccination
Most vaccines developed against ESC have been whole
cell bacterins or sonicated cells treated with formalin
(Plumb 1988).

Results have been equivocal.

Saeed and

Plumb (1986) used purified lipopolysaccharide arid formalinkilled whole cells injected intraperitoneally to vaccinate
fish, and subsequently challenged by intraperitoneal
injection.

Mortality rates were significantly reduced in

vaccinated fish.

In contrast, Plumb et al.

(1986) compared

intraperitoneal vaccination with whole cell preparations to
immersion vaccination.

The injected fish had higher

antibody titers, as measured by agglutination, and
significantly higher mortalities,

implying vaccinated fish

were more susceptible to fatal disease.
Vaccination against spring viremia of carp, cold water
vibriosis, and enteric red mouth disease have been
successful (Ellis 1988).

These successes and the annual

losses to ESC are providing impetus for further research in
this area.
Edwardsiella ictaluri is a member of the
Enterobacteriaceae (Farmer and McWhorter 1985).

Other
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members of this family are known enteric pathogens,
Salmonella,

Shigella, Yersinia,

(Finlay and Falkow 1989a).

namely

and Escherichia genera

An overview of invasive

strategies utilized by these bacteria is provided since E.
ictaluri may use similar mechanisms in accessing fish.

In

each instance, membrane passage is described followed by a
discussion of possible virulence mechanisms and known
genetic controls.

Salmonella
Salmonella are responsible for a variety of diseases
in humans and animals

(Groisman and Saier 1990).

Most

Salmonella infections occur following oral ingestion of
bacteria and can be roughly categorized as enteric or
systemic infections.

Enteric pathogens,

enteritis in man

resulting from ingestion of food contaminated with
Salmonella tvphimurium for example, pass through the
stomach and are taken up by intestinal epithelial cells.
Bacteria replicate in enterocytes causing cytotoxic damage
and subsequent inflammation (Groisman and Saier,

1990).

Enteric species rarely penetrate deeper than the lamina
propria and the target cell of infection are enterocytes or
modified enterocytes
(Finlay and Falkow,

(M cells) overlying Peyer's patches
1988a).

In contrast,

Salmonella

species producing systemic infections, typhoid fever caused
by Salmonella tvphi for example, penetrate the intestinal

35
epithelium and enter cells of the reticuloendothelial
system, and subsequently disseminate to the spleen,
nodes,

lymph

liver, and other organs (Edelman and Levine 1986).

Mechanisms for mucosal invasion for both categories appear
similar with minor interspecies variation (Finlay and
Falkow 1988a) and are discussed below.
Mucosal invasion
Following oral ingestion, Salmonella are carried to
the distal small intestine where they attack two cell
types: principally the modified epithelial cells

(M-cells)

overlying Peyer/s patches, but also columnar epithelial
cells (Kohbata et al. 1986).

Takeuchi

(1967), using

gastric intubation in guinea pigs, described the invasion
of enterocytes by Salmonella tvphimurium.

Bacteria were

seen adjacent to the brush border, and the associated
microvilli and terminal web of the enterocyte were
degenerate.

A cavity or indentation was formed in the

apical cytoplasm underlying the degenerate microvilli.

As

bacteria advanced deeper into the cell, the top of the
cavity fused, enclosing the microbe in a membrane bound
vacuole.

Vacuoles containing bacteria then separated from

the apical plasma membrane.
Rarely, some bacteria penetrated intercellular
junctions and accessed the lamina propria by passing
between enterocytes.
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Only villus tip enterocytes were attacked; crypt
epithelium was not involved even though luminal bacteria
were observed in these regions.

Most bacteria were seen in

epithelial cells between 8 and 12 hours post infection.

By

24 hours, penetration was infrequent and most organisms
were in proprial phagocytes.
Cell culture passage
Further insight on mucosal passage has been obtained
using cell culture infection studies.
used include HeLa

Cell types commonly

(human cervical cell s ) , HEp-2

(human

larynx epithelial cells), CHO (Chinese hamster ovary
fibroblast cells), CAC02

(human intestinal epithelial

c e ll s), and MDCK (Madin Darby canine kidney epithelial
cells)

(Finlay et al. 1989b).

Madin Darby canine kidney epithelial cells are
especially valuable since polarized epithelial monolayers
with distinct apical and basilar orientations can be made
with this cell line (Simons and Fuller 1985).

Polarized

monolayers, maintained by tight junctions, can be produced
if cells are cultured on permeable supports, usually
filters with 3 fim. pores

(Simons and Fuller 1985) .

Utilizing this model, Finlay et al.

(1988b)

investigated

the invasiveness of Salmonella choleraesuis. a species
which produces fatal bacteremias in humans.

The bacteria

began to adhere and penetrate the monolayer in 2 hours, and
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the numbers adhering and penetrating increased over the
next 4 hours.
Morphologic changes in infected cell monolayers
parallel those described by Takeuchi

(1967)

in enterocytes.

The bacteria contact the polarized monolayer and brush
border degeneration follows.

At contact points, a cavity

is formed in the apical membrane and the bacteria are
internalized in membrane bound vacuoles.

These

indentations are often, but not always, associated with
coated pits.

This suggests Salmonella may use normal

cellular transport systems (receptor mediated endocytosis)
to gain access into the cell.

Bacteria were motile within

vacuoles and underwent replication with a generation time
of approximately 50 minutes.

No bacteria were seen exiting

the basolateral membrane but culture of the media
underlying the permeable filter confirmed passage.
Virulence factors allowing Salmonella species to
locate, attach, penetrate, replicate, and escape from
epithelial cells,

as well as resist serum killing and

survive and replicate within macrophages,
partially characterized.

are only

Summaries of possible mechanisms

for each step are provided.
Chemotaxis and motility
Chemotaxis, the ability of bacteria to move toward or
away from chemical stimuli, is a virulence factor as
pathogens can be directed toward host surfaces

(Finlay and

Falkow 1989a).

Uhlman and Jones (1982) showed a diffusible

agent secreted by HeLa cells was chemotactic for Salmonella
tvphimurium and increased infectivity.

Motility is a

natural part of chemotaxis and is achieved in Salmonella by
flagella.

Liu et al.

(1988) identified 63 Salmonella tvphi

mutants that were either non-motile, non-flagellated,

or

non-chemotactic, and all were non-invasive for HeLa cell
monolayers.

Spontaneous revertants were as invasive as

wild types..

Carsiotis et al.

(1984), however, tested non-

chemotactic, non-motile, and non-flagellated Salmonella
tvphimurium mutants and concluded only the flagella were
virulence factors.

Flagella were not required for the

bacteria to penetrate the intestinal tract, but for
replication in the liver and spleen.

Apparently flagella

impart increased resistance to phagocytic killing or allow
for improved intracellular replication.

Considered

together, chemotaxis and motility appear to be virulence
factors for Salmonella but their exact roles need further
clarification.
Attachment
Bacterial attachment to host cells is commonly
mediated by outer membrane proteinaceous adhesins which
bind to cellular receptors (Finlay and Falkow, 1989a).
Jones and Richardson (1981) identified two adherence
factors in Salmonella tvphimurium: type one fimbria and a
mannose resistant hemagglutinin (MRHA).

Type one fimbria
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were determined to "participate little, if at all, in the
attachment of salmonellae to HeLa cells".

Oral challenges

with piliated and non-piliated strains have been performed
with minimal differences in virulence observed (Duguid et
al. 1976).
Mannose resistant hemagglutinin is expressed by those
Salmonella species primarily involved in enteric infections
and not from species producing systemic disease.

It has

not been characterized on a molecular basis and its role in
pathogenicity is largely undetermined.
Adherence of Salmonella to epithelial cells requires
de novo bacterial protein and ribonucleic acid syntheses,
but not DNA replication (Finlay et al. 1988c).

Inhibitors

of protein (chloramphenicol) or RNA (rifampin) syntheses
completely block invasiveness.

When protein profiles from

bound bacteria were examined by two-dimensional
electrophoresis, six new protein bands were observed and
seven previously observed proteins were no longer produced
(Finlay et al. 1988c).

one newly synthesized protein (40

kD) was localized on the bacterial outer membrane by
[123]iodine labeling.

These proteins were shown to be

different from heat shock proteins

(Finlay et al. 1988c).

Monolayers pre-treated with trypsin (a serine
protease), periodic acid (a sugar oxidant), and
neuraminidase (an enzyme which disrupts sialic acid
membrane structures), do not induce bacterial de novo
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protein synthesis and are refractory to adherence and
invasion by Salmonella (Finlay et al. 1989b).

This implies

glycoprotein structures on the cell surface stimulate
production of specific proteins in Salmonella, and that
these proteins are required for attachment and penetration.
The cellular structures stimulating bacterial protein
synthesis may be membrane receptors (Finlay and Falkow
1988d).

Drugs inhibiting receptor mediated endocytosis

prevent invasion by Salmonella.

Dansylcadaverine,

such a

reagent, is reported to prevent receptor-ligand clustering
in coated pits by inhibiting receptor cycling (Davies et al
1984) .

It is postulated dansylcadaverine inhibits entry of

Salmonella by reducing the number of surface membrane
receptors available for bacterial adhesion or penetration
(Finlay and Falkow 1988d).

Required receptors may remain

internalized and unavailable for binding with the surface
proteins of Salmonella.
Contact with eukaryotic cells may not be the only
factor inducing de novo protein synthesis in Salmonella.
Recently,

low oxygen tension in broth cultures induced

synthesis of two of the six proteins

(Lee and Falkow 1990).

Bacteria grown in 1% oxygen were able to adhere 20- to 100fold better than those grown in standard aerobic cultures.
It was hypothesized low oxygen tension in the brush border
region may act as an environmental stimulus to induce
Salmonella protein synthesis.

The LPS component of the outer membrane of Salmonella
has been shown to aid in attachment to eukaryotic cells
(Mroczenski-Wildey et al 1989).

Most Salmonella producing

systemic disease require complete LPS O-side chains for
invasiveness (Finlay et al. 1988a).

Rough mutants are

unable to penetrate the intestinal epithelium and gain
access to the target reticuloendothelial cells.

In

contrast, enteroinvasive species may not require complete
LPS for attachment.

Tannock et al.

(1975) showed that

rough mutants of Salmonella tvnhimurium could enter
eukaryotic cells and replicate.
Penetration
Following adhesion, Salmonella are internalized in
epithelial cells.

This process has been shown to require

functional host microfilaments and host energy expenditure
(glycolysis)

in HEp-2 cells and MDCK cells (Finlay and

Falkow 1988e).

Cytochalasins B and D are powerful

inhibitors of microfilament polymerization and cell lines
pre-treated with these agents are refractory to invasion
(Finlay and Falkow I988d; Finlay and Falkow 1988e).
Attachment is not inhibited but penetration does not occur.
Polymerized F actin, but not G actin monomers, can be
visualized using the fluorescent stain phallicidin (Finlay
et al. 1989b).

When MDCK monolayers were stained with

phallicidin following infection with Salmonella
choleraesuis. "small, bright staining balls were apparent
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in the infected monolayers"

(Finlay et al. 1989b).

Bacteria were subsequently found inside these structures.
Microtubule inhibitors such as colchicine,
vincristine, and vinblastine have no effect on invasion of
polarized cell cultures by Salmonella,

indicating

microtubules are not involved in this process

(Finlay and

Falkow 1989c).
A key aspect of receptor mediated endocytosis, which
the entry of Salmonella appears to share some components,
is acidification of the internalized endosome prior to
phagolysosomal fusion (Dautry-Varsat and Lodish 1989).
Proton pumps (ATPases)

in the endosome transport hydrogen

ions into the vacuole lowering the pH, often causing the
uncoupling of receptor-ligand complexes (Mellman et al.
1986).

Is this portion of the endocytotic process required

for the penetration of Salmonella?

Monensin blocks

endosome acidification by inducing the exchange of protons
for potassium ions (Finlay and Falkow 1988e).

Treatment of

monolayers with monensin failed to inhibit Salmonella
invasion or intracellular replication indicating endosome
acidification is not required (Finlay and Falkow 1988d;
Finlay and Falkow 1988e).
Actin polymerization is known to occur in phagocytosis
but not in receptor mediated endocytosis
Lodish 1984).

(Dautry-Varsat and

Thus, the internalization of Salmonella

seems to include aspects of both phagocytosis and receptor
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mediated endocytosis, and has been termed parasite directed
or parasite mediated endocytosis

(Moulder 1985).

Transcvtos is
The passage of Salmonella through polarized cell
monolayers is considered to occur by a form of
transcytosis.

Transcytosis describes the transport of

bound receptors and ligands from the endosome to the
surface of the cell opposite from the membrane of entry
(Mostov and Simister 1985).

The best characterized

examples of transcytosis are the transport of
immunoglobulins across epithelial surfaces.

Tears, bile,

milk, and saliva are all high in immunoglobulins,
example.

for

Immunoglobulins bind to surface receptors, are

internalized by receptor mediated endocytosis, and
transported across the cell

(Mostov and Simister 1985).

Similar mechanisms may be involved in the transport of
Salmonella, although no bacteria have been seen crossing
the basilar membranes of polarized monolayers

(Finlay et

al. 1989b) or in ultrastructural intestinal studies
(Takeuchi 1966; Kohbata et al. 1986).

However, cultures of

basilar cell suspension media are positive for Salmonella
approximately 4 hours post infection of the monolayer
(Finlay and Falkow 1988b), and morphologic intestinal
studies have described bacteria in the lamina propria,
indicating transepithelial passage.
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Transepithelial passage of Salmonella through
monolayers produces no grossly observable cell pathology
until approximately 8 hours post infection (Finlay and
Falkow 1988b).

Trypan blue staining of monolayers

indicates most cells are viable at this time even though
large numbers of organisms have passed through.

Non-

invasive Escherichia c o l i . added to the apical surface
prior to infection with Salmonella,

are not cultured from

the basilar media until after 8 hours - further indicating
viability of the monolayer.
Measurements of electrical resistance and
[35S]methionine uptake by cells are more sensitive
indicators of cell viability.

By 4 hours post infection,

electrical resistance is lost, even though tight junctions
required to maintain polarity are morphologically normal
(Finlay and Falkow 1988b; Finlay and Falkow 1989c).
Methionine uptake remains normal up to 8 hours indicating
the cells are still viable in spite of the loss of
polarity.

Mechanisms responsible for monolayer

depolarization are unknown but it is postulated
rearrangements of intracellular actin, occurring during
bacterial penetration,

disrupt tight junction integrity

(Finlay and Falkow 1989c).
Toxins
Considering Salmonella can pass through epithelial
cell barriers and leave the cells viable, the role of
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cellular toxins in virulence has been questioned.
Salmonella possess three known toxins: an enterotoxin
morphologically and genetically similar to cholera toxin, a
non-LPS outer membrane component that inhibits eukaryotic
cellular protein synthesis, and endotoxin or the lipid A
portion of outer membrane LPS (Reitmeyer et al. 1986;
Finlay and Falkow 1988a; Groisman and Saier 1990).
The enterotoxin functions similar to cholera toxin
produced by Vibrio cholera: toxin binds to a Gni!
ganglioside and activates adenylate cyclase.

Subsequent

elevations in cAMP disrupt normal cellular metabolism
resulting in excessive ion loss and passive afflux of
water.
The outer membrane component which disrupts cellular
protein synthesis has not been definitively identified;
further work should clarify the importance of this product
as a virulence mechanism.
The endotoxic effects of lipid A are well established;
the molecule exerts its effect primarily on macrophages and
lymphocytes (Cybulsky et al. 1988).

These leukocytes

subsequently release a number of cytokines

(interleukins,

tumor necrosis factor) which have broad physiologic effects
such as pyrogenicity, leukocytosis,

increased hepatic acute

phase protein synthesis, increased plasma proteinase
inhibitors, increased plasma transport proteins, and
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potentially life-threatening hypotension (Cybulsky et al.
1988).
Serum and phagocyte resistance
Complement mediated lysis of bacteria is a major
defense mechanism impeding bacterial invasion (Doyle and
Sonnenfeld 1989).

The end product of the complement

cascade is a transmembrane pore, inserted in the bacterial
membrane, which disrupts osmotic balance killing the
bacteria.

The principle protective component of Salmonella

appears to be the LPS in the outer membrane.
Lipopolysaccharide prevents both the activation and
deposition of complement on the bacterial surface (Groisman
and Saier 1990).

Rough strains lacking 0-side chains are

more susceptible to complement lysis (Finlay and Falkow
1989a).
In addition, complement coated bacteria are
preferentially taken up and destroyed by macrophages.

The

number and arrangement of sugar residues composing the
repeating sugar units of the 0-side chains vary in
efficiency of protection.

For example, modified Salmonella

tvphimurium strains with 0-6,7 side chains activate the
complement cascade and are efficiently phagocytosed and
destroyed by macrophages.

Strains with 0-4,12 side chains

do not activate complement and are less efficiently
phagocytosed (Finlay and Falkow 1988a).

Virulent Salmonella producing systemic disease are
able to survive within macrophages.

Salmonella do not

inhibit phagolysosomal fusion and consequently must be
resistant to oxygen dependent and independent mechanisms of
cellular destruction

(Groisman and Saier 1990).

Oxygen

dependent mechanisms include the free radicals superoxide
and hydrogen peroxide produced in the respiratory burst.
Oxygen independent mechanisms include hydrolytic enzymes,
acidification of the phagolysosome, and lyses by cationic
peptides

(defensins).

How Salmonella defends against these

factors has only begun to be established.
Fields et al.

(1986)

identified 83 ayirulent mutants

of Salmonella tvphimurium which no longer could survive in
target macrophages.

These fell into several classes: one

group had increased sensitivity to lysosomal oxidation;
another had minimal resistance to cationic proteins in
phagocytic granules; and, others were auxotrophs and
required nutrients not available intracellularly.
commonly altered included purine, pyrimidine,
amino acid, methionine,

Pathways

aromatic

and histidine biosyntheses.

Other important phenotypes for intracellular survival
included motility,
virulence plasmid.

intact O-side chains, and an intact
Molecular mechanisms by which these

characteristics confer virulence have yet to be
established.
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Iron siderophores
Iron is an essential nutrient for bacterial
development and growth (Martinez et al. 1990).

Free iron

is rare in mammalian systems since most is complexed by
iron-binding proteins such as transferrin and lactoferrin.
Bacteria counter this by producing iron-solubilizing and
iron-transporting molecules called siderophores (Yancy et
al. 1979).

Salmonella tvphimurium mutants deficient in

siderophore production have reduced virulence when injected
intraperitoneally in mice (Yancy et al. 1979).
contrast, Benjamin et al.

In

(1985) determined siderophore

production was necessary only for growth in mouse serum and
had no effect on virulence when bacteria were injected into
mice.

Stocker and Makela (1986) suggest iron is readily

available once Salmonella are intracellular and thus
siderophore production is not essential.
Genetic control of virulence
Bacterial genes necessary for the entry of Salmonella
into cells are poorly characterized.

Salmonella

typhimurium has a genome of approximately 4.5 million base
pairs which corresponds to about 3 000 genes
Saier 1990).

(Groisman and

Transposon induced mutants tested for

virulence in mice indicate that four percent of the genome,
or roughly 120 genes, code for virulence associated
structures (Fields et al. 1986) .

Mutants have demonstrated

some phenotypes associated with virulence but little of the
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underlying genetic control is known

(Finlay and Falkow

1989c; Groisman and Saier 1990; Fields et al. 198 6).
A chromosomal regulatory locus known as phop, which
encodes a transcriptional regulator protein, has been
described

(Fields et al. 1989).

The phoP product has

homology with other regulator proteins including PhoB and
OmpR which are two-compartment regulatory proteins
et al. 1989a).

(Miller

A second gene downstream from phoP is phoQ

which encodes a protein with kinase activity.

It is

thought PhoQ is the kinase which phosphorylates PhoP and
that phosphorylated PhoP exerts transcriptional activity
over several genes.
PhoP is known to activate at least 5 genes: phoN,
which codes for an acid phosphatase, psiD, a phosphate
starvation inducible gene, and pagA, pagB, and page, which
code for proteins of unknown function
1990).

(Groisman and Saier

Mutations in the phoP activator result in mutants

with increased susceptibility to defensins
1989).

(Fields et al.

These mutants enter and replicate normally in

epithelial cells but are destroyed by macrophages.

This

suggests resistance to defensin lysis is at least one
phenotype regulated by phoP.

Other factors under phop

regulation are unknown.
Besides phop, a chromosomal locus termed inV has
recently been described (Finlay and Falkow 1989c).
Insertional inactivation of this locus produces mutants
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which attach to but cannot penetrate epithelial cells.

The

molecular mechanisms responsible are unknown.
Most Salmonella species have a large (100 kD) plasmid
which is essential for successful survival within
phagocytes

(Finlay and Falkow 1988a).

It is not required

for attachment and penetration of epithelial cells or
colonization of Peyer's patches

(Gulig and Curtis 1987).

Plasmid-cured mutants have no variations in LPS from wildtypes so other factors must be involved.

Shigella
Bacillary dysentery in humans is caused by enteric
infectious with Shigella species and dysenteric strains of
Escherichia coli (Maurelli and Sansonetti 198 8 a ) .
Bacillary dysentery is endemic throughout the world but
poses serious health concerns only in developing countries.
It affects principally children and is usually selflimiting, but can be life-threatening in infants, the
elderly, or in malnourished individuals
1987) .

(Hale and Formal

Shigella are also important pathogens in subhuman

primates

(Mulder 1971)

The critical event in the pathogenesis of bacillary
dysentery is invasion of the colonic mucosa by the
bacteria.

Shigella species and enteroinvasive Escherichia

coli utilize the same mechanisms for invasion, even at the
genetic level

(Finlay and Falkow 1988e; 1989a), and in this
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discussion will be considered together.

A general

description of mucosal invasion followed by a discussion of
possible virulence factors is provided.
Infection is by oral ingestion of bacteria and the
infection dose can be alarmingly small, 10-100 bacteria
(Clerc et al. 1988).
to oral route.

Transmission is usually by the fecal

Target cells for penetration and

replication are the large intestinal columnar epithelium.
Electron microscopic studies have shown Shigella
access epithelial cells in a manner which is
morphologically similar to that described for Salmonella
(Finlay and Falkow 1989a).

Bacteria contact the epithelium

and are enclosed in a vacuole as they advance through the
apical membrane.

Unlike Salmonella,

Shigella rapidly lyse

the vacuolar wall and enter the cytoplasm.
strains,

In virulent

lysis of the vacuole occurs in 15 to 3 0 minutes

post cellular contact

(Sansonetti et al. 1986).

Once

within the cytoplasm, bacteria replicate to high numbers
with a generation time of approximately 40 minutes
et al. 1988).

(Clerc

Within 4 to 6 hours post contact, cells

containing bacteria lyse and neighboring cells are infected
(Hale and Formal 1987).

Cell lysis produces the colonic

ulcers in clinical disease and the epithelial plaques in
monolayer cell cultures.

In the colon,

infection is

limited to the superficial epithelium and lamina propria
except in immune-suppressed individuals who may become
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bacteremic (Struelens et al. 1985).

As in Salmonella,

virulence factors involved in invasion are only partly
character i z e d .
The colonic mucosal epithelial cell is the site of
bacterial invasion which indicates the bacteria can survive
the low stomach pH and small intestinal pancreatic enzymes
and bile salts.

The LPS component of the outer membrane is

partially responsible for protecting the bacteria from bile
salt solubilization (Sansonetti et al. 1983a); rough
colonies lacking LPS are more sensitive to bile salt
degradation.
Pancreatic enzymes may have a role in colonic
epithelial trophism.

Virulent Shigella, treated with

trypsin or chymotrypsin, are non-invasive to HeLa cell
monolayers suggesting that outer membrane proteins are
involved in attachment (Hale and Formal 1987).
Invasiveness returns shortly after removal of the enzymes.
High levels of pancreatic enzymes in the small intestine
may prevent attachment until new membrane proteins can be
synthesized (Hale and Formal 1987).
Attachment
Shigella lack flagella, are not motile, and are
incapable of chemotaxis

(Hale and Formal 1987).

How do

these bacteria penetrate the intestinal mucus layer and
attach to epithelial cells?

Shigella have a mucinase and

an a-galactosidase (Formal and Lowenthal 1956; Prizont

1982), but alone these do not allow for mucus penetration
(Hale and Formal 1987).

Prizont and Reed (1980) showed

that Shigella flexneri is incapable of attaching to
intestinal sections in gnotobiotic mice but will attach if
these sections are exposed to normal fecal material.
Similarly,

in the absence of normal flora, monkey colon

explants are refractory to Shigella infection
Formal 1987).

(Hale and

These findings imply that enzymes produced

from normal bacterial flora are required for Shigella to
penetrate the mucus barrier and contact epithelial cells.
The physiologic uptake of water by. the large intestine
may also assist Shigella in epithelial contact
Formal 1987).

(Hale and

Bacteria become more concentrated and have

greater opportunity for epithelial contact as water is
absorbed.
The nature of initial binding to epithelial cells is
unknown.

No evidence of fimbrial attachment has been seen

(Finlay and Falkow 1988d) and it is not known which, or if,
host receptors are involved (Finlay and Falkow 1988e).

A

plasmid encoding for afimbrial attachment proteins has been
described in a pyelonephritic strain of Escherichia coli,
and when the plasmid is transferred to Shigella, make the
Shigella highly adherent to HeLa cells
1984) .
unkn own.

(Labigne-Roussel

The significance of this in colonic infections is

54
Inhibitors of receptor cycling such as
dansylcadaverine, which reduce invasion by Salmonella in
cell cultures, have no effect on invasion by Shigella
(Finlay and Falkow 1988d).

This suggests Shigella may use

receptors with slower turnover rates.

The trypsin induced

loss of invasiveness indicates outer membrane proteins are
likely involved (Hale and Formal 1987), but definite
interactions are not known.
Penetration
Like Salmonella, the internalization of Shigella in
eukaryotic cells is thought to occur by parasite mediated
or directed endocytosis.

Host microfilaments and cellular

energy expenditure are required for internalization (Hale
and Formal 1987; Maurelli and Sansonetti 1988a; Finlay and
Falkow I988d; Finlay and Falkow 1988e; Finlay and Falkow
1989a).

Following bacterial attachment, polymerized actin

appears within 6 minutes beneath the apical plasma membrane
(Clerc et al. 1988).

Like Salmonella, penetration can be

inhibited by cytochalasins B and D which block actin
polymerization.

Microtubules and intermediate filaments

are not involved and endosome acidification is not
required.
An alternative to parasite binding of surface
receptors to initiate internalization has been proposed
(Sansonetti et al. 1986).

Shigella possess a cell

associated contact hemolysin which may focally damage the
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apical plasma membrane.

The damaged membrane, with

attached bacteria, may be internalized by "a natural plasma
membrane repair mechanism"

(Hale and Formal 1987).

This

cell associated hemolysin may also be responsible for the
rapid lysis of the vacuole following penetration.
Intracellular multiplication
To replicate intracellularly, Shigella must escape the
endocytotic vacuole.

Strains lacking this property do not

replicate and do not invade adjacent epithelial cells
and Formal 1987; Finlay and Falkow 1989a).

(Hale

Lysis is

attributed to the contact hemolysin even though it is not a
phospholipase (Hale and Formal 1987).

Escape from the

vacuole is critical because it blocks phagolysosomal fusion
and places the bacteria in the nutrient rich cytoplasm
(Clerc et al. 1988).
Disruption of cellular functions occurs rapidly once
Shigella access the cytoplasm.

Clerc et al.

(1987)

reported altered mitochondria adjacent to bacteria within
15 minutes post exposure.

This correlates with observed

decreases in cellular ATP, a 60% decrease by 30 minutes
post infection (Sansonetti and Mounier 1987).

This loss of

ATP is accompanied by complete cessation of cellular
protein synthesis

(Finlay and Falkow 1989a)

fermentation (Sansonetti and Mounier 1987).

and
In addition,

cAMP levels are elevated in infected cells severely
disrupting cellular metabolism.

The net effect of
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bacterial cytoplasmic access is paralysis of cellular
metabolism which frees cytosolic nutrients for use by the
bacteria.
Within 4 to 6 hours, large numbers of Shigella are
within the cytoplasm and infected cells begin to lyse.

By

48 hours post infection, grossly visible plagues are seen
in monolayer cell cultures (Oakes et al. 1985).

The

mechanism of cell lysis has not been defined but the
contact hemolysin may again be involved (Hale and Formal
1987).

In addition, paralysis of cellular metabolism and

the production of bacterial toxins may also play a role in
cell lysis leading to bacterial escape.
Toxins
Toxins produced by Shigella include shiga toxin,
produced by Shigella dvsenteriae, and shiga-like toxin,
produced by all other species

(Hale and Formal 1987).

These toxins vary in one amino acid due to 3 base pair
differences in the transcribed chromosomal DNA (Maurelli
and Sansonetti 1988a).

They cross react serologically and

enzymatically (O'Brien et al. 1977).

Shiga toxin is

composed of six subunits: an enzymatically active,

32 kD, A

subunit, and five identical, 7.7 kD, B subunits which are
responsible for cellular binding (Maurilli and Sansonetti
1988a).

Shiga toxin is a highly specific N-glycosidase

which depurinates adenine 4324 near the 3' end of the
cellular 28 S RNA, one of the 60 S ribosomal subunits

57
(Maurelli and Sansonetti 1988a).

This disables ribosomal

translation of mRNA halting cellular protein synthesis.
The importance of shiga toxin to bacterial virulence
is less clear.

Shigella dvsenteriae produces the highest

amounts of shiga toxin and is associated with the most
severe disease,

implying shiga toxin is a virulence factor.

Moreover, an early event in bacillary dysentery is small
intestinal secretory diarrhea.

If the small intestine is

not exposed to bacteria (inoculum injected straight into
the colon)
1975).

secretory diarrhea is not observed (Rout et al.

This suggests shiga toxin is responsible since

Shigella do not adhere to or invade the small intestine.
However, shiga toxin alone cannot produce disease
since noninvasive but highly toxigenic strains fail to
induce diarrhea when given orally (Gemski et al. 1972a).
Shiga toxin does not appear to be a factor in attachment
and penetration since non-toxigenic strains invade cell
cultures as efficiently as do wild-type strains

(Clerc et

al. 1987; Sansonetti and Mounier 1987).
Maurelli and Sansonetti

(1988a) propose the toxin acts

in three ways: as an enterotoxin, blocking cellular protein
synthesis; as a neurotoxin, producing the observed
megacolon in clinical infections by damaging the vas
nervosum in the colon; and, as a vascular toxin, causing
ischemia of the intestine by local or systemic diffusion
into small vessels disrupting endothelial integrity.

58
Taken together, the role of shiga toxin in invasion of
colonic epithelium is unclear.

However,

it is an

established virulence factor since it contributes
significantly to the severity of disease.
The role of endotoxin (LPS) in the pathogenesis of
Shigella infections is also uncertain, but LPS appears
necessary for intracellular replication.
intergeneric hybrids, Gemski et al.

By constructing

(1972b) showed that

Shigella flexneri expressing one type of O-antigen could
produce keratoconjunctivitis in guinea pigs (positive
Sereny test), but bacteria expressing a different O-antigen
type could not.

Effects on attachment and penetration are

probably not responsible for observed differences in
virulence since rough mutants can invade HeLa cells
(Okamura et al. 1983).

This suggests intracellular

replication may be responsible; the ability to replicate
intracellularly may vary with differing O-antigens.
Iron siderophores
Two different siderophores are reported in Shigella
species: the phenolate, enterobactin, which is common in
many enteric bacteria, and the hydroxamate, aerobactin
(Lawlor and Payne 1984).

Lawlor et al.

(1987) tested

aerobactin negative transposon mutants for invasiveness and
concluded siderophore production has no effect on
invasiveness or intracellular replication.

It is possible

siderophores have a role in extracellular growth and hence
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are virulence factors.

This is supported by ileal loop

infection studies using aerobactin negative mutants.

These

mutants produced significantly fewer mucosal lesions then
wild-type bacteria.

Since conflicting data exist, the role

of siderophores in Shigella virulence is questionable.
Genetic control of virulence
All virulent Shigella and enteroinvasive Escherichia
coli contain a 180-220 kilobase plasmid which contains all
genes necessary for bacterial invasion of eukaryotic cells
(Sansonetti et al. 1981; 1982; 1983b).

Hybridization

studies on plasmids from various strains show high levels
of homology (Sansonetti et al. 1983b).

Two dimensional gel

electrophoresis has shown eight unique polypeptides:
designated IpaA-G, for invasion plasmid antigens, and pl40
(Hale et al. 1985; Hale and Formal 1986).
vary from 140 kD (P140) to 20 kD (IpaG).

The proteins
Peptides A-D are

immunogenic indicating their location on the outer membrane
(Hale et al. 1985).

Baudry et al.

(1987) demonstrated

that peptides B - D are determinants of virulence using
insertion mutants.

These plasmid encoded antigens may

constitute portions of the bacterial ligand responsible for
cell attachment since solubilized preparations of these
peptides adhere to the surface of HeLa cells

(Hale and

Formal 1987).
In addition to the ipa genes, two other plasmid loci,
termed virF and virG have been identified (Makino et al.
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1986; Sakai et al. 1986a).

The virF region codes for three

polypeptides whose quaternary structure forms 6-sheets.
This gene confers the congo red binding phenotype on
Shigella and also affects virulence (Sakai et al. 1986b).
The products of the virG region have not been
determined; virG mutants can invade and multiply within
epithelial cells but are unable to infect neighboring cells
(Makino et al. 1986).

It is postulated bacteria defective

in virG are unable to lyse the cell plasma membrane
permitting escape.
Three chromosomal regions have also been shown to
affect virulence.

DNA located between the xyl and rha loci

encode for aerobactin in Shigella flexneri

(Griffiths et

al. 1985), and for shiga toxin in Shigella dvsenteriae
(Timmis et al. 1985).
factors.

Both are potential virulence

The second region is near the his locus and is

linked to the rfb gene cluster (Strum et al. 1986).
Expression of this cluster is necessary for complete 0antigen biosynthesis on the outer membrane LPS.

The third

area is the kcp locus named for its ability to cause
keratoconjunctivitis provocation in guinea pigs
al. 1971).

(Formal et

The molecular basis for expression of this

phenotype is not known.
Regulation of virulence genes
A virulence regulon, a number of diverse, unlinked
genes which have a common regulatory signal, has been

defined for Shigella

(Maurelli and Sansonetti 1988a), and

the regulatory signal is environmental temperature.
Strains grown at 37 °C are virulent and invade eukaryotic
cells.

The same strains grown at 30 °C are avirulent

(Maurelli et al. 1984).

Virulence is restored if the

temperature is returned to 37 °C.

Insertional mutagenesis

studies by Maurelli and Sansonetti (1988b)

identified a

virulent mutant that was not temperature sensitive.

The

dysfunctional gene was called virR and is thought to encode
a repressor protein.

When low temperatures are present,

transcription is active, the repressor protein is produced,
and virulence genes are not expressed.

At body

temperature, the repressor is not produced and virulent
phenotypes result.

This allows Shigella to economize on

protein synthesis by repressing expression of virulence
proteins until needed (Maurelli and Sansonetti 1988a).

Yersinia
The Yersinia species are pathogenic to a variety of
animals and man (Ewing et al. 1978; Cornells et al. 1987).
Species affecting man are best characterized and include
Yersinia pestisf etiological agent of bubonic plague, and
Yersinia pseudotuberculosis and Yersinia enterocolitica
which cause gastroenteritis and mesenteric lymphadenitis
but rarely systemic infections (Cover and Aber 1989).
Infections by enteroinvasive Yersinia result from oral

ingestion of bacteria, usually with contaminated food and
water (Brubaker 1972).

Bacteria pass through the stomach

and adhere to and penetrate the distal small intestinal
epithelium,
patches

including the epithelium covering Peyer's

(Une 1977a).

Eventually, bacteria escape the

epithelium, enter the lamina propria, and are taken up by
resident and recruited inflammatory cells in which they
multiply (Une 1977a; Miller et al. 1988),

Infected

leukocytes localize in the mesenteric lymph nodes; rarely
the spleen and liver are subsequently infected.
Mucosal invasion
Like Salmonella and Shigella, the first and critical
step in the pathogenesis of Yersinia caused enteric
infections is invasion of intestinal epithelial cells
(Isberg 1990).

Attachment and penetration of Yersinia in

intact intestines and cell culture monolayers has been
described using transmission and scanning electron
microscopy (Bovallius and Nilsson 1975; Lee et al. 1977;
Une 1977a; Une 1977b).
Following contact with Yersinia, eukaryotic cells
extend protoplasmic projections encircling the bacteria.
The apical cytoplasm then indents and the bacteria is
internalized within a vacuole, a process morphologically
similar to that described for Salmonella and Shigella.
Coated pits are occasionally observed with the bacteria but
vacuoles free of coated pits are common.

Since portions of
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the apical membrane form the phagocytic vacuole, the
association with coated pits may be by chance alone {Miller
et al. 1988).
The bacteria reside in vacuoles with no detectable
increase in numbers for at least 6 hours

(Small et al.

1987), and then slowly begin to replicate (Finlay and
Falkow 1988 d ) .

The vacuoles gradually increase in size but

no vacuolar fusion occurs

(Finlay and Falkow 1989a).

Finlay and Falkow (1988d)

studied the infection of cell

lines with Yersinia enterocolitica.

They were unable to

observe bacteria exiting host cells,

although culture

results confirmed passage.
infections,

In experimental intestinal

bacteria pass through the intestinal epithelium

and enter the lamina propria where they are phagocytized by
reticuloendothelial cells

(Une 1977a).

Uptake in resident macrophages or recruited
neutrophils appears to occur by classic phagocytosis
(Miller et al. 1988).

Like Salmonella,

internalized

bacteria remain within cytoplasmic membrane-bound vesicles
and replicate

(Une 1977a; Une 1977c).

Phagolysosomal

fusion and leukocyte degranulation occur normally in
macrophages containing Yersinia o e s t i s . but the oxidative
burst is reduced

(Charnetzky and Shuford 1985).

Une

(1977b) studied the interaction of Yersinia enterocolitica
with mouse peritoneal macrophages and determined numbers of
viable phagocytosed bacteria initially decreased,

but after
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3 hours steadily increased.
unclear;

Responsible mechanisms are

it is believed the synthesis of products allowing

for intracellular survival are induced upon phagocytosis
(Cornelis et al. 1987).
Mechanisms of attachment and penetration of the
mucosal membrane,

intracellular replication, resistance to

serum killing, and intra-leukocyte survival are only
partially characterized.

Summaries of possible virulence

factors for each step follow.
Chemotaxis and motility
Yersinia species are motile at 28 °C by peritrichous
flagella, but not at 37 °C (Kihlstrom and Magnusson 1983).
Motility may aid the bacteria, in cell contact and
consequently act as a virulence factor.

However,

since

motility is lost at body temperature, the importance is
questionable.

Centrifugation of Yersinia onto cell

monolayers does not increase the total number of bacteria
passing through the monolayer (Vesikari et al. 1982).
Moreover, no chemotactic attraction to host cells
motility) has been demonstrated

(directed

(Miller et al. 1988).

Attachment and penetration
The attachment and penetration of Yersinia in cell
monolayers occurs in minutes (Brunius and Bolin 1983).
Attachment and penetration have common or interrelated
components and are difficult to separate experimentally
(Isberg and Falkow 1985).

A large complement of cell lines
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are invaded by Yersinia, and in some cell lines nearly 100
percent of applied bacteria invade (Miller and Falkow
1988).

This suggests factors necessary for attachment and

penetration are common among many cell types, or that
multiple mechanisms for entry are employed by Yersinia.

In

fact, common cell receptors and multiple bacterial entrance
mechanisms are involved (Isberg 1990).
In 1987, Isberg et al.

(1987)

isolated a 103 kD, outer

membrane, surface-exposed protein (invasin) that allows
Yersinia to attach and enter eukaryotic cells.

Latex beads

coated with invasin efficiently enter cells, indicating
invasin binding alone stimulates cellular uptake
1990).

(Isberg

The DNA segment encoding invasin has been cloned

and transforms non-invasive strains of Escherichia coli
into invasive strains (Isberg and Leong, 1988).

Monoclonal

antibodies against invasin neutralize this effect.

Invasin

has subsequently been shown to mediate entry into large
numbers of mammalian cell types, indicating its non
specificity in promoting cellular uptake (Isberg 1990) .
What cellular receptors are on multiple cell lines
which interact with invasin to promote cellular uptake?

A

clue was provided by Finlay and Falkow (1988e) who showed
microfilament polymerization was required for bacterial
uptake by eukaryotic cells.

This implied the cell receptor

recognizing invasin was linked to the cytoskeleton.

To

identify cell receptors, Isberg (1990) bound invasin to
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agarose beads and exposed these to cell surface extracts.
Bound proteins were eluted and examined by reducing and
non-reducing polyacrylamide gel electrophoresis.

Bound

proteins were heterodimeric glycoproteins composed of large
and small subunits

(140-160 kD and 115 kD respectively).

Distinctive migration patterns between reducing and non
reducing gels suggested the proteins were members of the
integrin family of receptors.
Integrins are cell surface proteins which connect the
cytoskeleton with the extracellular matrix

(Hynes 1987).

Different integrins bind to collagen, fibronectin,
vitronectin,
molecules

fibrinogen,

(Hynes 1987).

laminin,

and certain cell adhesion
Each integrin is a a/B dimer and

is grouped into subfamilies based on differences in the B
subunits.

Immunoprobing with anti-integrin antibodies

showed invasin binds four members of the Bx subfamily,
namely a^fl,, a6Blr cis&i, which is the integrin that binds
fibronectin, and a4B1, a receptor on T-cell lymphocytes
(Isberg 1990).
Regulation of invasin expression is temperature
controlled

(Isberg et al. 1988).

The amount of invasin on

the bacterial surface decreases with increasing
temperature.

Thus, bacteria cultured at 28 °C enter cells

10 times more efficiently than those cultured at 3 7 °C
(Isberg et al. 1988).

At environmental temperatures,

Yersinia produce abundant invasin and are primed for
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cellular uptake.
is inhibited.

At body temperatures,

invasin synthesis

This implies rapid cellular uptake,

in a

variety of cell types, is important early in infection, but
may be a disadvantage later.

Interestingly, binding of the

fibronectin integrin a5/3! on macrophages results in
phagocytic activation.

Continued expression of invasin

could activate phagocytic cells resulting in bacterial
destruction.
Recently, another outer membrane protein has been
shown to mediate binding and internalization of Yersinia in
eukaryotic cells

(Miller and Falkow 1988).

Like invasin,

the locus encoding this protein, termed ail for attachment
invasion locus, has been cloned and transforms previously
innocuous Escherichia coli into a strongly adherent and
invasive strain (Miller and Falkow 1988).

Ail is surface

exposed and has a molecular weight of 15 kD.
Unlike invasin, Ail binds selectively to cell lines,
promoting entry in some, but only attachment in others
(Isberg 1990).

Moreover, serum factors are required for

invasion in certain cell lines.

It is suggested Ail

mediated entry requires binding of both bacterial and serum
components to cell receptors

(Isberg 1990).

Cell lines

lacking the serum receptor are unable to internalize the
bacteria.

However, certain cell lines, CHO for example,

can rapidly bind and internalize bacteria in the absence of
ser u m .
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Like invasin, the synthesis of Ail is temperature
dependent
manner.

(Isberg 1990), but is expressed in an opposite
The synthesis of Ail is induced at 37 °C and

inhibited at lower temperatures.

This implies a sequential

expression of proteins on the bacterial surface:

invasin in

the cool extracellular environment, and Ail when bacteria
are internalized.

Currently,

invasin is thought to mediate

uptake of Yersinia across epithelial surfaces
intestinal)

(oral,

and Ail is believed to mediate spread of the

bacteria in host tissues (Isberg 1990).
Isberg

(1990)

eukaryotic cells.

indicated a third pathway for entry into
Bacteria with defective invasin

synthesis can be induced to invade monolayers if a
virulence associated plasmid is introduced into the
mutants.

This pathway is not temperature controlled,

contrast to invasin and Ail mediated entry.

in

It is not

known what plasmid encoded products are involved.

Isberg

(1989) suggested the plasmid encodes for a cytotoxin and
that cell cytotoxicity induces bacterial uptake.
In addition to the above mentioned plasmid encoded
product, a number of plasmid encoded outer membrane
proteins are implicated in attachment and intracellular
survival

(Martinez 1983).

Five outer membrane proteins,

known as plasmid outer membrane proteins

(POMPs), are

expressed in Yersinia pseudotuberculosis and Yersinia
enterocolitica

(Portnoy et al. 1981; Portnoy et al. 1984).
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A number of virulence phenotypes are attributed to these
outer membrane proteins, although underlying mechanisms are
unknown.

These phenotypes include autoagglutination,

hydrophobicity, serum resistance, and resistance to
phagolysosomal destruction (Cornelius et al. 1987).
One of the outer membrane proteins, Pt (160 kD)
implicated in attachment.

is

This protein forms a fibrillar

matrix around the bacteria that is thought to interact with
the cell surface.

Hydrophobicity may also be involved,

since this affects bacteria cell surface interactions
(Cornelius et al. 1987).
Transcellular passage
Mechanisms by which Yersinia exit epithelial cells are
unknown, but like Salmonella it is thought to be a
transcytotic event (Finlay and Falkow 1988d).

Yersinia can

pass through polarized monolayers and leave the monolayer
intact.

Yersinia exiting the basilar surface have not been

observed; passage has been confirmed by culture
Falkow 1988d).

(Finlay and

Intestinal infections have also failed to

show exiting cells; bacteria are seen in the lamina propria
indicating successful escape.

These bacteria are rapidly

engulfed by phagocytic cells (Une 1977a).
Serum and phagocyte resistance
Resistance to serum lysis by Yersinia enterocolitica
has been correlated with plasmid encoded outer membrane
proteins, and treatment with trypsin abolishes this

70
protection (Martinez 1983).
Yersinia pseudotuberculosis.

This has not been shown for
In Yersinia enterocolitica.

mutants lacking the P, fibrillar matrix are serum sensitive
implying this protein may play a major role (Balligand
1985).

Other POMPs are also involved since mutants

expressing only ?! are serum sensitive (Balligand et al.
1985).
Plasmid encoded products are also responsible for
resistance to phagocytic destruction (Lian and Pai 1985).
Plasmid bearing bacteria were estimated to be four- to six
fold more resistant to phagocytic destruction then non
plasmid bearing strains.

This effect was partially blocked

by protease treatment indicating the role of surface
proteins.
Toxins
Yersinia enterocolitica produces an enterotoxin which
is heat stable and has been compared to the ST toxin of
Escherichia coli (Pai and Mors 1978; Boyce et al. 1979).
It is unknown what,

if any role, this toxin has in

pathogenesis since non-pathogenic, environmental strains
also express it (Pai et al. 1978).
Iron siderophores
Iron availability influences the outcome of infections
by several serotypes of Yersinia enterocolitica.

Serotypes

0:3 and 0:9 have a 100,000-fold reduction in 50% lethal
dose in mice if the animals are pre-treated with
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desferroxamine B, an iron supplement (Robins-Browne and
Prpic 1985) .

By contrast, serotype 0:8 has no additional

iron requirement for virulence (Carniel et al. 1987).

The

0:8 serotype has two high molecular weight outer membrane
proteins believed to be involved in iron sequestration
which are lacking in the 0:3 and 0:9 serotypes
al. 1987).

(Carniel et

Both aerobactin and enterochelin are used by

yersinia to obtain iron (Perry and Brubaker 1979).
Genetic control of virulence
The genes encoding iron related proteins, and the
attachment proteins invasin and Ail, are chromosomal
(Carniel et al. 1987; Isberg 1990).

The invasin locus

(inv) is 3.2 kilobases and codes for only one protein,
invasin.

The ail locus is only 650 base pairs and again

encodes for a single outer membrane protein.

Are these

loci associated primarily with virulent bacteria or do non
pathogens also possess them?
Hybridization studies using restriction fragments from
both genes have been performed (Miller et al. 1989b).

For

the inv locus, five patterns of probe hybridization were
observed but only two patterns (TI and TI/II) were seen in
virulent strains (Miller et al. 1989b).

Of tested strains

showing one of these two patterns, 90% were virulent.

The

ail locus is even a better prognostic measure of virulence.
A 98% correlation between ail hybridization and invasive
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phenotypes is seen (Miller et al 1989b).

Invasiveness is

clearly correlated with possession of these loci.
In addition to chromosomal loci, a 70 kilobase plasmid
is required for virulence (Portnoy and Martinez 1985).

The

plasmid is not required for invasion but is necessary for
intracellular replication and subsequent infection of other
tissues (Cornelis et al 1987).

As previously mentioned,

phenotypes associated with the virulence plasmid include
autoagglutination, hydrophobicity, serum resistance,
resistance to phagolysosomal destruction, and additionally,
congo red binding, mannose resistant hemagglutination,

and

a nutritional requirement for calcium at 37 °C (Martinez
1983; Kapperud et al. 1985).

Expression of these

phenotypes are temperature controlled.
The regulatory protein or encoding locus responsible
for temperature sensitivity in Yersinia is undetermined,
but it is apparent control is well coordinated.
earlier,

As stated

invasin is maximally produced at temperatures near

28 °C and minimally produced at 37 °C (Isberg et al 1988).
Ail has exactly the opposite expression pattern (Isberg
1990).

Plasmid encoded phenotypes are also optimally

expressed at 37 °C verses 28 °C (Martinez 1983; Bolin et
al. 1985).
The low intra-cellular calcium concentration in
eukaryotic cells may also be an important regulatory
signal.

Plasmid encoded protein synthesis is sensitive to
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calcium levels and is inhibited at extracellular
concentrations

(Portnoy and Martinez 1985).

Taken together, bacterial passage from the
extracellular to the intracellular environment results in
the repression of some loci (invasin) and activation of
others (ail and plasmid associated).

Like Shigella,

yersinia appears to control these changes by environmental
temperature induced mechanisms.

Invasion mechanisms

utilized by Salmonella, Shigella, and Yersinia to invade
intestinal epithelium, and which may be used by
Edwardsiella ictaluri to access fish are highlighted in
table 4.

Study objectives
As previously mentioned, the definitive pathogenesis
of ESC is unknown.

The acute form is thought to result

from intestinal invasion, while passage across the
olfactory sac is believed to produce chronic ESC.

Initial

goals of this study were to verify the intestine as a route
of infection, to provide a descriptive sequence of events
following enteric exposure, and to clarify mechanisms of
transmucosal passage and dissemination.
In addition, a number of bacterial components in other
enterobacteriaceae are known to be immunogenic (LPS, outer
membrane proteins,

flagella).

An additional goal was to
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Table 4: Highlights of invasion mechanisms used by
Salmonella, Shigella, and Yersinia species.
Genera

Salmonella

Shigella

Yersinia

Cell type

Epithelial

Colonic

Epithelial

entered

cells and M

epithelial

cells and

cells

cells

M cells

Yes

Yes

Yes

No

No

No

Vacuole

Cytoplasm

Vacuole

Yes

Yes

Slow

Yes

Yes

No

No

Yes

No

Motile

Yes

No

Yes

Chemotactic

Yes

No

Unknown

Microfilaments
required
Endosome
acidification
required
Intracellular
location
Multiplication
within enterocytes
Bacterial metab
olism required
for entry
Plasmid neces
sary for
invasion
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Genera

Salmonella

Shigella

Yersinia

Temperature reg

No

Yes

Yes

No

No

Integrins

1) Cholera

1) Shiga

Entero-

like toxin;

and shiga-

toxin

2) Surface

like toxins

toxin; 3)

2) endo

endotoxin

toxin

ulated invasion
Identified cel
lular receptors
Toxins

establish the immunogenicity of structural components of E.
ictaluri in naturally infected channel catfish.
Specific objectives were: 1) To successfully infect
channel catfish by gastric intubation and establish the
time required for bacterial passage; 2) To quantify
bacterial numbers reaching internal organs; 3) To clarify
possible mechanisms of mucosal attachment and invasion; 4)
To determine early pathologic changes associated with
bacterial invasion; and, 5) To establish the immunogenicity
of whole cell preparations and enriched fractions of E.
ictaluri LPS, outer membrane proteins, and flagella in
naturally infected channel catfish.

CHAPTER II.

EARLY EVENTS IN THE PATHOGENESIS OF ENTERIC

SEPTICEMIA OF CHANNEL CATFISH,.CAUSED BY EDWARDSIELLA
ICTALURI: LIGHT MICROSCOPIC AND BACTERIOLOGIC FINDINGS

Introduction
Channel catfish farming has become a major
agricultural industry in the southern United States.

As

catfish production has increased, so have catfish losses,
particularly due to disease (Catfish Production 1991).
Enteric septicemia of catfish (ESC), caused by the
bacterium EL_ ictaluri, is the most significant disease of
cultured channel catfish (Macmillan 1985), currently
accounting for 34% of all disease cases submitted to the
Louisiana Aquatic Diagnostic Laboratory (J. Hawke,
Louisiana State University, personal communication), and
40% of cases seen at the Mississippi Cooperative Extension
Service

(M. Johnson, Mississippi State University, personal

communication).
Enteric septicemia of catfish occurs in acute and
chronic forms

(Johnson 1989).

The acute form is a

bacterial septicemia characterized by hemorrhage and
necrosis in multiple organs.

The chronic form is a

meningoencephalitis with dorsal extension through the sutra
fontanel of the skull.

The pathogenic mechanisms

underlying the development of these forms are unknown.
76

77
Shotts et al.

(1985) and Newton et al.

(1989) both proposed

that intestinal penetration by EL. ictaluri results in the
acute form of ESC, and that passage through the olfactory
sac and the subsequent ascending olfactory neuritis and
perineuritis produces chronic ESC.

However,

bacterial

passage across either mucosal barrier has not been
documented.
The objectives of this study were:

1) to confirm the

intestine as a site of bacterial entry and establish
bacterial access times; 2) to identify intestinal
morphologic changes associated with bacterial penetration;
3) to identify early morphologic changes in other tissues;
and, 4) to quantify bacterial numbers accessing internal
or gans.

Materials and methods
Bacteria
Edwardsiella ictaluri. strain LA 89-9, a virulent
isolate obtained from a natural epizootic of ESC, was used
for experimental infection.

Virulence was ensured by four

serial passages of EL. ictaluri, strain LA 89-9,

in channel

catfish fingerlings using an intragastric route of
infection (1.0 X 109 colony forming units [CFU]/fish).
Twenty-four hours PI, fingerlings were sacrificed and the
trunk kidneys cultured.

Resulting bacterial colonies were

used to reinfect new fingerlings.

Bacteria were then
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stored at -70 °C in brain heart infusion broth (BHIB, Difco
Laboratories, Detroit, MI) containing 20% glycerol until
needed for infection trials.

Culture identity was

routinely verified using standard biochemical tests (Farmer
& McWhorter 1985).
Maintenance of channel catfish fingerlings
Enteric septicemia free fingerling channel catfish
(10-12 cm, 9-13 g ) , hatched from disinfected eggs and
raised in ESC-free recirculating systems were used.
Fingerlings were maintained in 115 L glass aquaria under
slow, flow-through conditions (two water changes/day),
using dechlorinated Baton Rouge city water with
supplemental filtration provided by in-tank, air-lift
sponge filters.

Water temperature was maintained at 26 ± 2

°C with in-tank, submersible, aquarium heaters.

Water

quality (ammonia, nitrites, pH) was monitored biweekly
using a commercially available kit (Hach Company, Loveland,
CO).

Nitrite and ammonia levels were consistently below 1

part per million; water pH was 8.0.

Fish were fed a

commercially prepared ration (Zeigler Brothers,
Incorporated, Gardners, PA) three times a week.
Infection trials were done under the conditions
described above but with flow through rates increased to
four water changes per day and the in-tank sponge filters
removed (to avoid filter contamination).
the same as in maintenance tanks.

Water quality was
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Experimental infection
Frozen virulent bacteria were cultured on brain heart
infusion agar (BHIA, Difco Laboratories)
°C.

for 24 hours at 26

Single colonies were transferred to BHIB and incubated

for 18 hours at 26 °C with moderate shaking (100
revolutions/minute)

in a water bath.

Bacteria were

harvested by centrifugation and resuspended in 1% sterile
peptone broth (Difco Laboratories), pH 7.2, to a
concentration of approximately 5.0 X 109 bacteria/mL
diluent, as measured by spectrophotometry.

Prior plate

counts were used to established the correct
spectrophotometric density.
All fingerlings were inoculated by intragastric
intubation using an 18 gauge, stainless steel, animal
feeding needle (Popper and Sons Incorporated, New Hyde
Park, N Y ) .

Each fingerling, except control fish, received

200 fill of the bacterial suspension (approximately l . o
bacteria).

Control fish received peptone broth only.

were not anesthetized prior to intubation.

X 109
Fish

Following

intubation, fish were returned to tanks and watched closely
for regurgitation.

Only rarely was regurgitation observed

and these fish were reintubated.
Tissue collection
Ten fish were sacrificed at time 0 to serve as
controls.

Infected fingerlings were sacrificed at 0.25,

0.5, 1, 3, 6, 12, 24, 48, 72, 96, and 120 hours PI.

From
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0.25 to 3 hours PI, twenty fish per time period were
sampled (individual fish were infected and sacrificed
before the next fish was infected to allow for strict
adherence to sampling time frames).
fish per time period were sampled.

After 3 hours, ten
Fish were euthanized by

exposure to 0.5% 3-aminobenzoic acid (Methanesulfonate
salt, Sigma Chemical Company, St, Louis, MO) for 5 minutes
(time included in total infection time)

and necropsied.

Samples of liver, trunk kidney, stomach, and intestine
were sterilely collected for bacterial quantitative
culture.

Remaining portions of intestine

the tract), liver, trunk kidney,

(from throughout

spleen, and head kidney

were fixed in 1.25% glutaraldehyde and 2% paraformaldehyde
in 0.1 M sodium cacodylate buffer, pH 7.2, at room
temperature.

Tissues were gently agitated in fixative for

5 hours, rinsed twice for 3 0 minutes in cacodylate buffer,
and stored in buffer at room temperature for several days
prior to processing.
Tissue processing
Fixed tissues were dehydrated by immersion in graded
ethanol

(3 0% to 100%), infiltrated and embedded in LR-white

resin (London Resin Company, Basingstoke, Hampshire, U K ) ,
and sectioned at 0.5 /mt on a Sorval MT 5000 ultra
microtome.

Sections were stained with 1% toluidine blue in

1% sodium borate for 2 minutes, washed in deionized water,
and counter stained with 1% basic fuchsin for 3 0 seconds.
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Quantitative cultures
Quantitative cultures of liver and trunk kidney were
done on brain heart infusion agar (BHIA, Difco
Laboratories)

at 26 °C.

Quantitative cultures of stomach

and intestine, including contents, were done on a media
selective for Eh. ictaluri (Shotts and Waltman 1990) at 26
°C.

Tissues were aseptically weighed and then homogenized

in 7 mL glass tissue grinders (Kimax, Toledo, OH) with 1 mL
added sterile peptone broth.

Serial dilutions were

immediately made in peptone broth and 40 /iL, from each
dilution plated.

Culture plates were incubated for 3 days

and CFU were counted.

Bacteria per gram of tissue were

calculated.
Rabbit anti-E.

ictaluri sera

To identify Eh ictaluri by immunostaining in tissue
sections, polyclonal antisera specific for Eh. ictaluri was
produced.

Virulent Eh. ictaluri were cultured in BHIB and

harvested by centrifugation.

The bacterial pellet was

suspended at a concentration of approximately 1% in 3.7%
neutral buffered formaldehyde in 0.85% NaCl, and incubated
with gentle rocking at 4 °C for 12 hours.

Fixed bacteria

were pelleted by centrifugation, washed three times by
suspension in 10 mM Hepes buffered saline, pH 7.4, for 5
minutes, and recentrifuged.

The bacterial mass was dried

at 32 °C, finely ground with a mortar and pestle, and
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resuspended in phosphate buffered saline (PBS), pH 7.2, at
1 mg/mL.
One mL of the bacterin was emulsified with 1 mL
complete Freund's adjuvant (Difco Laboratories)

and

administered subcutaneously, at multiple sites, to a New
Zealand white rabbit.

The first booster, of similar volume

but in incomplete Freund's adjuvant (Difco Laboratories),
followed in 3 weeks.

Three subsequent boosters were given

at 3 week intervals.

Twenty mL of blood were collected

from the auricular artery 3 weeks following the last
booster.

The serum was harvested and stored at -70 °C.

A

dilution titer of 1:10,000 was obtained by enzyme linked
immunosorbant assay (ELISA) with sonicated, formalized E.
ictaluri as antigen.

Antibody specificity was checked by

ELISA using sonicated formalized Escherichia c o l i .
Aeromonas hydrophila. and IL_ tarda as antigens.
Escherichia coli and Aeromonas hydrophila coated plates had
no cross reactivity.

Edwardsiella tarda coated plates had

cross reactivity for dilutions of 1:100 and less, but were
negative for dilutions greater than 1:100 indicating good
antibody specificity for EL. ictaluri.

Biotinylated, goat

anti-rabbit IgG (Vectastain ABC kit, Vector Laboratories,
Burlingame, CA) was purchased.
Immunohistochemical detection of E. ictaluri
A modified immunoperoxidase staining technique was
used to identify E^. ictaluri in tissue sections (Hsu et al.

1981) .

Immunoperoxidase staining procedures followed

standard protocols with all steps performed at room
temperature.

Endogenous peroxidase activity was eliminated

by immersion in 0.3% hydrogen peroxide for 15 minutes.
Sections were washed and nonspecific binding sites blocked
by immersion for 1 hour in 1:100 goat serum diluted in 0.1
M Tris buffer, pH 7.2.

Primary rabbit anti-E.

ictaluri

serum at 1:1000 dilution in 0.1 M Tris buffer, pH 7.2, was
applied for 1 hour.

After washing, biotinylated, goat,

anti-rabbit IgG (Vectastain ABC kit) diluted to 1:1000 in
Tris buffer was applied for 1 hour.

Following washing, an

avidin-biotin-peroxidase complex (Vectastain ABC kit) was
applied for 1 hour.

Color development was done using 3-3'-

diaminobenzidine tetrahydrochloride (DAB, Sigma Chemical
Company, St. Louis, MO) solubilized in 0.1 M Tris buffer,
pH 7.2, containing 0.02% hydrogen peroxide and 0.04% nickel
chloride.

Color development was monitored visually and

stopped by immersion in deionized water.

Slides were

counter stained in 1% basic fuchsin.
Statistical evaluation
Logarithmically transformed bacterial counts per time
period were analyzed using the general linear model for an
unbalanced analysis of variance.

Logarithmically

transformed means were used due to the wide distribution of
means.

Comparison of means was by Tukey's studentized
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range test (SAS Institute 1988).

Results were considered

significant if P<0.05.

Results
Bacterial cultures
No fish cultured positive for E^ ictaluri in control
fish.

At 0.25 h PI, trunk kidneys were positive for E.

ictaluri in six of twenty fish.

Positive liver cultures

were seen in six of twenty fish at 0.5 h PI, while eleven
of twenty kidney cultures were positive at this time
period.
hours PI.

All liver and kidney cultures were positive by 72
Logarithmic transformations of mean CFU per g

liver, trunk kidney,

stomach, and intestine,

for time

periods 0.5 to 96 hours PI, with standard deviations,

are

represented graphically in figures 5a and 5b.
Significant increases from all earlier means were seen
in the liver from 48 to 96 hours PI and in the trunk kidney
from 24 to 96 hours.

Bacterial numbers in trunk kidney

cultures were higher than those in liver cultures at every
time period.

Colony forming units were to numerous to

count in the liver and kidney at 120 h PI.

Counts

exceeding 106 bacteria per gram tissue were common in trunk
kidney cultures from 48 days PI.

In the intestine, CFU at

96 hours PI were significantly higher than those at 6 and
12 hours.

No means were significantly different at any

time period in stomach cultures.
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Figures 5a and 5b: Logarithmic transformation of mean CFU/g
stomach, intestine, liver, and trunk kidney, with standard
deviations.
Means significantly different are marked (*).
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Gross lesions
The earliest gross lesions, seen at 48 hours PI, were
petechiae in the skin at the base of the fins and in the
liver in three of ten fish.

At 72 hours p i , similar

changes were observed in six of ten fish.

In addition, the

intestine was edematous in four of the fish.

At 96 hours

PI, five of ten fish had multifocal petechiae in the skin,
intestine,

liver, and head kidney.

In these fish, the

liver, trunk kidney, spleen, and intestine were severely
edematous and soft.
thin.

Ascites was common and the blood was

Multifocal areas of epidermal hemorrhage and

necrosis were present.
the anterior intestine.
but retractable.

One fish had a intussusception in
The intussusceptum was deep red

By 120 hours PI, nine of ten fish had

gross lesions similar to those described above.
Histologic findings
Intestine: All sections from fish at time 0 and 0.25 h
PI were essentially normal.

At 0.5 hours PI, bacteria were

seen along the brush border of the anterior and middle
portions of the intestine (figure 6).

These were

identified as E^_ ictaluri by immunostains

(figure 6,

insert).

In addition,

individual cells of unknown

identity,

located near or on the basement membrane, were

dilated, vacuolated, and contained large intracytoplasmic
inclusions

(figure 7).

These dilated basilar cells were

most numerous at tips of intestinal folds, decreased in
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number along sides of folds, and were rare in fold crypts.
These cells increased in number from 0.5 hours to 24 hours
PI.
In some intestinal sections, between 1 and 3 hours PI,
individual enterocytes located on fold tips were necrotic
(figure 8).

Adjacent cells were morphologically normal.

Bacteria were often, but not always, associated with
necrotic cells.

The bacteria were identified as E.

ictaluri by immunostains (figure 8, .insert).

Prominent

dilated basilar cells were always subadjacent to these
necrotic cells.
Proprial leukocyte infiltrates were observed rarely
within the first 24 hours of infection (5 of 110 fish).
Thereafter, proprial infiltrates were common, thickened the
lamina propria, and extended between enterocytes
9).

(figure

Leukocyte margination in large vessels, mucosal edema,

and rarely, proprial hemorrhage were also seen.
bacteria,

identified as

Numerous

ictaluri by immunostains, were

within leukocytes (figure 9, insert).
At 24 hours PI, most leukocytes containing bacteria
had only one or two intracytoplasmic organisms.

Within

some leukocytes, bacteria were apposed end-to-end and
incompletely separated.
seen.

Few degenerate leukocytes were

By 72 to 120 hours PI, leukocytes contained numerous

intracytoplasmic bacteria.

Numerous inflammatory cells

were dilated, had fragmented cytoplasm, and pyknotic or
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Figure 6: Photomicrograph of anterior intestine 0.5 hours
PI with EL. ictaluri and immunostained serial section
(insert). Numerous luminal bacteria (arrows) line the
brush border (LR-white sections X 720).
Figure 7: Photomicrograph of anterior intestine 0.5 hours
PI with EL, ictaluri (LR-white section X 720) . Numerous
dilated cells (arrow) subadjacent to the basement membrane
are seen near the tips of intestinal folds.
Prominent
cytoplasmic inclusions are in these cells.
No bacteria are
seen in the lumen (n).
Figure 8: Photomicrograph of necrotic enterocytes (e) at
the tip of an intestinal fold 1 hour PI with EL. ictaluri
(LR-white sections X 720).
Dilated basilar cells (arrow)
are seen.
Bacteria are within the lumen (n). The insert
is a photomicrograph of an immunostained section which
identifies the bacteria (arrow) as EL, ictaluri.
Figure 9: Photomicrograph of anterior intestine and
immunostained serial section (insert) 72 hours PI (LR-white
sections X 720).
Numerous leukocytes (c) have infiltrated
the lamina propria and are among enterocytes (e).
Leukocytes contain few to numerous EL. ictaluri (arrow).
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absent nuclei.

Inflammatory cells extended into the mucosa

which was thin but not ulcerated (figure 9).
Bacteria were not observed within or between viable
enterocytes in any sections examined.

Free bacteria in the

lamina propria were rare and always associated with
degenerate leukocytes.
Liver: Sinusoid associated leukocytes containing
intracytoplasmic bacteria were first observed at 48 hours
PI, and the presence of these cells containing bacteria was
the earliest morphologic change observed in the liver
(figure 10) .

The bacteria were identified as

by immunostains

ictaluri

(data not shown) and bacteriologic culture.

The number of liver sections containing observable bacteria
increased over time; by 120 hours PI, most sections had
identifiable bacteria.

Leukocytes containing bacteria were

seen in larger vessels at 72 and 96 hours PI (figure 11).
Bacteria were not seen in cells that definitively could be
identified by light microscopy as hepatocytes.
Soleen. trunk kidney, and head kidnev: In all tissues,
multifocal interstitial leukocyte aggregates were first
observed 48 hours PI and increased in number and size with
time.

In the spleen, infiltrates surrounded central

arterioles

(figure 12).

In the trunk kidney, bacteria-

laden leukocytes were between renal tubules (figure 13).
With time, aggregates increased in size and leukocytes
extended between tubular epithelial cells.

At 12 0 hours
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PI, leukocytes containing bacteria were seen in glomerular
capillaries and larger blood vessels.

In the head kidney,

leukocytes containing bacteria separated and replaced
interrenal and hematopoietic cells.

No bacteria were

observed in interrenal cells in the head kidney, renal
tubular epithelium, or in hematopoietic cells in all
organs.

In all tissues, the bacteria seen were identified

as Ei ictaluri by immunostains (data not shown) and
bacteriologic culture.

Discussion
Results of this research indicate

ictaluri may have

an invasion strategy similar to other enteroinvasive
enterobacteriaceae.

Both Salmonella and Yersinia species,

which cause systemic infections, penetrate the intestinal
epithelium of the host and parasitize underlying resident
macrophages (Takeuchi 1967; Finlay and Falkow 1988a).
These pathogens disseminate to other tissues within or
attached to phagocytes, and replicate within these cells
(Finlay and Falkow 1989a),

Salmonella and Yersinia species

which are systemic pathogens utilize existing cellular
pathways to penetrate the intestine but produce little
epithelial necrosis (Finlay and Falkow 1988a).
A similar pathogenesis for infection by E^. ictaluri is
supported by the following observations: l)

ictaluri

crossed the intestinal epithelium and accessed internal
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Figure 10: Photomicrograph of liver 72 hours PI (LR-white
section X 720).
Sinusoid associated cells morphologically
similar to mononuclear leukocytes contain bacteria
(arrows). Bacteria were not definitively identified in
hepatocytes (h).
Figure 11: Photomicrograph
(LR-white section X 720).
with cytoplasmic bacteria
cells (p) and hepatocytes

of a portal vessel 72 hours PI
Within the vessel are leukocytes
(arrows). Adjacent pancreatic
(h) do not contain bacteria.

Figure 12: Photomicrograph of spleen 72 hours PI (LR-white
section X 720).
Surrounding the central arteriole (a) are
numerous pale staining leukocytes (c). Some leukocytes
(arrow) contain cytoplasmic bacteria.
Figure 13: Photomicrograph of trunk kidney 48 hours PI (LRwhite section X 720).
Moderate numbers of leukocytes (c)
have infiltrated between tubules (t). Occasional
intracytoplasmic bacteria are seen (arrow) within
leukocytes.

organs rapidly following exposure by intragastric
intubation;

2) Widespread necrosis of the intestinal

mucosa was not seen in fish culturing positive for E.
ictaluri.

Early lesions consisted of dilated basilar

located cells and occasional necrotic enterocytes on tips
of intestinal folds; 3) In all tissues, bacteria were
consistently seen within leukocytes and not other cells;
and, 4) bacterial counts were highest in tissues possessing
higher numbers of resident macrophages.
By 0.25 hours PI, 3 0% of trunk kidney cultures were
positive for E^. ictaluri indicating rapid bacterial passage
through the intestinal epithelium.

Yersinia species also

attach to and penetrate cell membranes in minutes
and Bolin 1983).

(Brunius

Yersinia do not have to be metabolically

active to access eukaryotic cells since formalized bacteria
are also internalized (Finlay and Falkow 1989a).

In

contrast, Salmonella do not penetrate cell membranes for
several hours PI, and bacterial de novo protein synthesis
is required for this organism to invade cells (Finlay et
al. 1988b).

In this respect, EU. ictaluri is most like

Yersinia, successfully crossing the intestinal epithelium
in minutes.

This rapid passage suggests E^_ ictaluri may

utilize normal cellular transport systems to cross
epithelium and does not require de novo bacterial protein
synthesis to access fish.

In fish culturing positive for E^_ ictaluri. widespread
necrosis of the intestinal mucosa was not seen.

Earliest

histologic lesions were the rapid appearance of numerous
dilated basilar located cells with prominent cytoplasmic
inclusions, and occasional necrotic enterocytes on villus
tips.

The identity of the basilar reactive cells is

unknown.

Perhaps they are resident macrophages,

and the

cytoplasmic inclusions are phagocytosed cellular debris.
Alternatively, they could be necrotic enterocytes although
this is considered unlikely; their consistent basilar
location and morphologic characteristics are not typical of
enterocytes.
The significance of the necrotic enterocytes observed
on some tips of intestinal folds is unknown.

They were an

irregular finding on sections from 1 and 3 hours PI and
were not observed at other time periods.
all, had associated bacteria.

Some, but not

Perhaps the passage of E.

ictaluri through some enterocytes results in cellular
death.

Salmonella and Yersinia species have been shown to

replicate in and destroy non-phagocytic eukaryotic cells,
although phagocytic cells are principally targeted for
infection

(Finlay and Falkow 1988c; 1989a).

In the intestine,

liver, spleen, trunk kidney,

and

head kidney, bacteria were consistently seen in leukocytes
and the bacteria were commonly apposed end-to-end and
incompletely separated.

Intracellular replication must be

confirmed, however,

since the bacteria may have been

replicating prior to phagocytosis.

Interestingly,

it was

vascular associated phagocytes which were first seen
containing bacteria, and in large vessels,
intracytoplasmic bacteria were seen.

leukocytes with

This suggests that

dissemination may be within phagocytes.

Rare bacteria were

free in the interstitial tissues, but these were usually
associated with degenerate leukocytes, suggesting they were
formerly intracellular.
Why trunk kidney cultures are more sensitive than
liver cultures and consistently have higher bacterial
counts is unknown.

This difference may be due to increased

numbers of resident macrophages in the trunk kidney
compared with the liver (Grizzle and Rogers 1976).
In conclusion, this study confirms the intestine as
one site of bacterial access in ESC, and establishes that
intestinal invasion occurs as early as 0.25 hours PI.
Furthermore, the rapid mucosal passage, the absence of
widespread intestinal epithelial necrosis, and the
consistent location of E^_ ictaluri within leukocytes are
characteristics of other enteropathogenic
enterobacteriaceae that may be shared by

ictaluri.

CHAPTER III.

EARLY EVENTS IN THE PATHOGENESIS OF ENTERIC

SEPTICEMIA OF CATFISH: ELECTRON MICROSCOPIC FINDINGS

Introduction
Enteric septicemia of catfish (ESC), caused by the
Gram-negative bacterium Eh. ictaluri. is the most
significant disease of the channel catfish farming industry
(MacMillan 1985) .
unknown.

The definitive pathogenesis of ESC is

The work described in chapter II showes E.

ictaluri rapidly crosses the intestinal epithelium, and
morphologic changes at the light microscopic level
associated with bacterial invasion were described.

At 30

minutes PI, bacteria lined intestinal epithelial cells and
large dilated cells subadjacent to the basement membrane
were seen.

Between 1 and 3 hours PI occasional necrotic

enterocytes were on tips of intestinal folds.

Proprial

leukocyte infiltrates were common after 24 hours PI and
bacteria were consistently seen within leukocytes.
Vascular associated leukocytes containing bacteria were the
first lesions seen in other organs.

Ultrastructural

studies were undertaken to better define these light
microscopic findings:

1) To clarify bacterial attachment

and penetration; 2) To better characterize early
morphologic changes in the intestine and other organs; and,
3) To clarify leukocyte-bacterial interactions.
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Materials and methods
Bacteria
E. ictaluri. strain LA89-9, originally isolated from a
natural epizootic of ESC, was used in infection trials, and
as an antigen source for the production of specific anti-E.
ictaluri sera.

Bacteria were cultured and stored as

described in the previous chapter.

Bacterial identity was

verified periodically utilizing standard biochemical and
growth parameters
1985).

(Hawke et al. 1981; Farmer and McWhorter

Virulence was ensured by serial passage through

fingerlings as described in the previous chapter.
Rabbit anti-E. ictaluri sera
To identify bacteria in electron micrographs as E.
ictaluri. polyclonal rabbit antisera specific for E.
ictaluri was produced as described in the previous chapter.
Dilution titers were checked by enzyme linked immunosorbant
assays

(ELISA) with sonicated formalized E^_ ictaluri as

antigen.

A dilution titer of 1:10,000 was obtained

following the fourth booster.

The rabbit was bled and the

serum harvested and stored at -70 °C.

Antibody specificity

was checked by ELISA using sonicated formalized Escherichia
coli. Aeromonas hvdrophila. and

tarda as antigens.

Escherichia coli and Aeromonas hvdrophila coated plates had
no cross reactivity.

Edwardsiella tarda coated plates had

cross reactivity for dilutions of 1:100 and less, but were
negative for dilutions greater than 1:100.

Commercially
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available, 5 and 15 nm, gold-tagged, goat anti-rabbit IgG
(Bio Cell, Cardiff, Uk) was used as secondary antibody for
identification of E-_ ictaluri on electron microscopy.
Maintenance and experimental infection of catfish
Enteric septicemia free fish, hatched and raised in
ESC free recirculating systems were used.

Channel catfish

fingerlings, 10-12 cm long and weighing 9-13 g, were
maintained in 115 L glass aquaria as described in the
previous chapter.
Virulent bacteria were cultured and fingerlings
inoculated by gastric intubation as described previously.
Each fingerling, except control fish, received
approximately 1.0 X 109 colony forming units E^. ictaluri.
Control fish received diluent only.

To avoid

regurgitation, fish were not anesthetized prior to
intubation.

Following intubation, fingerlings were

monitored for regurgitation.

The rare fish that

regurgitated were re-intubated.
Tissue collection
Ten fish were sacrificed at time 0 and served as
controls.

Twenty fish were sacrificed per time period at

0.25, 0.5, 1, and 3 hours PI (PI).

To strictly adhere to

early time periods, a fish was infected, transferred to a
new tank, and sacrificed before the next fish was infected.
Ten fish were sacrificed per time period at 6, 12, 24, 48,
72, 96, and 120 hours PI.

Individual fingerlings were
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euthanized by exposure in 0.5% 3-aminobenzoic acid
(Methane-sulfonate salt, Sigma Chemical Company,
MO)

for 5 minutes

St. Louis,

(included in total exposure times)

and

necropsied.
Trunk kidney and liver samples were sterilely
collected for bacteriologic culture, and samples of liver,
trunk kidney, spleen, head kidney, and multiple intestinal
samples from all areas were collected for electron
microscopy

(EM).

Samples were cut into 1 mm square pieces

with a razor blade and immersed in 1.25% glutaraldehyde and
2% paraformaldehyde,
7.2.

in 0.1 M sodium cacodylate buffer, pH

Tissues were fixed for 5 hours at room temperature on

a laboratory rocker.

Tissues were rinsed for 3 0 minutes in

0.1 M sodium cacodylate buffer, pH 7.2, two times.

Tissues

were stored at room temperature in cacodylate buffer for
several days prior to processing.
Bacterial culture
To assess bacterial access to internal organs, trunk
kidney and liver samples were plated directly onto brain
heart infusion agar.

Plates were cultured at 26 °C for 3

days and percent positive cultures noted.
Tissue processing and immunoqold staining
Tissues stored in cacodylate buffer were dehydrated in
graded alcohols

(30 to 100%) and infiltrated and embedded

in LR-white resin (London Resin Company, Basingstoke,
Hampshire, U k ) .

Thick sections were cut and stained as
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described in the previous chapter.

Thin sections were cut

at 60 run on a Sorvall MT 5000 ultra-microtome.

Sections

were placed on 200 mesh nickel grids (Ted Pella, Inc.,
Redding, C A ) .
Immunogold staining of EL. ictaluri was done at 37 °C.
Nonspecific binding sites were blocked by immersing grids
in 1% normal goat serum dissolved in 0.1 M Tris buffer, pH
7.2

(TB), for 20 minutes.

anti-E.

A 1:1000 dilution of rabbit

ictaluri in TB was subsequently applied for 1 hour.

Following washing in TB, 5 or 15 nm, gold-tagged, goat
anti-rabbit IgG, at a dilution of 1:100 in TB was applied
for 1 hour.

Grids were washed in deionized water and

stained for 10 minutes each in uranyl acetate and lead
citrate.

Sections were viewed with a Zeiss EM109

transmission electron microscope.

Results
Bacterial cultures
Percent positive cultures in liver and trunk kidney
per time period are given in figure 14 (all tissues at time
0 had no growth).

At 0.25 hours PI, 30% of trunk kidney

cultures were positive for EL. ictaluri.

At 0.5 hours PI,

26% of liver cultures and 52% of kidney cultures were
positive for EL. ictaluri.

By 24 hours PI, virtually all

liver and trunk kidney cultures were positive for E.
ictaluri.
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Figure 14: Percent positive liver and trunk kidney cultures
for E_j_ ictaluri, 0.25 to 96 hours PI.

Electron microscopic findings
Intestine:

All sections from fish sampled at 0 and

0.25 hours PI were essentially normal.

At 0.5 hours PI,

bacteria identified as E^. ictaluri by immunogold staining
lined the brush border in sections from the anterior and
middle portions of the intestine (figure 15).
Proteinaceous fimbrial attachments and brush border
degeneration were not observed.

Also at 0.5 hours PI,

dilated cells containing large cytoplasmic inclusions were
seen between enterocytes subadjacent to the basement
membrane

(Figure 16).

These cells were most numerous on
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tips of intestinal folds, decreased in number along sides
of folds,

and were rare in intestinal troughs.

The

dilated, basilar located cells were large, roughly oval,
had round nuclei with small amounts of scattered
heterochromatin, and multiple, cytoplasmic inclusions.
Inclusions consisted of either solid,

fairly homogeneous,

proteinaceous aggregates, or accumulations of degenerate
membranous material

(myelin figures).

Nuclei were

occasionally pyknotic and the cellular organelles
degenerate.
lumen.

Dilated cells never extended to the intestinal

Bacteria were not sequestered in these cells.

Numbers of these cells increased up to 24 hours PI and were
found in all later time periods.
From 1 to 3 hours PI, occasional enterocytes on the
tips of intestinal folds were necrotic

(figure 17).

but not all, were associated with bacteria.

Some,

Adjacent

enterocytes were usually normal.

At 6 hours PI, no

necrotic enterocytes were found.

Proprial leukocyte

infiltrates and leukocytes extending between enterocytes
were rarely observed in the first 24 hours PI, but commonly
thereafter.

Leukocytes were primarily agranular

(macrophages) although some granular leukocytes
(neutrophils) were seen.

Bacteria,

identified as E.

ictaluri by immunogold labeling, were in vacuoles within
leukocytes

(figure 18).

At 24 hours PI, most leukocytes

were nondegenerate and contained low numbers of bacteria.
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Figure 15: Electron micrograph of immunogold labeled E.
ictaluri (i) adhered to the brush border (e) of an
enterocyte, 0.5 hours PI.
Figure 16: Electron micrograph of a dilated basilar cell
(d) between enterocytes (e) at 0.5 hours PI.
Two types of
cytoplasmic inclusions are present: one containing
membranous figures (m) and another composed of
proteinaceous material (p).
Figure 17: Electron micrograph of a necrotic enterocyte at
the tip of an intestinal fold at 72 hours PI.
Immunogold
labeled E^. ictaluri (arrow) border the necrotic cell (n) .
Adjacent enterocytes (e) are relatively unaffected.
Figure 18: Electron micrograph of a leukocyte (1)
infiltrated.between enterocytes (e) at 48 hours PI.
Immunogold labeled EL. ictaluri (arrow) are within
cytoplasmic vacuoles in the leukocyte.
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By 72 hours PI, numerous bacteria were within phagocytes
and phagocytes were degenerate.
Large numbers of leukocytes extended between and
replaced enterocytes by 4 days PI.

On many sections,

only

a thin rim of enterocytes bordering the lumen remained.

No

areas of ulceration were seen.
Bacteria were not seen within or between enterocytes
in early time periods.

However, by 72 hours PI, occasional

enterocytes contained bacteria within the cytoplasm (figure
19).

Bacteria not associated with cells but free in the

connective tissues were rarely observed.

These were always

adjacent to degenerate leukocytes.
L iv e r :

Macrophages,

containing bacteria in

cytoplasmic vacuoles, were within and adjacent to small
vessels and sinusoids at 48 hours PI (figure 20); this was
the first observable lesion in liver sections.

Numbers of

bacteria-laden macrophages among hepatocytes increased in
later time periods..

Phagocytic cells containing large

numbers of bacteria were degenerate.

At 72 hours PI,

bacteria were seen in the cytoplasm of hepatocytes

(figure

21).
Spleen, trunk kidney, and head k i d n e v :

Changes in

these tissues are considered together since lesions were
similar.

Sinus associated macrophages containing bacteria

were seen at 48 hours PI (figure 22).

At later time

periods, macrophages infiltrated between and replaced
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Figure 19: Electron micrograph of an enterocyte containing
immunogold labeled E^. ictaluri (i) in the cytoplasm, 72
hours P I .
Figure 20: Electron micrograph of a hepatic vessel bordered
by hepatocytes (h) at 72 hours PI.
Several erythrocytes
(r) and a leukocyte (1) containing immunogold labeled E.
ictaluri (arrow) are in the vessel.
Figure 21: Electron micrograph of several hepatocytes (h)
at 72 hours PI.
Immunogold labeled E^ ictaluri (arrow) is
in the cytoplasm of a hepatocyte.
Figure 22: Electron micrograph of head kidney at 72 hours
PI.
Adjacent to an erythrocyte (r) are leukocytes (1)
containing E^. ictaluri within cytoplasmic vacuoles.
The
insert (bottom left) shows immunolabeling.
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normal cells.
vacuoles.

Many contained bacteria within cytoplasmic

Macrophages were often degenerate in later time

periods and occasional bacteria were free in the supporting
stroma adjacent to necrotic leukocytes.

Discussion
Results of this research support earlier observations
that Ej. ictaluri may have a similar pathogenesis as other
enteroinvasive enterobacteriaceae, particularly Salmonella
and Yersinia species.

Isolates of Salmonella and Yersinia

which are systemic pathogens, penetrate the intestinal
epithelium and target resident macrophages where they
replicate (Finlay and Falkow 1989a).

Dissemination to

regional lymph nodes and other tissues occurs within
phagocytes (Edelman and Levine 1986; Finlay and Falkow
1989a).
Like Yersinia, which can attach to and penetrate
cellular membranes in minutes (Brunius and Bolin 1983), E.
ictaluri passed through the intestinal epithelium by 0.25
hours PI.

Preliminary intestinal ligation studies

currently in progress suggest bacterial passage may occur
as early as 5 minutes post luminal inoculation.
Unfortunately, bacteria crossing the intestinal mucosa
at early time periods were not observed.
other enteroinvasive enterobacteriaceae,

In investigating
intestinal

ligation and cell culture models have been used to clarify
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mechanisms of epithelial passage
al. 1988a).

(Takeuchi,

1967; Finlay et

These systems allow bacteria to be applied on

a limited surface area and maximize the possibility of
observing transepithelial passage.

Bacteria were seen

within enterocytes and hepatocytes in later stages of
infection,

indicating that eukaryotic cell invasion does

occur.
Salmonella and Yersinia species causing systemic
disease utilize existing cellular transport pathways to
invade eukaryotic cells

(Finlay and Falkow 1989a)

in a

process known as parasite directed or mediated endocytosis
(Moulder 1985) .

The rapid mucosal passage of E_j_ ictaluri

suggests a similar mechanism.

Widespread, bacteria-

induced, enterocytic necrosis with subsequent access to
internal tissues would likely require more time.
Like Yersinia and Salmonella, no proteinaceous
fimbrial structures were seen in E^. ictaluri closely
apposed to enterocytes.

Fimbria have a minimal role in

invasion by Salmonella and Yersinia species (Jones and
Richardson 1981; Isberg et al. 1987).
definitively been shown to have fimbria.

ictaluri has not
If fimbria are

present, their role in pathogenesis is unknown.
The presence of dilated basilar cells and occasional
necrotic enterocytes on the tips of intestinal folds may be
indicators of mucosal passage by JL ictaluri.

The identity

of the dilated cells is unknown; their nuclear and
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cytoplasmic ultrastructure are similar to macrophages.
This suggests they may be resident macrophages and the
prominent cytoplasmic inclusions are accumulated debris
from adjacent enterocytes.

Bacteria, however, were not

sequestered within these cells.
The significance of observed necrotic enterocytes is
also unknown.

They were sporadically seen in sections from

1 and 3 hours PI and at no other time frames.

Some

necrotic cells had associated bacteria, but in others no
bacteria were observed.
through which it passes.

Perhaps E^. ictaluri injures cells
Salmonella have been shown to

replicate within eukaryotic cells although the bacteria can
pass through epithelial monolayers without causing cellular
death

(Finlay et al. 1988b; Finlay and Falkow 1988c).
In all tissues examined, E^_ ictaluri was almost

exclusively found within cytoplasmic vacuoles in phagocytic
cells.

The absence of cytoplasmic granules suggests these

cells are macrophages.

In earlier time periods, phagocytes

contained single bacteria, while in later time periods
phagocytes contained multiple bacteria.

Moreover,

occasional bacteria were apposed at the ends and
incompletely separated,

suggesting bacterial replication.

Further research is needed since the bacteria may have been
replicating when phagocytized.
Perhaps Ej. ictaluri is similar to Salmonella and
Yersinia which target host phagocytes.

Vascular associated
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macrophages consistently contained intracytoplasmic
bacteria.

Only in later time periods were bacteria seen in

other cell types: enterocytes and hepatocytes.

On light

microscopy, enterocytes and hepatocytes containing bacteria
could not definitively be identified.

The increased

resolution provided by electron microscopy was necessary to
positively identify these infected cells.

Interestingly,

both Salmonella and Yersinia, though preferentially
targeting phagocytes, can slowly replicate within other
eukaryotic cells {Finlay and Falkow 1988c).
In conclusion, E^_ ictaluri has been shown to access
fish via the intestinal tract in this study.

Passage

occurs as early as 0.25 hours PI suggesting pre-existing
cellular transport pathways are utilized and de novo
bacterial protein synthesis is not required.

No fimbria or

other proteinaceous attachments were observed in any
sections.

Leukocytes appear important in the pathogenesis

of Ej. ictaluri infections; perhaps EL. ictaluri is similar
in this regard to other enteroinvasive enterobacteriaceae.

CHAPTER IV.

ANTIGENS OF EDWARDSIELLA ICTALURI RECOGNIZED

IN NATURALLY INFECTED CHANNEL CATFISH.

Introduction
Edwardsie11a ictaluri. the cause of enteric septicemia
of catfish (ESC) and a member of the enterobacteriaeeae,

is

a short, Gram-negative, motile rod (Farmer and McWhorter
1985) .

In immunologic studies of other pathogenic Gram-

negative bacteria, outer membrane structures such as
lipopolysaccharide (LPS), outer membrane proteins

(OMP),

flagella, fimbria, and extra-membranous polysaccharide
capsules have been shown to be antigenic in infected hosts
(Broes et al. 1989; Puohiniemi et al. 1990; Aleksic et al.
1991; Brussow and Sidoti 1992) .

Edwardsiella ictaluri has

not definitively been shown to possess fimbria or an
extramembranous polysaccharide capsule, but flagella, OMP,
and LPS have been partially characterized, structurally and
immunologically.
Newton et al.

(1990) evaluated OMP from 33 isolates of

E. ictaluri by sodium dodecyl sulfate (SDS) polyacrylamide
gel electrophoresis (PAGE).

One major protein with

apparent molecular mass of 35 kD and nine minor proteins
with apparent molecular masses of 71, 51, 46, 43.5, 38.5,
37.5,

31.5, 28.5, and 19.5 kD were found.

Flagella

profiles were similarly examined from 10 isolates of Ei.
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ictaluri and two flagellin bands with apparent molecular
masses of 38 and 44 kD were seen (Newton and Triche in
press, a ) .

Newton and Triche (in press, b) also extracted

and characterized LPS from 40 isolates of EL. ictaluri by
SDS-PAGE.

All isolates had complete ladder-like arrays of

low, medium, and high molecular weight LPS.
It is unknown if flagella, LPS, or OMP are immunogenic
in naturally infected channel catfish.

Saeed and Plumb

(1986) demonstrated that purified LPS injected into channel
catfish produced high antibody titers, and immunized fish
were resistance to infection.

Plumb and Klesius (1988)

immunoblotted whole cell lysates (WC) using pooled serum
from infected catfish, and identified two immunogenic
proteins with apparent molecular masses of 3 4 and 60 kD.
The location of the proteins in intact bacteria was not
determined.

The purpose of this study was to clarify the

immunogenicity of EL. ictaluri in naturally infected channel
catfish.

Specifically, WC preparations and enriched

fractions of OMP, flagella, and LPS were examined for
immunogenicity by immunoblot techniques.

Materials and methods
Bacteria
Edwardsiella ictaluri. strain AL83189, originally
isolated from diseased channel catfish in Auburn, Alabama,
was used in the preparation of enriched bacterial
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components and as whole cell antigen.

Bacteria were

cultured on brain heart infusion agar (BHIA, Difco
Laboratories, Detroit, MI) at 2 6 "C or in brain heart
infusion broth (BHIB, Difco Laboratories)
moderate shaking

at 26 °C with

(100 revolutions/minute).

culture

identity was routinely verified using standard biochemical
tests

(Farmer and McWhorter 1985).

Bacteria were stored at

-70 °C in BHIB containing 20% glycerol.
Enriched bacterial fractions
Outer membrane proteins:

Outer membrane proteins were

prepared using a modification of the sarcosinate extraction
procedure of Barenkamp, et al.

(1981).

Bacteria were

cultured in BHIB for 18 hours and harvested by
centrifugation at 4,000 X g for 10 minutes at 4 °C.
Pelleted bacteria were washed by suspension in 10 mL of 10
mM HEPES buffer, pH 7.4, and recentrifuged.

Bacteria were

resuspended in 15 mL HEPES buffer, placed in an ice water
bath, and sonicated five times for 1 minute with 3 0 seconds
between sonications (Model W-375 Heat systems Ultrasonics, Inc., Plainview, NY).

Cells not lysed were

removed by centrifugation at 12,000 X g for 15 minutes at 4
°C.

The supernatant was collected and a total membrane

preparation obtained by centrifugation at 100,000 X g for 1
hour at 4 °C.

The resulting pellet was resuspended in 15

mL of a 1% sodium lauryl sarcosinate solution and incubated
for 3 0 minutes at room temperature on a laboratory rocker.
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The detergent insoluble fraction was collected by
centrifugation at 100,000 X g for 60 minutes at 4 °C and
resuspended in 250 /xL distilled water.

Outer membrane

enriched fractions were stored at -20 °C.
Flagella:

Flagella

(provided by Joseph C. Newton,

Louisiana State University) were obtained using a
modification of the procedure of Ibrahim,

et al.

(1985).

To enhance production of flagella, pure cultures of E.
ictaluri were serially passed through semi-solid agar
composed of BHIB with 0.25% bacteriologic agar (Difco
Laboratories).

A single colony was stab inoculated into

the center of the agar plate and incubated for 24 hours at
26 °C.

Peripheral growth was reinoculated into the centers

of subsequent plates; the procedure was repeated for 8 to
10 passages.

The highly motile isolates obtained were

cultured in BHIB as described above.
Bacteria were harvested by centrifugation at 4 000 X g
for 15 minutes at 10 °C.

The resulting pellet was

resuspended in 0.85% NaCl to form a thick solution.

The pH

was decreased to 2.0 using IN HCL and the solution
incubated at room temperature for 3 0 minutes with constant
stirring.

Bacteria, now devoid of flagella, were pelleted

by centrifugation at 4 000 X g for 15 minutes at 10 °C.

The

supernatant, containing flagellin monomers, was further
centrifuged at 100,000 X g for 1 hour at 10 °C to sediment
all nonsolubilized material.

The supernatant was collected

and adjusted to pH 7.2 using 1 N NaOH.

At this pH,

flagellin monomers reassociate forming filaments of varying
lengths.

Filaments were precipitated by slow addition of

ammonium sulfate to a final concentration of 2.67 M and the
mixture slowly stirred for 16 hours at 4 °C.

The

precipitate was collected by centrifugation at 15,000 X g
for 15 minutes at 4 °C.

The supernatant was discarded and

the precipitate solubilized in 2 mL distilled water.
Ammonium sulfate was removed by dialysis at 4 "C for 24
hours

(tubing with 50,000 molecular-weight cut off) against

distilled water containing 0.5% activated charcoal.
Filaments were collected by centrifugation for 15 minutes
at 15,000 X g at 4 °C.

The pellet was reconstituted in l

mL distilled water and stored at -20 °C.
Lipooolvsaccharide:

Purified LPS

(provided by Joseph

C. Newton) was obtained using Johnson and Perry's

(1976)

modification of the hot aqueous phenol extraction method of
Westphal and Jann

(1965).

Bacteria harvested from 10 L of

BHIB by centrifugation at 4000 X g for 15 minutes at 4 °C
were resuspended in 50 mL of 0.01 M PBS, pH 7.0, containing
5 mM ethylenediamine-tetracetic acid (tetrasodium salt,
Sigma Chemical Company, St. Louis, M O ) .

One hundred mg of

egg white lysozyme (American Research Company,

Solon, OH)

was added and the suspension stirred at 4 °C for 16 hours.
After this incubation, the suspension was placed in a water
bath at 37 °C for 3 0 minutes.

The volume was adjusted to
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100 mL with 20 mM MgCl2 and bovine pancreas ribonuclease
and deoxyribonuclease (Sigma Chemical Company) were added
at final concentrations of l nq/mL.

The suspension was

incubated 10 minutes at 37 °C and for an additional 10
minutes at 60 °C in a water bath.
An equal volume (100 mL) of preheated (70 °C) 90%
(V/V) aqueous phenol was added to the suspension and the
resulting mixture was stirred for 15 minutes.

The

suspension was then rapidly cooled to 15 °C by stirring in
an ice water bath.

Centrifugation at 18,000 X g for 15

minutes followed, separating the solution into aqueous and
phenol layers.

The aqueous phase was retained and dialyzed

against running tap water for 2 hours at room temperature
and against distilled water until no phenol odor could be
detected.

The LPS was pelleted by centrifugation at

100,000 X g for 2 hours at 4 °C.

The pellet was

reconstituted in distilled water,

lyophilized, and stored

at -20 °C.
Whole cell lvsates
Single colonies of EL. ictaluri were inoculated into 10
mL BHIB and cultured as described above for 18 hours.
Bacteria were pelleted by centrifugation at 4000 X g for 15
minutes at 4 °C and washed once by suspension in 10 mL of
10 mM HEPES buffer, pH 7.4.

One mL aliquots were

microcentrifuged, the supernatants discarded, and the
bacterial pellet resuspended in l mL sample buffer

(10%
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glycerol,

2% SDS, 5% 2-mercaptoethanol,

[pH 6.8], and 0.01% bromphenol blue).

0.125 M Tris-HCl
Whole cell

preparations were stored at -20 °C.
Quantification of LPS and proteins
Total protein in flagella and OMP preparations was
determined using the procedure of Markwell et al.

(1978).

The amount of LPS in samples was determined by the method
of Karkanis et al.

(1978) using 2-keto-3-deoxyoctonate

(KDO) as standard.
Gel electrophoresis
Gel electrophoresis was performed using a 4.5%
stacking gel, pH 6.8, and a 12,5% separating gel, pH 8.8,
with a discontinuous buffer system as described by Laemmli
(1970).

Gels were cast in 8 X 10 cm by 0.75 mm vertical

slab cells

(Mighty S m a l l ™ SE 250, Hoefer Scientific

Instruments,

San Francisco,

CA).

Flagella, OMP, and LPS

preparations were solubilized in sample buffer and all
samples were heated to 85 °C for 10 minutes prior to
loading.

Five jxl WC (amount to load empirically

determined), 40

protein/lane flagella,

160 ng

protein/lane OMP, and 35 ^g KDO/lane LPS were loaded in
duplicate on each gel.

Antigens were separated by

electrophoresis at a constant current of 10 mA per gel.
Electrophoresis was stopped when the tracking dye was
approximately 0.2 cm from the gel bottom.
stained with Coomassie brilliant blue.

Proteins were

Lipopolysaccharide
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fractions were stained with silver according to the
procedure of Hitchcock and Brown (1983).
Immunoblots
Bacterial fractions separated by SDS-PAGE were
transferred onto 0.2 jLtm nitrocellulose paper

(Schleicher

and Schuell, Keane, WV) from unstained gels.

Gels were

equilibrated

in transfer buffer (25 mM Tris buffer, pH

193 mM glycine,

1.3 mM SDS, and

20%methanol)

for 15

minutes and placed in a semi-dry transfer unit
77 SemiPhor™) .

8.3,

(Hoefer TE

Proteins and LPS were transferred from

PAGE gels to nitrocellulose at a constant current of 24 mA
(0.5 mA/cm2 gel) for 35 minutes.
Following transfer, nitrocellulose membranes were cut
in half.

One half, containing molecular weight standards,

WC, OMP, and

flagellar proteins was stained with India ink

according to

standard protocols (Harlow and Lane 1988),

India ink staining was done to verify transfer of
individual bands.

The remaining half, containing WC, OMP,

and flagellar proteins and LPS, was immunostained.
Nonspecific binding sites were blocked by incubating
nitrocellulose membranes containing separated bacterial
components in phosphate buffered saline, pH 7.2,

(PBS)

containing 5% nonfat dry milk (Carnation Company, Los
Angeles, C A ) , 0.2% Tween 20 (American Research Company,
Solon, OH), and 0.02% sodium azide

(Sigma Chemical Company)

for 2 hours at room temperature with gentle agitation.
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Membranes were subsequently washed with PBS containing
0.05% Tween 20 (washing buffer)

two times for 10 minutes

each.
Catfish sera obtained from channel catfish infected
naturally with

ictaluri was used to probe the separated

bacterial components affixed to the nitrocellulose
membranes.

Untreated serum and serum absorbed with

purified LPS to remove the anti-LPS antibodies were used.
Antibodies against LPS were removed by mixing the serum
with an equal volume of washing buffer containing 1 mg/mL
solubilized LPS and incubated for 2 hours at room
temperature on a laboratory rocker.

Antibody-LPS complexes

were pelleted by microcentrifugation for 5 minutes at room
temperature.

The supernatant was harvested and the

procedure repeated.

Absorbed serum was diluted to a final

concentration of 1:10 in washing buffer.
was diluted to 1:50.

Nonabsorbed serum

Absorbed and nonabsorbed serum were

applied to separate nitrocellulose membranes for 1 hour at
room temperature with gentle agitation.
Following incubation in diluted catfish serum,
membranes were washed four times with washing buffer for 5
minutes at room temperature with gentle agitation.

Rabbit

anti-catfish IgM sera (production described below), diluted
to 1:1000 in washing buffer, was subsequently applied for 1
hour at room temperature with gentle agitation.
Horseradish peroxidase conjugated, goat anti-rabbit IgG
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(Sigma Chemical Company) was applied for 1 hour at room
temperature.

Following washing, color development was done

using 3-3'-diaminobenzidine tetrahydrochloride (DAB, Sigma
Chemical Company)

solubilized in 0.1 M Tris buffer, pH 7.0,

containing 0.02% hydrogen peroxide and 0.04% nickel
chloride.

Color development was monitored visually and

stopped by washing in deionized water.
Production of rabbit anti-catfish IoM
To allow for detection of bound catfish IgM to
separated bacterial components, rabbit antisera to catfish
IgM was produced.

Catfish IgM was obtained from channel

catfish, 15 to 20 cm in length, which were maintained in
115 L glass aquaria under slow, flow-through conditions
(two water changes/day), using dechlorinated Baton Rouge
city water with supplemental filtration provided by in-tank
airlift sponge filters.

Temperature was maintained at 26 ±

2 °C using in-tank glass aquarium heaters.

Fish were fed a

commercially prepared ration (Zeigler Brothers,
Incorporated, Gardners, PA) three times a week.

Water

ammonia, nitrite, and pH were monitored biweekly using a
commercially available kit (Hach Company, Loveland, C O ) .
Nitrite and ammonia were consistently below 1 part per
million; pH was 8.0.
Bovine serum albumin (Sigma Chemical Company) was
solubilized in PBS at 1 mg/ml and emulsified with a similar
volume of complete Freund's adjuvant (CFA, Difco

Laboratories).

One mL of the emulsion was administered

intraperitoneally to each of eight catfish.

Three boosters

of similar volume but in incomplete Freund's adjuvant
(ICFA, Difco Laboratories)

followed at 2 week intervals.

Two weeks following the fourth injection, catfish were bled
through the tail vein and the serum harvested.

Catfish

anti-BSA IgM was concentrated using a commercially
available affinity chromatography kit according to the
manufacturers directions

(ImmunoPure Ag/Ab Immobilization

Kit 1, Pierce, Rockford, I L ) .

The total protein of the

elutions were between 450 and 480 /xg/ml whole catfish serum
as determined by the procedure of Markwell et al.

(1978).

Purity of the IgM sample was examined by SDS-PAGE followed
by Coomassie brilliant blue staining.
with apparent molecular masses of 70

Two protein bands
(heavy chain)

and 24

(light chain) kD were seen.
One mL of PBS containing 450 to 480 fig protein
(catfish IgM) was emulsified with 1 mL CFA and administered
subcutaneously,
rabbit.

at multiple sites, to a New Zealand white

Three boosters of similar volume but in ICFA

followed at 3 week intervals.

Three weeks following the

last booster, 2 0 mL of blood was collected from the
auricular artery and the serum harvested.

A dilution titer

of 1:5000 was obtained by enzyme link immunosorbant assay
(ELISA) .

Polystyrene plates coated with 2 /xg/well catfish

IgM were used.

Serum was stored at -20 °C.
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To ensure that the rabbit sera did not cross react
with components of EL. ictaluri. WC immunoblots were
performed omitting the catfish serum.

No staining was

observed.

Results
Proteins from EL. ictaluri OMP, flagella, and WC
preparations and purified LPS were examined by SDS-PAGE
(figure 23).

In whole cell preparations,

38 protein bands,

ranging in apparent molecular mass from 108 to 13
kilodaltons

(kD), were observed in Coomassie brilliant blue

stained gels,

of these 38 bands, six, having apparent

molecular masses of 77, 72, 66, 55, 44, and 37 kD were
major bands (as evidenced by staining intensity), while the
remaining 32 were minor bands.
Sixteen proteins with molecular masses of 82, 77.5,
73, 70, 65, 59, 57, 54.5, 51, 39, 37, 33, 28, 23.5, 21, and
19 kD were observed in OMP preparations.

One major band

with an apparent molecular mass of 37 kD contained over 50%
of the protein in the OMP preparation (subjective
evaluation based on total staining intensity).
In flagella preparations, two major proteins with
apparent molecular masses of 40 and 3 6 kD were seen on
Coomassie brilliant blue stained gels.

Additionally, on

overloaded flagellar gels, lightly staining protein bands
with molecular masses between 90 and 13 kD were seen.

The
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exact origin of these minor protein bands is unknown but
they probably represent contaminant proteins co-purified
with flagellar proteins.
Silver stained LPS preparations show medium and low
molecular mass bands.

Lower molecular mass bands, as

subjectively measured by staining intensity, contain over
80% of the total LPS.
India ink stains of the OMP, flagella, and WC
preparations are shown in figure 24.

Twenty four of the 38

protein bands seen in WC preparations stained by India ink.
Proteins with molecular weights greater than 70 and less
than 20 were not seen.

In OMP preparations, the 57, 54.5,

51, 39, 37, 33, and 28 kd bands stained with India ink.

In

addition, a 26 kD band not seen on Coomassie brilliant blue
stained gels was observed.

As in whole cell preparations,

the high and low molecular mass OMP were not seen.

In

flagella enriched fractions, proteins with apparent
molecular masses of 45, 43, 36, 33, and 27 kD stained
faintly with India ink.

The 40 kD flagellar protein was

not seen.
Immunostains of flagella, WC, OMP, and LPS
preparations using non-absorbed catfish serum are shown in
figure 25.

The 37 kD major OMP, in both WC and OMP

preparations, was strongly immunogenic as evidenced by
intense staining.

Other protein bands in WC and OMP lanes

could not be distinguished from LPS which also stained
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Figure 23: Sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (PAGE) profile of whole cell and enriched
fractions of E_;_ ictaluri AL83189.
Lanes a through d are
stained with Commassie Brillant Blue; lanes e and f are
stained with sliver.
Lane a, molecular weight standards;
lane b, outer membrane enriched fraction; lane c, whole
cell lysate; lane d, flagella preparation; lane e,
lipopolysaccharide (LPS) from EL. ictaluri AL83189; lane f,
LPS from Escherichia coli 0111:B4 (Sigma Chemical Company).
Figure 24: Transferred proteins from whole cell and
enriched fractions of EL. ictaluri AL83189 stained with
India ink.
Lane a, molecular weight standards; lane b,
flagella enriched fraction; lane c, whole cell lysate; lane
d, outer membrane protein preparation.
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in these preparations.

The purified LPS also stained;

bands were seen in high/ medium, and low molecular mass
ranges.

In flagella preparations, the 36 kD band stained

lightly, but no other bands were visualized.
Immunostains using catfish serum absorbed with
purified LPS are shown in figure 26.

In whole cell

preparations, proteins with apparent molecular masses of
51.5, 49.5, 46, 43.5, 40, 37, 35, 33, 30, 28.5, 24, 22, 19,
16.5, and 15 kD were seen.
stained strongly.

Only the 36.5 and 35 kD bands

In the outer membrane protein lane, the

51, 39, 37, 33, 23.5, and 21 kD proteins were immunogenic.
The major outer membrane protein
which stained strongly.
weakly.

(37 kD)

is the only band

The 36 kD flagellar band stained

No staining was seen in the LPS lane.

Discussion
Whole cell lysates of Ej. ictaluri and enriched
fractions of outer membrane proteins,

flagella, and LPS

were separated by SDS-PAGE, blotted onto nitrocellulose
membranes,

and probed for immunogenicity using sera

obtained from channel catfish naturally infected with E.
ictaluri.

To distinguish immunogenic proteins from LPS,

serum used to stain protein preparations was absorbed with
purified LPS prior to immunostaining.
Results of this research indicate that LPS and the
major outer membrane protein (37 kD) of EL. ictaluri were
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Figure 25: Immunoblot analysis of EU, ictaluri. AL83189.
All lanes were incubated with 1:50 dilution of catfish
serum from naturally infected fish.
Lane a, flagella
enriched fraction; lane b, whole cell lysate; lane c, outer
membrane protein preparation; lane d, purified LPS.
Figure 26: Immunoblot analysis of E.._ ictaluri. AL83189.
All lanes were incubated with 1:10 dilution of catfish
serum absorbed with purified LPS.
Lane a, flagella
enriched fraction; lane b, whole cell lysate; lane c, outer
membrane protein preparation; lane d, purified LPS.
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strongly immunogenic in this group of naturally infected
catfish.

The 36 kD flagella band, and outer membrane

proteins with apparent molecular masses of 51, 39, 33,
23.5, and 21 kD were weakly immunogenic.

Proteins with

molecular weights above 70 kD and below 20 kD are of
unknown immunogenicity since bands were not visualized on
India ink stains (antigen may have been limiting).
Why were the high and low molecular mass proteins not
visualized on India ink stains?

Proteins with molecular

masses greater than 70 kD were retained on the
polyacrylamide gels as demonstrated by Coomassie brilliant
blue stained post-blotted gels.

The small molecular weight

proteins passed through the nitrocellulose membranes at the
current and transfer times used (confirmed by stacking
membranes).

The current and transfer times used were

chosen to provide a spectrum of molecular weight proteins
on a single membrane for immunoscreening.

Further studies

using separate membranes and different transfer times are
in progress.
Outer membrane preparations stained with Coomassie
brilliant blue showed six additional minor protein bands
than previous reports (Newton et al. 1990).

This may be

due to sample overloading in attempts to ensure sufficient
antigen transfer to nitrocellulose membranes.

In addition,

observed bands differed in apparent molecular masses.
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This may be due to greater inherent measuring errors in
mini verses full size gels.
The enriched bacterial fractions used in conjunction
with WC preparations assisted in the identification of some
of the immunogenic WC antigens.

For example, of the

fifteen protein bands seen in WC preparations exposed to
LPS-absorbed catfish serum, six (molecular masses of 51.5,
40, 37, 33, 24, and 22 kD) are outer membrane proteins, and
one may be the 38 kD flagellar protein.

The identity of

the remaining nine proteins is unknown.

The immunogenic 60

kD protein seen in whole cell preparations by Plumb and
Klesius

(1988) was not seen in whole cell lysate

immunoblots exposed to LPS extracted serum.

Protein bands

with apparant molecular mass near the reported 34 kD band
(Plumb and Klesius 1988) were seen, but due to strain and
preparation differences,

it is unknown if any of the

proteins are similar.
The lipopolysaccharide in whole cell, outer membrane,
and extracted preparations was strongly immunogenic.

High

molecular weight LPS bands were not seen with silver
stains, but were visualized by immunostains using non-LPS
absorbed catfish serum.

The complete ladder-like array of

B. ictaluri LPS was clearly visible on immunostains.
Protection afforded the host by antibodies against
these immunogenic proteins or LPS is unknown.

Saeed and

Plumb (1986) showed that phenol extracted LPS from EL.
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ictaluri is immunogenic and somewhat protective when
injected into channel catfish.

Moreover, LPS are important

antigens in other fish diseases, and are the protective
antigens in the Vibrio and Yersinia ruckeri vaccines used
in salmonids (Amend et al. 1983; Ellis 1988).
unknown if antibodies against the LPS of

It is

ictaluri are

protective in naturally exposed fish.
Little work has been done on the role of outer
membrane proteins in fish diseases.

In other

enterobacteriaceae, antibodies against major outer membrane
proteins have been demonstrated and may provide protective
immunity (Matsui and Arai 1989; Pal et al. 1989).

It is

unknown if antibody directed against the outer membrane
proteins of EL. ictaluri are protective.

The strong

reaction of the major outer membrane protein invites
further investigation.
The 36 kD flagella band was weakly immunogenic.
the 44 kD band was not seen on India ink stains,
immunogenicity is uncertain.

Since

its

Further investigation varying

blotting conditions is required.
In conclusion, LPS and the 37 kD major outer membrane
protein of E^. ictaluri have been shown to be strongly
immunogenic in these naturally infected channel catfish.
Five additional outer membrane proteins and one flagellar
antigen are weakly immunogenic.

SUMMARY
To clarify early events in the pathogenesis of ESC,
140 channel catfish fingerlings were each given
approximately 1.0 X 109 CFU E^. ictaluri by intragastric
intubation.

Fingerlings were sampled at 0.25, 0.5, 1, 3,

6, 12, 24, 48, 72, 96, and 120 hours post infection (PI).
Edwardsiella ictaluri from a natural outbreak of ESC was
used as inoculum, and for the production of rabbit anti-E.
ictaluri antisera.

Bacterial virulence was ensured by

serial passage through catfish fingerlings.
To identify E^_ ictaluri by specific immunostaining in
tissue sections, polyclonal antisera
Formalized,

(rabbit) was produced.

ground, whole cell

ictaluri was administered

to a New Zealand white rabbit.

Titers and specificity were

monitored by enzyme linked immunosorbant assays.

Antisera

was used at 1:1000 dilution.
At each time frame, fingerlings were sacrificed and
samples of liver, kidney, stomach, and intestines were
quantitatively cultured.
fixed, processed,
microscopy.

Moreover, tissues were collected,

and sectioned for light and electron

Immunohistochemical detection of E_j. ictaluri

was accomplished using immunoperoxidase and immunogold
staining.
Bacterial cultures indicated E^. ictaluri rapidly
crossed the gastrointestinal tract.

Thirty percent of

kidney cultures were positive at 15 minutes PI.
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Earliest gross lesions, consisting of skin and hepatic
petechiae were seen at 2 days PI.

Subsequently observed

lesions were ascites, widespread petechiation in multiple
tissues, visceral edema, and necrosis in multiple organs.
Histologic lesions were first seen at 0.5 hours PI and
consisted of IL. ictaluri aligned along the intestinal brush
border, and the appearance of dilated cells subadjacent to
the basement membrane.

No proteinaceous attachments were

seen on electron microscopy.

From 1 to 3 hours PI,

occasional enterocytes on the tips of intestinal folds were
necrotic.

Adjacent cells were essentially normal.

Leukocytes, primarily macrophages, were observed in
the lamina propria at 24 hours PI.

Leukocytes subsequently

infiltrated the mucosa which became thin but did not
ulcerate.

Bacteria were commonly seen within vacuoles in

the cytoplasm of leukocytes.
Leukocytes containing bacteria were seen in the liver,
kidney, head kidney, and spleen by 48 hours PI.

Leukocytes

accumulated within the interstitial tissues adjacent to and
within vascular spaces.

Degenerate leukocytes were

commonly seen by 72 hours PI.

Bacteria were seen in

enterocytes and hepatocytes in addition to leukocytes at 72
hours PI.
Results of this research suggest Eh. ictaluri may have
an invasion strategy similar to other enteroinvasive
enterobacteriaceae, principally some yersinia species.
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Like Yersinia, E*. ictaluri appears to cross the intestinal
mucosa in a matter of minutes-

Replication and

dissemination to various tissues may occur within
leukocytes.
In a separate study, immunogenic antigens of E.
ictaluri were determined by probing bacterial components
with serum from naturally infected channel catfish.

Whole

cell preparations and enriched fractions of outer membrane
proteins,

flagella, and LPS were separated by SDS-PAGE and

transferred to nitrocellulose membranes.

Bacterial

components were probed for antigenicity using catfish serum
and catfish serum absorbed with purified LPS.

Outer

membrane LPS and the major outer membrane protein were
strongly immunogenic.

Flagellar antigens and five

additional outer membrane proteins were weakly immunogenic.
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