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ABSTRACT

Edwardsiella ictaluri, causative agent of enteric septicemia of catfish (ESC), is the
primary bacterial pathogen of commercially produced channel catfish (Ictalurus punctatus). The
purpose of this study was to make progress towards development of a successful ESC vaccine
by generating and characterizing a pool of E. ictaluri antigens and determining if they were
protective against ESC in catfish. Antigenic protein expression was evaluated in E. ictaluri cells
under different conditions of growth using two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) and western blotting with pooled convalescent catfish serum (CCS). Results showed
protein bands separated by one-dimensional PAGE may consist of one or more antigenic and
non-antigenic proteins, and strain and culture temperatures do not effect expression of antigenic
proteins, but culture media does. A 57 KD antigenic protein was only expressed by E. ictaluri
grown in minimal media, and antigenic proteins of 58 and 71 KD were expressed at different
levels in minimal or rich media. An E. ictaluri genomic library in an Escherichia coli expression
vector was screened using goat anti-E. ictaluri serum (G A I) resulting in isolation of 32 clones
expressing antigenic E. ictaluri proteins. Encoded genes and expressed antigenic proteins of
nine clones were analyzed by partial DNA sequencing, 2D-PAG E and western blotting with GAI
and CCS. The DNA inserts of three clones were double-strand sequenced. Four putative open
reading frames were identified in the insert of clone 4d6 corresponding to antigenic proteins of
63, 20 and 18 KD expressed by both the clone and E. ictaluri cells. Genes encoding these
proteins had no homology with other known genes. Overlapping inserts of clones 5d2 and 5d3
encoded homologs of E. coli partial genes serA and pgk, and complete genes rpiA, iciA, yggE,

yggB and fda. Cloned antigenic E. ictaluri proteins of 33, 27, 35 and 45 KD were putatively
identified as products of yggE, rpiA, idA and fda respectively. Protective capabilities of vaccines
of cloned antigenic proteins were evaluated in catfish. All vaccine treatments were protective
against E ictaluri challenge, however results were inconclusive due high levels of cross-reactive
protection of E. coli, host strain of the cloning vector.
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CHAPTER 1: LITERATURE REVIEW
CATFISH AQUACULTURE
Channel Catfish (Ictalurus punctatus)
Channel catfish, Ictalurus punctatus, originally native to North America, are found in
Mexico, in the United States along the Gulf of Mexico, and within the Mississippi River Valley.
They are bottom dwellers preferring a sand, gravel or rubble substrate and their natural habitat
is moderate to swift-flowing dear water streams. Due to stocking by state and federal hatcheries,
channel catfish can now be found in many fresh and brackish water habitats.

Through

introduction they have become widely distributed throughout the United States and in many other
countries (Tucker and Robinson 1990).
Channel catfish are found in deep protected holes when they are not feeding. Feeding
occurs at dusk and dawn with young catfish feeding mostly on aquatic insects in shallow water
and adults feeding on aquatic insects, snails, crawfish, fish and plants in deep water. A channel
catfish in the wild may take up to four years to reach 1 pound; they are reported to live up to 40
years and may reach more than SO pounds (Tucker and Robinson 1990).

History of Channel Catfish Aquaculture
Channel catfish are a popular sport fish in the Southeastern and Midwestern United
States.

Work conducted at state and federal hatcheries prior to 1960 laid the groundwork for

production of fry and fingertings for large scale commercial culture. In the early 1960's channel
catfish aquaculture began to occur on a commercial scale in Arkansas (Tucker and Robinson
1990). Currently 15 states are involved in commercial catfish production. The four m ajor catfish
producing states are Mississippi, Alabama, Arkansas and Louisiana, which respectively produce
6 8 ,1 2 ,1 1 and 6% of the foodsize catfish produced in the United States (Broostrum 1997).
Channel catfish were already a popular food fish in the south when catfish farming got
started. In other parts of the country, however, catfish were not valued as food fish. National
advertising, food quality, and year round availability have succeeded in making catfish the fourth

1
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most frequently consumed fish after tuna, pollack and salmon in the United States (Tucker and
Robinson 1990).

Catfish Production
Broodstock
Channel catfish reach sexual maturity at two to five years of age (Tucker and Robinson
1990). Females are at least three pounds and males at the same age are usually larger (Jensen
1990). Mature channel catfish develop secondary sexual characteristics that are most evident
at spawning tim e. The male is darker than the fem ale, with thickened lips and a broader head
with muscular pads. Females develop a soft swollen abdomen due to egg development (Jensen
1990; Tucker and Robinson 1990).

Spawning
Spawning occurs when water temperatures are 70-84 °F. Spawning season begins when
the minimum water temperature stabilizes at 70 °F and lasts about two months. In southern
Louisiana spawning season is from mid-April to June (Jensen 1990). The open pond method is
the most commonly used spawning technique. Broodfish are stocked in spawning ponds in late
winter or early spring at a male to fem ale sex ration of 50:50 to 40:60. Spawning containers are
placed on the pond bottom to provide nesting sites. The male prepares the nest and incubates
the spawned egg mass, with an average spawn containing about 25,000 eggs. The adhesive
eggs form a gelatinous mass with egg masses weighing about two pounds. Eggs are light yellow
when newly spawned and darken with age (Jensen 1990; Tucker and Robinson 1990).

Egg and Larvae Development
At most commercial catfish farms the egg masses are removed from the spawning ponds
and transferred to a hatchery (Tucker and Robinson 1990). Eggs are placed in troughs supplied
with continuous flowing water, and rotating paddles are used to keep water circulating around the
egg masses. The optimal hatchery water temperature is 78-82 °F. Eggs hatch eight days after
fertilization in 78 °F water, hatching tim e is longer in lower water temperatures and shorter when
the temperature is higher. Newly hatched larvae are golden colored and school in a tight cluster
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at the bottom of the hatchery trough. A t this stage the larvae, or sac-fry, get their nourishment
from an attached yolk sac. Depending on water temperatures, the yolk sac is absorbed in 3-5
days and the larvae become free swimming. The larvae, or fry, then darken and begin swimming
at the surface looking for food. Fry are usually kept in the hatchery troughs and fed a high
protein feed for six to ten days, after which they are transferred to earthen outdoor nursery ponds
(Jensen 1990; Tucker and Robinson 1990).
By late summer to mid-fall the fry will grow to four to six inches in length. At this size fish
are stocked into production ponds for final grow out to market size. Marketable foodfish range
from three-fourths to two pounds. In Louisiana the production cycle from spawning to food fish
is 14 to 18 months (Jensen 1990; Tucker and Robinson 1990).

Crop Value
The total surface acres used for catfish production in the United States in 1996 was
177,000 acres in 15 states. Total sales for the 15 catfish producing states totaled 417 million
dollars in 1996, with 389 million dollars being in foodsize fish. The 15 states produced a total of
506.8 million pounds o f foodsize catfish with an average value per pound of $0.77. O f those
totals, Louisiana used 13,700 acres to produce 29.5 million pounds of foodsize catfish valued at
20.9 million dollars (Broostrum 1997).

ENTERIC SEPTICEMIA OF CATFISH
The Causative Agent (Edwardsiella ictaluri)
History
Enteric Septicemia of Catfish (ESC) was first described in channel catfish in 1976 and
was found to be due to a previously unidentified species of bacteria in the genera Edwardsiella
(Hawke 1979). The organism was subsequently named Edwardsiella ictaluri after the generic
name of the host catfish (Hawke, et al. 1981). Since it was first described, E. ictaluri has become
the biggest disease problem facing the catfish aquaculture industry. From 1985, ESC has run
between 22% to 38% of the total case load of fish diagnostic laboratories in the Southeastern
United States. The average incidence o f ESC from 1991 to 1995 was 28.7% (Mitchell 1997).
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The overall economic impact of ESC due to losses and treatment costs is estimated to be 19
million dollars annually (Thune, et al. 1997b).
M orphology and Biochem ical C haracteristics

Edwardsiella is in the family Enterobacteriaceae, which includes the genera Escherichia,
Salmonella, Shigella and Yersinia. Edwardsiella ictaluri is a Gram negative rod measuring 0.75
x 2.25 pm at 26°C (Hawke 1979), lengthening to 5-7 pm at 37 °C (Plumb and Vinitnantharat
1989).

The organism has peritrichous flagella and is weakly motile at 25-30 °C; motility is

reduced at 30°C (Hawke, et al. 1981). In brain-heart infusion (BHI) broth and complete defined
m edia (CDM) growth is optimal at a pH of 7.0-7.5 and a temperature of 25-30 °C (Plumb and
Vinitnantharat 1989; Collins and Thune 1996).

Like other members of the fam ily

Enterobacteriaceae, £ . ictaluri is cytochrome oxidase negative, indole negative, reduces nitrate
to nitrite, and does not produce pigment (Hawke, et al. 1981). In BHI the organism is and
capable of fermenting glucose, fructose, galactose, mannose and ribose with the production of
gas. In triple sugar iron, the reaction is alkaline over add with no H2S and little to no gas
production (Hawke 1979; Hawke, et al. 1981; Waltman, et al. 1986; Plumb and Vinitnantharat
1989). Collins and Thune (1996) found that in CDM the organism grows well with fructose,
galactose, glucose, glycerol, maltose or ribose as a carbon source; growth occurs at a reduced
rate with mannose, sucrose or no sugar supplementation (Collins and Thune 1996). The minimal
requirements for growth of £ ictaluri were shown in a defined minimal media to consist of a basal
salt solution, glucose, magnesium sulfate, pantothenic acid, and niadnamide in addition to
specific amino adds that depend on the requirements of individual strains (Collins and Thune
1996).
Bacterial Components
Extracellular enzymes and agglutinins. Edwardsiella ictaluri does not produce extra
cellular proteases, lipases, esterases, pedinase, alginase, collagenase, chitinase, or
hyaluronidase; however, it does degrade chondroitin sulfate, a major component of cartilage, it
has a cell-bound type of hemolysin (W altm an, et al. 1986) and both mannose-resistant and
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mannose-sensitive hemagglutinins (Wong, et al. 1989). Virulent strains of £ ictaluri have been
observed to have a greater ability to degrade chondroitin sulfate than avirulent strains (Stanley,
e ta l. 1994).
Capsule and fim briae. Wong et al. (1989) found E Ictaluri cells lacked fimbriae or a
significant glycocalyx on their surface, but did possess unique polyphosphate granules in their
cytoplasm which were not found in other Edwardsiella species. Stanley et al. (1994) found
virulent strains of E. Ictaluri possessed a glycocalyx but avirulent strains did not.
Flagella. Edwardsiella ictaluri cells have peritrichous flagella. Newton and Triche
(1993b) used ultra-structural and electrophoretic techniques to examine purified flagella
preparations from ten E. Ictaluri isolates. Their results showed E. Ictaluri flagella were un
sheathed and made up of two flagellin proteins with apparent molecular weights of 42 and 38 KD.
The isolation of two flagellins with different molecular weights was not expected, and the
mechanism responsible for the production of two flagellins was not determined, although several
possibilities were suggested. One possibility is the bacteria have two different flagella on their
surface. A second possibility is that a single flagellum is made up of both o f the flagellin
proteins. A third possibility is phase variation, with individual bacteria expressing one type of
flagellin, while other bacteria in the same population are expressing the other type of flagellin
(Newton and Triche 1993b).
Lipopolysaccharide.

Like other gram negative bacteria, E. ictaluri has an outer

membrane consisting of a phospholipid bilayer with lipopolysaccharide (LPS) on the outer
surface (Myrvikand W eiser1988). The LPS of E ictaluri has been examined electrophoretically
by a number of researchers and the majority of the strains analyzed have shown the LPS to be
of the smooth type (Bertolini, et al. 1990; Newton and Triche 1993a). Bertolini et al. (1990)
analyzed 32 isolates of E. Ictaluri from fish and found only one isolate with LPS which lacked O
side chains, they considered this a rough mutant. Weete et al. (1988) Found the LPS of E.

ictaluri ATCC 33202 to be rough; however, Newton and Triche (1993) found 40 E. ictaluri
isolates, including ATCC 33202, were of the smooth type. Newton and Triche (1993) suggested
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the isolate used by Weete et al. (1988) had mutated to the rough type due to repeated passage
on artificial media.
O u te r m em brane proteins.

The LPS of the outer membrane is embedded with

lipoprotein and proteins (Myrvik and W eiser 1988). Newton et al. (1990) determined the outer
membrane protein (OMP) profiles of 33 E. ictaluri isolates by analyzing sodium N-lauroyl sacocinate OMP extracts by sodium dodecyi sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
They identified ten OMP bands. One major OMP band with an apparent molecular mass of 35
KD made up 60% of the total O M P fraction. The remaining O M P fraction was made up of nine
minor bands with apparent molecular masses of 71, 51, 46, 43.5, 38.5, 37.5, 31.5, 28.5 and 19.5
KD. Stanley et al. (1994) observed virulent strains of E. ictaluri had more surface proteins than
avirulent strains.
Hom ogeneity
Previous studies on channel catfish isolates of E. ictaluri have demonstrated a very high
biochemical and serological homology as well as high homology in protein and LPS expression.
Waltman and colleagues (1986) examined the biochemical characteristics of 119 isolates of E.

ictaluri collected from different geological regions over an eight year period.

O f the 86

biochemical tests used, the only variations among isolates they found were in production of gas
from form ate, production of gas from glucose at 37 °C and production of H2S. Bertolini et al.
(1990) demonstrated serologic homogeneity between 32 isolates of E. ictaluri by microagglutin
ation assays and SDS-PAGE Western blotting using rabbit antiserum. They showed protein and
LPS homology between the same isolates using SDS-PAGE. The homology of outer membrane
proteins was demonstrated between 28 E. ictaluri isolates using SDS-PAGE (Newton, et al.
1990), and structural homology in the LPS composition was shown in 40 E. ictaluri isolates
exam ined by SDS-PAGE (Newton and Triche 1993a).

Plumb and Klesius (1988) showed

antigenic homogeneity between 14 E. ictaluri isolates using catfish antiserum and SDS-PAGE
Western blotting.
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Given the high homogeneity between E. ictaluri strains, it is surprising that Collins and
Thune (1996) found the specific amino acids required for growth varied between strains. They
suggested the restriction endonucleases that E ictaluri cells possess may act to restrict the
intrusion of foreign DNA and could account of the homogeneity of major phenotypic traits and
the persistence of minor phenotypic mutations.

The Effects of Culture Conditions on Protein Expression
Other researchers have used denatured two-dimensional PAGE (2D-PAG E) to evaluate
differences in protein induction o f bacteria under various stress conditions, showing multiple
proteins are repressed or induced under different conditions of growth (Kwaik, et al. 1993; RafieKolpin, et al. 1996). The effects of growth in minimal media have been examined in Brucella

abortus using 2D-PAGE, with results showing induction of 14 new proteins compared to proteins
induced by growth in a rich medium (Rafie-Kolpin, et al. 1996).
Protein expression under various culture conditions has not been evaluated in E. ictaluri.
Previous studies evaluating antigen expression of E. ictaluri used enriched culture media such
as blood agar, BHI broth, or trypticase soy agar, and different researchers have used different
culture temperatures and different bacterial strains (Plumb and Klesius 1988; Baldwin 1997).
Antigenic protein expression of E. ictaluri has not been evaluated in the defined minimal media
(MM19) described by Collins and Thune (1996), or compared between other culture conditions
such as differences in temperature.

The Disease Enteric Septicemia of Catfish (ESC)
Distribution and Species Affected
Edwardsiella ictaluri is found throughout the contiguous United States and Thailand. It
causes disease primarily in channel catfish in North America, though It has also been isolated
from white catfish (Ictalurus catus) and brown bullhead (Ictalurus nebulosus; Plumb and Sanchez
1983). Natural E. ictaluri isolates have been reported from non-ictalurid fish showing signs of
disease including green knife fish ( Eigemannia virescens; Kent and Lyons 1982), danio (Danio

devario) from Florida (W altman, et al. 1985), rosy barbs (Puntius conchonius) imported into
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Australia from Singapore (Humphrey, et al. 1986), walking catfish ( Clarius batrachus) in Thailand
(Kasomchandra, et al. 1987), and sea bass (Dicentrarchus labrax) in Spain (Blanch, et al. 1990).
Experimental infections have shown thattilapia (Tilapia aurea), European catfish ( Siluris glanis),
rainbow trout (Oncoriiynchus mykiss) and Chinook salmon (O. tshawytscha) were all susceptible
to infection but golden shiners (Notemigonus crysoleucas), largemouth bass (Micropterus

salmoides), bighead carp (Aristichthys nobilis), white sturgeon {Acipenser transmontanus) and
striped bass (Morons saxatilis) were not (Plumb and Sanchez 1983; Plumb and Hilge 1987;
Baxa, et al. 1990).

Virulence
Edwardsiella ictaluri is a highly virulent organism, with mortalities reaching 60% in some
infected catfish populations (Plumb 1984). All sizes of catfish are susceptible to ESC, but
production size catfish (over 100 g) are the most severely affected (Plumb 1988). One hundred
percent of 2 cm catfish were killed by water borne exposure and intraperitoneal injection of live

E. ictaluri (Hawke 1979). At 26 °C, 100% of catfish injected with 1.5 x 103 E. ictaluri cells were
dead within 10 days (Plumb and Sanchez 1983). Catfish immersed in pure £ . ictaluri broth
culture of 4 x 10® colony forming unit per mL for 30 seconds experienced varying mortalities at
differing water temperatures, with 97.8% mortality at 25 °C, 46.6% at 20 °C, 25% at 30 °C, 4%
at 35 °C and 0% at 15°C (Baxa, et al. 1992). These results correspond with the seasonality of
ESC infections, which occur in the spring and fall when water temperatures are at 22-28 °C
(MacMillan 1985).

Transmission and Incidence
EdwardsieBa ictaluriwas initially thought to be an obligate pathogen because it survived
in sterile pond water for only eight days (Hawke 1979). Further studies showed E. ictaluri could
survive in sterile pond mud for greater than 95 days (Plumb and Quinlan 1986), indicating pond
mud may be a reservoir for E. ictaluri infections. Transmission of E. ictaluri occurs horizontally
from fish to fish. Fingeriing channel catfish are the most susceptible and infection may result
from uptake of the organism from water or mud (Shotts and Plumb 1994). Transmission has also
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been shown to occur by cannibalization of E /cfa/urnnfected fish or by the shedding of E ictaluri
from dead fish (Klesius 1994). Carrier fish may serve as a reservoir of infection (Klesius 1992b;
Mqolomba and Plumb 1992), and fish-eating birds may act as vectors of transmission (Taylor
1992). The infection may be spread by transfer of infected fingerlings, contaminated nets, or
equipment from pond to pond.
Outbreaks of ESC occur seasonally during the spring and fall. Peaks in incidence occur
May to June and again September to October. The increased incidents are highly correlated with
water temperatures and occur when temperatures reach 22-28 °C (MacMillan 1985). Controlled
laboratory experiments have confirmed that the highest mortalities occur when water tempera
tures are in the 22-28 °C range (Francis-Floyd, et al. 1987; Baxa, et al. 1992).

Clinical Signs
Natural £ ictaluri infections may manifest themselves in one of two forms. The first form
is an acute gastrointestinal septicemia with rapid mortality. The second is a chronic form
involving the olfactory bulb and brain characterized by a “hole in the head" (HIH) lesion which
may proceed to septicemia and death (Shotts, et al. 1986).
Clinical signs of ESC vary depending on the water temperature and the size of the
infected catfish. The characteristic behaviors of infected fish include reduced feeding activity,
listlessness and hanging at the surface vertically with head up and tail down, or erratic swimming
at the surface in a spinning motion (Jarboe, et al. 1984; Blazer, et al. 1985; MacMillan 1985;
Shotts and Plumb 1994). External signs include petechial hemorrhaging around the mouth, fins
and lateral and ventral surfaces; punctate white spots (1-10 mm); swollen abdomen; exopthalmia; pale, swollen gills; and ulceration in the fontanelle of the frontal bones of the skull
(MacMillan 1985; Thune, et al. 1993; Shotts and Plumb 1994). Internal signs include anemia;
clear yellow or blood tinged ascites fluid; petechial hemorrhaging throughout the visceral mass,
peritoneum and musculature; an enlarged, friable liver with macropapular necrotic lesions; an
edematous, dark red spleen; and a hypertrophied kidney (Jarboe, et al. 1984; MacMillan 1985;
Thune, et al. 1993; Shotts and Plumb 1994). Histological examination of the acute form of the
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disease reveals granulomatous enteritis and hepatitis, and granulomatous inflammation with
granulation tissue in the skeletal musdes of the jaw. The chronic, HIH form of the disease shows
a diffuse granulomatous inflammation of the olfactory bulb and the telencephalon (olfactory lobe)
of the brain (Shotts and Plumb 1994). In experimental infections with E ictaluri, catfish develop
a moderate nonmocytic, normochromic anemia and a moderate leukopenia after 96 hours, with
hematocrits of 19.53% ± 1.9% and W BC 85.8 ± 4.32 x 103 cells/mm3 compared to control fish
with hematocrits of 25.60 ± 1.6% and W BC 123.0 ± 4.30 x 103 cells/mm3 (Areechon and Plumb
1983; Francis-Floyd 1993).

Early Pathogenesis
The definitive pathogenesis of ESC is unknown. The acute form of ESC is a bacterial
septicemia that is thought to occur via the gastrointestinal tract (Shotts, et al. 1986; Newton, et
al. 1989). The bacteria appear to enter the gut through ingestion of contaminated food or water
and rapidly invade the intestinal lining and disseminate throughout the body (Shotts, et al. 1986).
Lesions occur first as infiltrates of macrophages in the lamina propria and submucosa of the
anterior intestine. Some of the macrophages in the infiltrates contain bacteria (Newton, et al.
1989).
Baldwin and Newton (Baldwin and Newton 1993) infected catfish with E. ictaluri by intragastric intubation and followed the early events of pathogenesis. Their results showed E. ictaluri
cells were able to penetrate the intestinal epithelium. These results were in contrast to those of
an earlier, in vitro study that had shown E. ictaluri cells were unable to penetrate monolayers of
cultured epithelial cells (Hep-2 cells, human larynx origin; Janda, et al. 1991b). The reason for
the difference in the in vivo and in vitro studies may be due to the mammalian origin of the
cultured cells. In the in vivo experiment, the E. ictaluri cells penetrated the intestinal epithelium
and entered underlying resident macrophages (Baldwin and Newton 1993). This invasion strategy
was similarto that of other entero-invasive Enterobacteriaceae (Finlay and Falkow 1989). The
E. ictaluri cells crossed the intestinal epithelium and were detected in internal organs as early as
15 min post-infection following intra-gastric intubation. Because penetration into the intestinal
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epithelium was rapid and caused little damage, it was suggested that £ . ictaluri used the hosts
normal cellular transport systems to cross the epithelium and did not require de novo bacterial
protein synthesis. Fimbri were not observed on the £ ictaluri cells, and were not thought to play
a role in attachment or penetration. Dissemination of £. ictaluri cells was thought to occur via the
bloodstream within phagocytes (Baldwin and Newton 1993).
The chronic form of the disease, characterized by HIH lesions, is thought to occur via
olfactory sites (Shotts, et al. 1986; Newton, et al. 1989). The infection appears to start at the
olfactory bulbs after bacteria enter the nares in contaminated water or mud, then progresses
along the olfactory nerves until it reaches the brain (Shotts, et al. 1986). The olfactory bulbs,
olfactory sacs, olfactory nerves, and the anterior olfactory lobes of the brain are commonly
surrounded by infiltrates of bacteria or inflammatory cells (Newton, et al. 1989). Involvement in
the brain is limited to the telencephalon and meninges. Chronic infection in the brain includes
the production of chondroitinase, which may help break down the cartilage in the skull cap,
resulting in the HIH lesion 2-4 weeks after initial infection (Shotts, et al. 1986).
Momson and Plumb (1994) followed the early events of pathogenesis in catfish infected
with E. ictaluri applied directly into the olfactory capsule. The results showed E. ictaluri could
penetrate the mucosal surface. In contrast to the results of Baldwin and Newton (1993), there
was substantial damage to the mucosal layer and distinct fimbriated processes were observed
extending from the bacteria. The presence of discrete, £ . ictaluri containing tunnels within the
olfactory epithelium were also observed. Bacteria were phagocytized, but not destroyed by
infiltrating leukocytes (Momson and Plumb 1994). The difference in the results of these two
studies (Baldwin and Newton 1993; Momson and Plumb 1994) suggests there may be two
different mechanisms of invasion depending on whether £ . ictaluri cells are entering via the
gastrointestinal tract or through olfactory sites.
A third site of infection has recently been suggested based on uptake of “ S-labeled E.

ictaluri into channel catfish exposed by bath immersion (Nusbaum and Momson 1996). This
study indicated the gills may be the primary site of entry. This is the only study of the three
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(Baldwin and Newton 1993; Momson and Plumb 1994; Nusbaum and Momson 1996) that utilized
immersion exposure to infect the fish, which is the laboratory exposure method that most closely
duplicates conditions o f natural exposure. The previous two studies confirmed E. ictaluri cells
were capable of penetrating the intestinal epithelium and olfactory mucus membranes and
disseminating from those sites, but bacteria were administered in high doses directly to these
areas (Baldwin and Newton 1993; Momson and Plumb 1994).

The results of the labeling

experiment suggest that in a naturally occurring exposure to £ . ictaluri, the primary site of entry
into the catfish may be the gills (Nusbaum and Momson 1996).
Since £ . krfa/uri infections are correlated with water temperatures, the route of invasion
may be effected by water temperatures. The experimental catfish used in the gastric intubation
study were held at 24-28 °C (Baldwin and Newton 1993). Fish in the labeling study were held at
21 °C (Nusbaum and Momson 1996), however, which is outside of the optimal temperature
window for E. ictaluri infections. The holding temperature of the fish in the olfactory study was
not reported (Momson and Plumb 1994).

Diagnosis
The diagnosis of ESC is based on the observation of the characteristic clinical signs,
described previously, and the isolation and identification of E. ictaluri as the etiological agent.
The organism is isolated from the kidney or HIH lesion and inoculated onto tryptic soy agar,
McConkey agar, blood agar, or Edwardsiella isolation medium (Shotts and Waltman 1990), then
incubated at 30 °C for 48-96 hours (Shotts and Plumb 1994).
Presumptive diagnosis is observation of a short, weakly motile or non-motile rod. The
organism stains Gram negative, and is cytochrome oxidase negative.

There is no indole

production in tryptone broth, and the triple sugar iron (TSA) reaction is alkaline over acid.
Confirmatory diagnosis is made serologically. A positive identification of E. ictaluri can be made
using E. ictaluri antiserum in slide or microagglutination. Polyclonal or monoclonal antibodies
against E. ictaluri can be used in fiourescent antibody techniques, or enzyme immunosorbant
assays (Rogers 1981; Ainsworth, et al. 1986; Waterstrat, et al. 1989; Klesius, et al. 1991).
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Treatm ent
In antimicrobial susceptibility tests, E ictaluri is sensitive to Terramycin, Furacin, Aureomydn, Streptomycin, Kanamydn and Neomydn, but is resistant to Erythromydn and Sulfamerizine (Hawke 1979). At present, only two antibiotics have approval by the Food and Drug Admini
stration for treatment of ESC, they are oxytetracydine (Terram ydn*) and ormetoprimsulfadimethoxine (Rometf). These antibiotics are administered as medicated feeds. Terramydn
is available in a sinking pellet and Romet is available in a floating pellet (Thune 1993). The
effectiveness of the antibiotics depends on early treatment since ESC can cause fish to stop
eating.

In addition, increases in the number of antibiotic-resistant strains o f E. ictaluri are

redudng the effectiveness of these dregs (Thune and Johnson 1992).
. HE IMMUNE SYSTEM OF FISH
Relationships and Diversity o f Fish
Fish are thought to have evolved from aquatic vertebrates during the Silurian period
('Age of Fishes') of the Paleozoic era 405-425 million years ago (W allace, et al. 1981). Fish are
a diverse group of animals comprised of approximately 21,700 spedes, which makes up almost
half of the known vertebrate spedes (Fange 1994). There are eight dasses in the subphylum
Vertebrata, four are fishes. The four fish dasses indude Placodermi, Agnatha, Chondrichthyes
and Osteichthyes. The Placodermi, now extind, were the first jawless fishes. The Agnatha are
jawless fishes represented today by the cydostomes (lampreys and hagfish).

The Chon

drichthyes are the cartilaginous fish and indude elasmobranchs (sharks, rays and skates) and
holocephalans (chimeras). The Osteichthyes are the bony fishes, the largest and most diverse
class, with over 20,000 spedes broken up into two major groups. The first group is the lobefinned fishes which indudes the dipnoans Oungfish) and the crossopterygians (coelacanths).
The lobe-finned fishes are thought to have given rise to terrestrial vertebrates. The second, and
much larger group is the ray-finned fishes which indudes the chondrosteans (sturgeons,
paddlefish and bichirs), the holosteans (bowfin and gars) and teleosts (modem bony fish; Bond
1979; W allace, et al. 1981; Fange 1994).
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Com parative immunologists study the immune system o f fish because, as the most
prim itive vertebrates, fish are an important link between invertebrates and higher vertebrates
(Kennedy-Stoskopf 1993). The immune system offish is studied by fish disease researchers
investigating how fish respond to pathogens. Phylogenetic diversity is greater in fish than it is
in mammals and, although knowledge of the fish immune system is accumulating, the diversity
and broad phylogenetic relatedness between fishes makes it impossible to study more than a few
representative spedes.

Drawing condusions from this limited data base has risks, but is

unavoidable due to the fa d that there are fewer immunologists working on all of the fish spedes
than there are working on one murine species (Kaattari 1992). W ith the risks in mind, models
of the fish immune system have been developed by drawing on examples taken from a number
of different spedes. These models form the framework of the current state of knowledge of fish
immunology.

Lymphomyeloid Tissue
In higher vertebrates the primary sources of lymphmyeloid tissue indude the lymph
nodes (lymphoid), bone marrow (myeloid), thymus and spleen. All fish, with the exception of the
cyclostomes, possess a well developed thymus and spleen. Cydostomes do not have a true
thymus and only a rudimentary spleen (Kennedy-Stoskopf 1993). Fish lack lymph nodes and
bone marrow, but possess lymphomyeloid tissues that perform sim ilar fundions.
Lymphomyeloid tissues are found in different locations in fish depending on their
phylogenetic group.

Lymphomyeloid tissues are found in the anterior part of the kidney (the

head-kidney or pronephros) in teleosts; in the spiral valve of cartilaginous fishes; in the liver,
leydig organ (in the esophagus) and epigonal organ On the gonads) of elasmobranchs; in the
cavities of the cartilaginous skeleton in holocephalans; in the head-kidney, meninges and
pericardium in chondrosteans; and in the liver of cyclostomes (Kennedy-Stoskopf 1993; Fange
1994).
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Thymus
in most vertebrates, including fish, the thymus is a giand that originates from the
pharyngeal pouches and is the first lymphoid organ to develop.

The first appearance of

lymphocytes occurs 22 days pre-hatch in Atlantic salmon (Salmo salar)] 3-4 days post-hatch in
rainbow trout, rosy barb and carp (Cyprinus carpio); and 6-8 days late pre-larval in tilapia

(Sarotherodon mossambicus; Manning, et al. 1982). In fish, the thymus is a well developed,
paired organ present on the dorsolateral region of the gill chamber (Chilmonczyk, 1992;
Kennedy-Stoskopf, 1993). All fish have a thymus, with the exception o f cyclostomes. The
thymus gland consists of lymphocytes supported by a framework of reticulo-epithelial cells
surrounded by an epithelial capsule.

The largest cellular component of the thymus are

lymphocytes. The cortex and outer zones are highly lymphoid, the medulla and inner zones
consist of connective tissue with lymphocytes scattered within (Chilmonczyk 1992).

Anterior kidney
The kidneys of most fishes are encapsulated, dark red, slender, elongate organs found
running ventrally along the vertebral column. The kidneys are paired, but often in such close
proximity to each other that there is fusion along the midline (Bond 1979). The posterior portions
of the kidneys are responsible for excretory functions. The anterior portions of the kidneys are
the primary hematopoietic organs of teleost fishes. The first appearance of lymphocytes occurs
14 days pre-hatch in Atlantic salmon; 4-6 days post-hatch in rainbow trout, rosy barb and carp;
and 13-16 days mid post-larval in tilapia (Manning, et al. 1982). The hematopoietic parenchyma
of the anterior kidney is lymphoreticular, with reticular and fixed phagocytic reticular cells
present, as well as sinusoids and thin-walled arteries. Based on these properties, the anterior
kidney o f teleost fish is structurally more analogous to mammalian bone marrow than lymph
nodes (Zapata 1979).

Spleen
The spleen is a dark red, triangular organ that lies adjacent to the stomach, to which it
is attached by a ligament (Bond 1979).

In teleost fish, the spleen is the primary organ where
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erythrocytes, neutrophils and granulocytes mature, are processed or stored (Anderson 1974).
It is also involved in hematopoiesis, the clearance of macromolecules, antigen degradation and
processing, and antibody production (Dalmo, et al. 1997). The first appearance of lymphocytes
occurs 42 days post-hatch in Atlantic salmon; 6-8 days post-hatch in rainbow trout, rosy barb and
carp; and 30-80 days in juvenile tilapia (Manning, et al. 1982). The spleen offish contains red
pulp and white pulp, as in mammals, but it is relatively undifferentiated and lacks germinal
centers (Zapata 1982; Kennedy-Stoskopf 1993). The red pulp contains mostly erythrocytes and
a few lymphocytes. The white pulp consists of lymphoid tissue in a reticular network found
mainly around blood vessels (Anderson 1974; Zapata 1982). The splenic lymphoid tissue is
poorly developed and splenectomized fish show no alteration in immune functions (Zapata 1982).
G ut Associated Lym phoid Tissue (GALT) and the Mucosal Im m une System
Lymphoid cells can be found in the lamina propria and intestinal epithelium of all
vertebrates including fish.

All fish studied, with the exception of the Agnatha, have well

organized gut-associated lymphoid aggregates. The aggregates are un-encapsulated and consist
of lymphocytes, macrophages, granulocytes and plasma cells. Histological evidence has shown
teleosts and some elasmobranchs have a common mucosal immune system, with lymphoid
aggregates associated not only with the gut, but also the reproductive tract, skin and gills
(Zapata, et al. 1996).
Lym ph
Fish lack lymph nodes, but do have lymph or lymph-like fluid. The lymph occurs in
spaces around skeletal muscles and connective tissues. The fluid, formed by filtration from
blood vessels, contains many leucocytes and a few erythrocytes. In teleosts, the volume of
lymph may exceed the volume of blood (Fange 1994).
M acrophage Aggregates
Macrophage aggregates, or melano-macrophage centers, occur in fish and other
poikilothermic vertebrates. They are most commonly found in the spleen, kidney and liver, but
may be found in other organs in association with inflammation (W olke 1992). Macrophage
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aggregates consist of focal accumulations of macrophages that usually contain hemosiderin,
lipofuscin, ceroid, and melanin (W olke 1992; Kennedy-Stoskopf 1993). The aggregates are
thought to have several functions including humoral and inflammatory immune responses,
storage and destruction of endogenous and exogenous agents, and iron recycling (Wolke 1992).
Macrophage aggregates may be primitive forms of the germinal centers found in the spleens and
lymph nodes o f higher vertebrates (Kennedy-Stoskopf 1993).
Non-Specific Im m une Responses
Distinction Betw een Innate Resistence and Adaptive Im m unity
Innate resistence is a result of the non-specific, intrinsic mechanisms that act to keep a
host free of disease. These nonspecific defense mechanisms include a number of natural
protective responses that prevent infection, limit the spread of infection, and remove living and
non-living tissue-damaging agents. Adaptive immunity is a specific immune response to a
particular antigen that requires a previous exposure to the antigen. With adaptive immunity the
response against an antigen is faster and stronger with subsequent exposures, this increase in
response is termed memory. Innate resistence does not require any previous exposure to an
antigen, and it is not induced by a specific antigen. In addition, nonspecific responses lack
memory. That is, they remain constant with repeated exposures to pathogenic agents. Non
specific mediators of innate resistence include physical barriers as well as humoral and cellular
factors.
Physical Barriers
S kin . The skin provides a physical barrier to invading microorganisms. The skin of
higher vertebrates is composed of non-living, keratinized cells. In contrast, the skin of teleost
fish is composed of non-keratinized, living cells (Roberts and Bullock 1980). Wound healing is
much more rapid in fish, and the healing processes are different than in mammals (Bullock, et
al. 1978). In mammals, a protective scab forms over the wound and hardens in air. Mitotic
proliferation of the underlying germinal layer results in the scab being undergrown by epithelial
cells until finally it is cast away along with any associated microorganisms. In teleost fish, an
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intact barrier is necessary for maintaining osmolarity, and wounds are quickly covered by
epithelial Malpighian cells which migrate from the periphery o f the wound over the wound
surface. Unlike the mammalian scab, which traps and excludes microorganisms, the rapid
overgrowing of epithelial cells over a teleost wound occurs at the risk o f enclosing microorgan
isms (Ellis 1981).
M ucus. An additional defense that is found on fish, but absent on most other verte
brates, is an external barrier of mucus. Mucus, the outermost line of defense in fish, inhibits
colonization of microorganisms and parasites on the skin as well as on the gills and gastrointesti
nal mucosa. Goblet cells in these surfaces secrete a continual supply of mucus, which is easily
swept away carrying entrapped debris and microorganisms. The m ajor component o f mucus is
mucin, which is composed mostly of glycoproteins. The rate of mucus secretion increases in
response to infection or physical or chemical irritants (Anderson 1974; Ellis 1981; Alexander and
Ingram 1992; Kennedy-Stoskopf 1993). In addition to its role as a physical barrier, mucus
contains factors that inhibit the growth and establishment of parasites and microorganisms.
These factors are discussed below.

Nonspecific Soluble Factors of the Serum and Mucus
Transferrin. Transferrins are non-heme, globular, iron-binding glycoproteins which are
found in the sera of all vertebrates. All organisms, including microorganisms and parasites,
require iron for metabolisms and growth. Transferrins reduce infections by binding iron, making
it unavailable to invading organisms. The low availability of iron restricts bacterial or fungal
multiplication until the immune system can respond.

In mammals, transferrin is a single

polypeptide chain of about 80 KD. In fish, the transferrins have all been found to have molecular
weights of 70 to 80 KD (Ingram 1980; Alexander and Ingram 1992).

Three genotypes of

transferrin in coho salmon (Oncorhynchus kisutch) were correlated with degrees of resistence
to bacterial kidney disease (BKD; Renibacterium salmoninarum). The authors suggested certain
genotypes were better at competing for iron than others; though they acknowledged resistence
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to BKD may be correlated to transferrin genotype, not directly related to the transferrin protein
(Suzumoto, et al. 1977).
Interferon (IFN). Interferons are glycoproteins produced in response to viral infections,
immune stimulus and a variety o f chemical stimulators. Interferon inhibits virus replication by
interfering with viral RNA and protein synthesis. The anti-viral activities of IFN are non-specific
(Tizard 1992).

In most studies in fish IFN is spedes specific but not virus spedfic, as in

mammals (Secombes 1994).
In mammals, there are three dasses of IFN divided into two types. Type I indudes IFNa

and IFN-3, type II is IFN-y (Alexander and Ingram 1992; Tizard 1992). IF N -a is produced

mainly by vims infected monocytes and lymphocytes, IFN-P is produced mainly by virus infeded
fibroblasts, and IFN-y

*s produced

by T cells and natural killer cells after exposure to interieukin-2

(IL-2; Tizard 1992). Because IFN-y is a macrophage adivating fa d o r (M AF), it is considered a
lymphokine (cytokine). Interferon type I produdion has not been confirmed in cydostomes or
cartilaginous fish, but it has been well documented in bony fish (Alexander and Ingram 1992;
Yano 1996). IFN type I in rainbow trout was shown to provide nonspecific antiviral protedion that
could be passively transferred to other trout (de Kinkelin, et al. 1982), and a macrophage
activation fador with activities similar to IFN-y has been demonstrated in rainbow trout (Graham
and Secombes 1988; Alexander and Ingram 1992).
The putative sequence of IFN has been obtained from the Japanese flatfish, Paralichthys

oBvaceus (Tamai, et al. 1993). The researchers made a cDNA library from RNA extraded from
oncogene-immortalized flatfish lymphocytes that had an IFN-like adivity.

The library was

screened for biological adivity and a done expressing an IFN-like protein was sequenced. The
doned protein encoded 138 amino add polypeptide with a molecular weight o f 16 KD (Tamai,
et al. 1994). The amino add sequence had less than 20% homology with mammalian IFN,
leading other researchers to suggest the gene produd is not an IFN protein (Secombes, et al.
1996).
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Enzyme inhibitors. The purpose of enzyme inhibitors is to destroy or inactivate cellular
enzym es that have been released by dead or dying host ceils. In addition, many invading
organisms utilize proteases to damage the host in order to penetrate host cells or obtain essential
nutrients (Alexander and Ingram 1992). The serum of mammals contains specific inhibitors for
three of the major protease groups, including serine proteinase inhibitors, cysteine proteinase
inhibitors and metalloproteinase inhibitors. In addition, mammalian serum also contains a 2 macroglobulin (a2-M ), a nonspecific protease inhibitor capable of inhibiting the enzymes from
all o f the groups of proteases. All groups of vertebrates have protease inhibitors analogous to
a2-M . Thus far, the a-proteinases analogous to mammalian a2-M are the only group of protease
inhibitors identified in fish (Alexander and Ingram 1992).
The a-antiprotease found in normal rainbow trout serum was shown to neutralize the
proteolytic activity of exotoxin from the fish pathogen Aeromonas salmonicida in both in vitro and

in vivo studies (Ellis 1981). The protozoan Cryptobia salmositica parasitizes both rainbow trout
and brook chart ( Salvelinus fontinalis) but does not cause clinical signs of cryptobiosis (e.g.
anemia) in the brook charr. The parasite secretes a metalloprotease that is capable of lysing fish
erythrocytes and appears to be associated with virulence. The a2-M from the blood of rainbow
trout and brook charr was shown to neutralize the metalloprotease activity of the protozoan
parasite in vitro and in vivo. Since brook charr were found to have a much higher activity levels
of a2-M than rainbow trout, it was suggested that the a 2-M played an important role in defense
against cryptobiosis (Zuo and Woo 1997).
Lysozyme. Lysozyme, also known as muramidase or N-acetylmuramide, is a mucolytic
enzyme produced by leucocytes. The specific substrate o f lysozyme is 31-4 linked N-acetylmuramamine and N-acetylglucosamine, which form the peptidoglycan layer of the cell walls of
bacteria. Gram positive bacteria can be directly damaged by lysozyme, but Gram negative
bacteria are not susceptible to lysozyme unless the outer cell wall has been disrupted by
complement or enzymes, exposing the inner peptidoglycan layer. When the peptidoglycan cell
wall layer is lysed by lysozyme the plasma membrane usually ruptures due to osmotic stress and
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the cell dies. The enzyme has antibiotic properties and is widely distributed in nature (Lindsay
1986; Alexander and Ingram 1992).
Lysozyme has been found in the serum, mucus and some tissues of fish (Fletcher and
W hite 1976; Fletcher, et al. 1977; Ourth 1980). In rainbow trout and plaice (Pteuronectes

pfatessa) lysozyme has a distribution compatible with a defense function, and is found in tissues
rich in leucocytes and at sites where the risk of bacterial invasion is high, such as the mucus and
gills (Murray and Fletcher 1976; Lindsay 1986).

The lysozymes isolated from fish have

molecular weights ranging from 12.5 to 15 KD (Alexander and Ingram 1992).
Grinde et al (1988) compared lysozyme activity between 12 spedes offish and found
both spedes and individual variation. The highest lysozyme adivities were found in rainbow
trout, sea char (Satvelinus alpinus), turbot ( Psetta maxima), halibut (Hippoglossus hippoglossus)
and catfish (Anarrhichas lupus). Rainbow trout had the highest lysozyme adivities, about 500
times that of ling (Motva motva) and tusk (Brosme brosme), the spedes with the lowest adivities.
Proteinases. Proteinases with trypsin-like adivity have been identified in the skin
mucus and mucus-secreting cell layers o f rainbow trout and Atlantic salmon (Hjelmeland, et al.
1983; Braun, et al. 1990).

Immunohistochemical examination showed trypsin was present in

Atlantic salmon mucus-secreting cells in the epithelium, gills, intestine and epidermis of dorsal
skin (Braun, et al. 1990). Because the trypsin-positive tissues comprise most o f the external
surface offish, and a common feature of these tissues is mucus secretion, the authors felt that
their findings supported the hypothesis that trypsin has a role in the defense systems of fish to
environmental pathogens (Hjelmeland, et al. 1983; Braun, et al. 1990).
Agglutinins and precipitins. Agglutination and predpitation both involve the crosslinking of molecules. Agglutination is the aggregation of cells due to cross-linking of molecules
attached to the cell surface and predpitation is the aggregation of molecules in solution, if the
molecule is large enough, agglutination and predpitation can be brought about by the same
substance (Alexander 1985; Alexander and Ingram 1992).
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Though they are sometimes referred to as 'natural antibodies’, the agglutinins in fish are
nonspecific factors that occur in the absence of any specific antigenic stimulation.

The

agglutinins have functional homology to immunoglobulins, but they are not immunoglobulin
molecules. In fish, agglutinins are found in serum, skin mucus and eggs (Fletcher 1982; Ingram
1985; Suzuki 1985; Alexander and Ingram 1992).

All of the agglutinins react with mono

saccharides found in carbohydrates and glycoproteins. Non-immunoglobulins that react with
carbohydrate moieties are generally referred to as lectins (Alexander and Ingram 1992). Natural
agglutinins to heterologous erythrocytes have been widely detected in freshwater and marine
teleosts and in elasmobranchs (Ingram 1980). Many of the studies showed natural agglutinins
with hemagglutinin activity against human blood group determinants as well as a variety of other
vertebrate spedes (Ingram 1985; Suzuki 1985). The role of agglutinins in fish is speculative, but
they are thought to have a putative defense function. They may be represent primitive immune
surveillance molecules.

Evidence suggests they are involved in recognition rather than as

effectors of pathogen destruction (Fletcher 1982; Alexander and Ingram 1992).
The best studied precipitins in fish are C-reactive protein (CRP) and a-predpitins.
Mam m alian CRP is in the acute phase protein group, the concentrations of which increase
rapidly following tissue damage, inflamation or infection (Alexander and Ingram 1992).

In the

presence of Ca2* ions , CRP predpitates the so called c-polysaccharides, or phosphocholine
containing molecules found widely distributed in nature. Following reaction to its substrate, CRP
can adivate complement via the dassical pathway. It is also an opsonin and can precipitate or
agglutinate macromolecules and microorganisms with surface phosphorylcholine (Alexander and
Ingram 1992).
The CRP offish differs from that of mammals in that it is not an acute phase protein, but
rather appears to be a normal constituent offish serum (Ellis 1981). Cross-reactive protein has
been found in the serum, mucus and eggs in a number of teleosts and elasmobranchs (Fletcher,
et al. 1977; Ramos and Smith 1978; Alexander and Ingram 1992).

The C R P of fish have been

shown to react with C-polysaccharides of baderia, some fungi and extracts o f a nematode worm
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(Baldo and Fletcher 1973). The CRP from rainbow trout has been isolated and characterized as
a 66 KD protein made up of two subunits (Murai, et al. 1990)
Another type of precipitin found in the sera o f all vertebrates, including fish, are the a predpitins. These proteins have a-globulin mobilities in immunoelectrophoretic gels (Ellis 1985),
and exist in two forms with molecular weights of 170 and 500 KD. a-Precipitin is not a single
protein, but rather a group of molecules with different specificities (Alexander 1985). The a predpitins offish have been shown to react with extracts of fungi and bacteria and with amylose
and amylopectin (Alexander 1985). The a-predpitins are not Ca^-dependent, and are therefore
not CRP (Alexander and Ingram 1992). Observations by Ellis (1985) have led him to suggest
the predpitation reactions caused by a-predpitins are due to enzyme-substrate reactions with
the formation of insoluble products rather than predpitation of a complex in the manner of true
predpitins. The role of a-predpitin in fish is unknown, but Davies and Lawson (1985) speculated
it may function as a recognition molecule detecting carbohydrate moieties and, like CRP, it may
be a nonspedfic defense mechanism.
C om plem ent Complement is a group of enzymes that react in a regulated cascade in
a reaction culminating in disruption of cell membranes. In addition to the lysis of cell mem
branes, the activation of complement can result in cell-mediated chemotaxis of granulocytes and
phagocytic cells, complement-mediated opsonization and complement-mediated inflammation.
In mammals, at least 19 proteins make up the complement system. They are all serum proteins,
and togetherthey account for about 10% of the serum globulin fraction (Tizard 1992). The main
components of mammalian complement are numbered C1 to C9.
There are two convergent pathways of complement activation, the dassic pathway and
the alternative pathway. These pathways are activated by different mechanisms, but have the
same end result. In the dassic pathway, antigen-antibody complexes of IgG or IgM start the
cascade reaction by activation of the first component, C1.

The activation of C1 causes the

activation of C4, C2 and C3 leading to the final cascade of C5-C9. The activation of C3 can also
occur by the alternate pathway in the absence of antigen-antibody complexes. The alternate
pathway is triggered by the activation of properdin by a number o f substances, induding bacterial
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LPS, fungal polysaccharides, plant factors and animal venom. Activated properdin acts on C3
and results in the activation o f the complement cascade sequence from C5 to C9, as in the
classical pathway activation. The classical pathway requires both Ca2* and Mg2* ions, while the
alternate pathway requires only Mg2* (Sakai 1992; Tizard 1992).
Activation of the classic pathway is a specific immune response because it is mediated
by antibodies. Activation of the alternate pathway does not require specific antibodies and is a
nonspecific immune response. The classic pathway can, however, be activated non-specifically,
in the absence of antibody, through direct activation of C1 by the surface proteins o f some
viruses, by bacteria such as E. coli and Klebsiella pneumonia, by CRP, or by myelin (Tizard
1992).
Complement can be found in the both the serum and mucus of fish (Harrell, et al. 1976;
Kennedy-Stoskopf 1993). Most fish, with the exception of Agnatha, have a complement lytic
system analogous to mammals, which can be activated by both the alternate and classic
pathways (Harrell, et al. 1976; Giclas, et al. 1981; Ourth and Wilson 1982; Kennedy-Stoskopf
1993). Hagfish appear to only have the terminal components of complement, and these act in
a series of aggregations leading to the formation of a membrane-damaging complex, rather than
as a true cascade of enzyme reactions (Kennedy-Stoskopf 1993). Components analogous to
mammalian C3 and C5 have been identified in rainbow trout, C1 to C4 have been identified in
carp, and C1 to C4 and C9 have been identified in elasmobranchs. Properdin has also been
observed in fish (Ingram 1980). The full cascade of components equivalent to C1 through C9
and factors B and D have recently been identified in a single fish species, the carp (Yano 1996).
Fish complement has not been completely characterized, but it does appear to have
some characteristics different from mammalian complement. Fish complement is more heat
labile than mammalian complement, making it more difficult to preserve. It has a lower optimal
temperature, higher antimicrobial actions and is more species-specific or species-group specific
than mammalian complement (Sakai 1992). Fish complement exhibits lytic activity by activation
of the alternative or classical pathways. The lytic activity includes hemolysis, bactericidal and
bacteriolytic activities, cytotoxicity, viral inactivation, and detoxification. Fish complement also
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has opsonic action thought to be due to a mammalian C3b-equivalent fragment, though a C3b
receptor has yet to be identified on fish leukocytes (Sakai 1992).
N onspecific C ellu lar Factors
Phagocytes. Phagocytosis involves the chemotaxis, adherence, ingestion and
destruction of foreign material by phagocytic cells. Neutrophil granulocytes and mononuclear
phagocytes are the primary phagocytic cells in fish, though eosinophils and thrombocytes may
also be phagocytic in some fish spedes (Ainsworth 1992). Neutrophils mainly phagocytize
bacteria while macrophages phagocytize any foreign partides, as well as damaged host cells.
Rsh phagocytes are morphologically and functionally sim ilar to their mammalian counterparts
and are a primary defense mechanism against invading organisms.

The stimulation and

response of phagocytes is nonspedfic, but they affed and are effected by products and cells of
the spedfic immune system (Ellis 1981).
In mammals, granular leukocytes, which indude neutrophils, eosinophils and basophils,
are charaderized by their polymorphonudear nudeus, as opposed to the single rounded nudeus
of mononudear monocytes and macrophages.

Neutrophils, also called polymorphonudear

(PM N) phagocytic cells, are cells that respond rapidly, but are incapable o f a sustained effort.
Monocytes and macrophages are cells that respond more slowly, but are capable of repeated
phagocytosis. Neutrophils reach and attack foreign material first, and in dying they attrad
macrophages to the site of invasion (Tizard 1992). In mammals, granulocytes and monocytes
are derived from the same myeloid stem cell in the bone marrow. In fish, which lack bone
marrow, phagocyte development occurs in the lymphomyeloid organs. Mature neutrophils are
found in blood, peritoneal exudates and tissues (Ainsworth 1992). They are also frequently seen
in inflammatory lesions (Ellis 1981). The neutrophil nudeus of bony fish is generally round or
slightly oval, rather than PMN. Rainbow trout are unusual in that they do have PMN neutrophils.
It was originally thought that fish neutrophils were not adively phagocytic (Ellis 1981). It is now
well established that pisdne neutrophils are phagocytic, but they are seledive for the types of
materials they will phagocytize (Finco-Kent and Thune 1987; Ainsworth 1992).
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The mononuclear phagocytes include monocytes and macrophages. Monocytes are
found in the peripheral circulation, and macrophages are located in the tissues. Although
capable of active phagocytosis, monocytes found in the blood are considered immature macro
phages (Tizard 1992). In teleosts, macrophages are found widely distributed in tissues including
the gills and peritoneum, but are mainly found in the lymphoid areas of the spleen and kidney
(Ellis 1981).
Serum antibodies, complement and CRP can significantly enhance phagocytosis and
bacterial killing in both neutrophils and macrophages offish. This suggests complement C3b and
antibody Fc receptors are present on fish phagocytes (Kodama, et al. 1989; Ainsworth 1992;
Kennedy-Stoskopf 1993). Receptors for complement have yet to be identified, but Fc receptors
have been demonstrated in the nurse shark (Haynes, et al. 1988)*
N onspecific cytotoxic c ells.

Nonspedfic cellular immunity in teleost fish is also

mediated by a population of cells called non-spedfic cytotoxic cells (NCC). Elasmobranchs are
capable of nonspecific cellular cytotoxic reactions, but cytotoxicity is mediated by macrophage
like cells instead of NCC (Haynes and McKinney 1991).

The NCC of fish appear to be

analogous to mammalian natural killer (NK) cells. Like NK cells, NCC are non-T cell, non-B cell,
non-phagocytic lymphocytes that are nylon wool and plastic adherent/non-adherent, and
irradiation resistant (Evans, et al. 1984; Tizard 1992). Morphologically, the NCC offish are
different from NK cells in that they are generally small, agranular lymphocytes, compared to NK
cells which are large granular lymphocytes (Evans and Jaso 1992).
Mammalian cytotoxic T cells produce an antibody-dependent, cell-mediated cytotoxicity
with an antibody determined spedficity. Both NCC and NK cells differ from cytotoxic T cells in
that they have the ability to spontaneously lyse tumor target cells, virus infeded cells, and
protozoan parasites without prior exposure or immunization.

In addition, their lysis is not

restrided by major histocompatibiltity complex antigens, they are able to lyse xenogeneic target
cells, and there are no anamnestic responses (Evans and Cooper 1990). Similar to NK cells,
NCC require cell-cell contad for target cell lysis, and they kill target cells by both apoptic and
necrotic mechanisms. However, it takes fewer NCC to kill an individual target cell, and it takes
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NCC less time to kill, compared to NK c ells . Unlike NK cells, NCC do not recycle. (Evans and
Jaso 1992).
Fish NCC are found in the anterior kidney, spleen and peripheral blood. An antigen
binding receptor has been identified and characterized on NCC using mAb. The receptor is a
vimectin-like protein that recognizes a 40 kd protein determinant on the membranes of target
cells. The receptor appears to be phylogenetically conserved because NK cells of rat and
humans recognize the same 40 kd protein on target cells. Binding of the NCC receptor triggers
events characteristic of signal transduction activity (Evans and Jaso 1992).

Inflammatory Responses
Inflammatory responses are dynamic nonspecific immune responses that occur at the
sites o f injuries caused by wounds or invasive organisms. In humans, the classic signs of
inflammation include pain, swelling, redness and heat. The inflammatory response in fish is
generally similar to that of mammals, although the response is less contained.
The general steps of inflammation include vasodilation and increased vascular
permeability, leucocyte migration and removal of debris, and resolution and healing. Increased
vasodilation and vascular permeability, resulting in swelling or edema, are the first step in the
inflammatory responses of both fish and mammals (Suzuki and lida 1992). This is followed by
a biphasic leucocyte migration, with neutrophils arriving at the site of inflammation more quickly
than macrophages. Chemical mediators control leucocyte migration, and complement factors,
leucotriene B4, and a lymphokine have been identified as chemotactic and chemokinetic factors
for fish neutrophils (Suzuki and lida 1992). Both neutrophils and macrophages act to remove
debris by phagocytosis.

The majority of phagocytosis occurs in the first 3-4 days of the

inflammatory response. Leukocyte migration, infiltration and phagocytosis are followed by tissue
repair (Suzuki and lida 1992; Secombes 1996).
The acute inflammatory response offish results in hemorrhagic liquefaction rather than
contained suppuration (Ellis 1981). This response is more damaging to host tissues, and Ellis
(1981) hypothesized fish may be able to respond in this way due to the greater regenerative
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power of their tissues. For example, fish muscle tissue continues to divide through-out life, so
dam aged muscle cells are replaced by new cells rather than the scar tissue that forms in
mammals.
If the inflammatory stimuli persists following the acute inflammatory response, a chronic
inflammatory response may follow. Granuloma formation is a typical chronic inflammatory
response in fish. Granulomas are organized collections of macrophages and fibrous tissue
stroma. As the granuloma progresses, the macrophages aggregate and transform into epitheloid
cells or multinudeate giant cells (MNGCs), and extensive melanization and fibrosis occurs. The
granulomas may displace or isolate the surrounding host tissue resulting in tissue atrophy (Ellis
1981; Secombes 1996).
Hypersensitivity responses in fish is a controversial topic. Behavioral reactions compar
able with type I hypersensitivity, or anaphylaxis, have been demonstrated in some teleost spedes
but not others (Ellis 1981; Kennedy-Stoskopf 1993). Since fish do not have mast cells or IgE,
and only very low detectable levels of histamine, the controversy is whether or not fish can truly
experience anaphylaxis. Fish do have tissue eosinophilic granular cells which appear to be mast
cell-like in ultra-structure and cytochemical studies (Ellis 1982; Kennedy-Stoskopf 1993). Type
II (cytotoxic) hypersensitivity and type III (immune-complex) hypersensitivity have not been
documented in fish, but are thought to occur because all of the necessary components are
present (Ellis 1981; Kennedy-Stoskopf 1993). Type IV (delayed) hypersensitivity does occur in
fish and is discussed further under cell-mediated immune responses.

Specific immune Responses
Humoral Immune Responses
The specific humoral (antibody) response of fish is the best studied aspect of fish disease
resistence. Although there are differences, the humoral immune response o f fish shares some
general features in form and function with that o f mammals. The shared features include anti
body effector mechanisms, basic immunoglobulin structure, and the cellular requirements of
antibody induction (Kaattari and Piganelli 1996).
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B lym phocytes.

Antibodies are produced by the B lymphocytes.

In mammals,

lymphocytes are only called B lymphocytes, or B ceils, if they synthesize and express membrane
bound immunoglobulin (m lg) molecules on their cell surface. Upon stimulation, replicating B
cells will either become memory cells or antibody secreting plasma cells. Plasma cells are
termed “terminally differentiated’ because they will not persist or self-renew.

Terminal

differentiation is accompanied by the loss of mlg as well as many other surface B-cell markers
(Kincade and Gimble 1993). Fish lymphocytes do consist of two populations of cells, those with
membrane bound immunoglobulin (mlg*) on their surface, and those without surface immuno
globulin (mlg-; Lobb and Clem 1982).
The B cells arise from the bursa of birds and the bone marrow of mammals. In fish,
which lack bone marrow, the primary lymphoid organ is thought to be the anterior kidney. The
lymphoid tissues offish which contain the highest levels of mlg* cells are the kidney, spleen and
blood. The thymus of fish contains predominantly mlg* cells, however very low levels of mlg*
B cells also occur (Kaattari 1992). The B cells found in the anterior kidney produce low affinity
antibodies with a restricted repertoire of specificity, whereas the B cells found in the spleen and
posterior kidney produce both high and low affinity antibodies with diverse specificities.

It has

been suggested that the restricted B cell population of the anterior kidney may be indicative of
the anterior kidney’s role as a primary lymphoid organ for the B cell, with more mature B cells
residing in the secondary lymphoid organs (Kaattari and Irwin 1985; Kaattari 1992).
The B cells are activated by antigens, and antigens, based on their structure, are divided
into two forms. These forms are T-independent (Tl, polysaccharides) and T-dependent (TD,
proteins). Most antigens, with a few exceptions, can be classed as one of these two forms
(Kaattari and Piganelli 1996). The Tl antigens are further classified into type I or type II. Most
T l type I antigens are polyclonal B cell activators, which are directly mitogenic for B cells,
regardless of antigen specificity, and they induce polyclonal antibody production (DeFranco
1993). Many of these compounds are components of bacterial cell walls, such as LPS. Like
mammalian B cells, fish mlg* cells have a mitogenic response to LPS (Sizemore, et al. 1984).
Hapten-camer experiments using LPS showed fish anti-hapten responses to Tl antigens require
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hapten-specific mlg* cells and accessory cells (monocytes). Anti-hapten responses to TD
antigens required hapten specific mlg* cells, carrier-specific mlg- cells, and monocytes (M iller,
et al. 1985). The role of the m lg' cells is discussed further below under cell-mediated immune
responses. The role of the monocyte appears to be in providing a soluble factor with a function
analogous to mammalian IL-1 (Vallejo, et al. 1992a).
Antibody responses. Upon immunization or first exposure to an antigen, fish produce
specific antibodies with measurable affinities for the eliciting antigen. Depending on the route
o f antigen exposure, antibodies may appear in the serum, mucus and bile (Wilson and Warn
1992). The kinetics of the humoral response of bony fish can be broken down into three phases,
a lag phase, exponential phase and decay phase. Circulating antibody levels reach their peak
three to four weeks following the first exposure to the antigen. Upon a second exposure to an
antigen, the lag phase is shorter, the response is accelerated, and higher antibody titers are
produced (van Muiswinkel 1995). The anamnestic, or secondary response, o f fish does differ
from that of mammals. The differences are discussed below under memory responses.
A ntibody effector m echanism s. The effector mechanisms of fish antibodies are the
same as those of mammals. The effector mechanisms include neutralization, predpitation and
agglutination, opsonization, and complement activation (Kaattari and Piganelli 1996). Neutraliza
tion occurs when spedfic antibodies block the fundion of an antigen by binding to receptors,
active sites o f enzymes, or toxigenic determinants. Predpitation and agglutination occur when
antibodies cross-link antigenic molecules, molecules in solution result in predpitation and
molecules attached to cell surfaces result in agglutination. Opsonization is when coating of
bacteria, fungi or parasites with antibody leads to enhanced phagocytosis.

Complement

activation occurs via the dassic pathway when antigen-antibody complexes result in activation
of C 1, the first component of the compliment cascade (Sakai 1992; Tizard 1992; Kaattari and
Piganelli 1996).
Im m unoglobulin structure. Fish immunoglobulin is a high molecular weight molecule
which is similar to mammalian immunoglobulin M (IgM). Although initially referred to as IgM-like,
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the molecule is now generally referred to as IgM. Calling the molecule IgM is thought to be
justified based on the size, structure, gene organization and physiochemical properties that the
fish immunoglobulin molecule shares with mammalian IgM (Wilson and W arr 1992).
Fish immunoglobulin consists of equimolar amounts of larger (~72 KD) heavy chains (hi)
and smaller (~27 KD) light chains (L). The monomeric form of the molecule is H2I_ 2 and contains
two antigen binding sites. The IgM of elasmobranchs is a pentamer, like the IgM of mammals,
and consists of 10 heavy and 10 light chains (HjLJg and a total of 10 antigen binding sites. The
IgM molecule of teleosts is a tetram er and consists of eight heavy and eight light chains ( H ^ ^
and a total of eight antigen binding sites (Wilson and W arr 1992; Kaattari and Piganelli 1996).
Antibody molecules are often described as having two different regions, an antigenbinding amino terminus (Fab) and a carboxy-terminal effector region (Fc).

In the fish IgM

monomer, the Fab portion of the molecule consists of the N-terminal portions of each of the H
and L chains. Like mammalian IgM, fish IgM heavy and light chains consist of constant and
variable regions. Fish IgM heavy chains have one variable region (VH) at the amino terminus
followed by four constant regions (CH.,, CH2, CH3 and C H J. Fish IgM light chains have one
variable region (VL) at the amino terminus followed by one constant region (CL). The H2I_ 2
monomer is held together by three disulfide bonds. The two H chains of the monomer associate
so that the VC, CH1t CH2, CH3 and CH4regions are aligned, with the chains held together by a
disulfide bond between the CH4 regions. Each o f the two L chains in the monomer pair up with
an H chain so that the VL and CL regions are aligned with the VC and CH1 regions, and the
chains are held together by a disulfide bond between the CL and CH, regions. The Fab portion
of the molecule consists of the VL and CL regions of the L chains and the VH and CH, regions
of the H chains. The Fc portion of the molecule consists of the CH2, CH3 and CH4 regions of the
H chains (Wilson and Warr 1992; Kaattari and Piganelli 1996). The variable regions of the Fab
portion of the molecule are what recognizes and binds to the antigen. Within each variable
region there are three hyper-variable regions which are called complementarity determining
regions (CDR1-3).

The remaining four variable regions surrounding the CDRs are called

framework regions (FR1-4) (Pilstrom and Bengten 1996).
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The monomeric subunits of mammalian IgM are held together in their pentameric form
by complete disulfide bond cross-linking. Complete cross-linking of the subunits is stringently
required, and the molecules that are only partially cross-linked are targeted for digestion rather
than secretion. In contrast, the disulfide cross-linking of the monomers of teleost IgM does not
occur uniformly, and seems to be a means by which structural diversity is generated. Differential
cross-linking results in varying combinations, depending on the spedes of fish, of tetramers,
trimers, dimers and monomers that may be covalently or non-covalently assodated (Kaattari and
Piganelli 1996).
Iso typ ic diversity. Within a single spedes, immunoglobulins may be separable into
classes, or isotypes, based on structural differences between the dasses. Human immuno
globulin consists of nine different isotypes (IgM, lgG1, lgG2, lgG3, lgG4, lgA1, lgA2, IgE and
IgD). The differences in isotypes are due to differences in the constant regions of the H chains
(Kaattari and Piganelli 1996). Teleosts appearto have limited isotypic diversity compared to that
of mammals. Heavy chain isotypes have been deduced in some fish, but they are all IgM-iike
isotypes. In sharks and teleosts, the low molecular weight immunoglobulins are made up of the
same monomers as the complete IgM molecule (Wilson and W arr 1992). An exception to this
is seen in rays, which do appear to have a structurally distinct low molecular weight immuno
globulin (Pilstrom and Bengten 1996). Teleost light chains appearto consists of two isotypic
variants similar to mammalian kappa and lambda chains (Wilson and W arr 1992).
The genes encoding im m unoglobulins. The genes encoding H and L polypeptide
chains offish immunoglobulin are located at separate loci in the fish genome. Like mammalian
immunoglobulin, the H chains of teleost and holostean fish are encoded by multiple genetic
segments. Multiple variable (V) regions are located upstream of cluster of diversity (D) regions,
followed by joining (J) regions. Further down at the most 3' end are the constant (C) regions
(Pilstrom and Bengten 1996). The VH regions are encoded by VH, D and JH gene segments, and
each of the Cp (CH1 to CH4) regions are encoded by an exon. During B cell development, the
V H, D and JH gene segments rearrange and fuse to form the VH region. In most vertebrates,
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including teleost and holostean fishes, there are more copies of the diversity-generating V H> D
and JH gene segments than there are o f the CH region genes. This type of gene arrangement
is referred to as a translocon arrangement (W arr 1995; Pilstrom and Bengten 1996). In contrast
to the translocon arrangement, the heavy chain genes of elasmobranchs are organized into
repeating clusters of one VH. two D, one JH and one Cp region (VH, D1( 0 2, JH C p ) which do not
rearrange. This type of gene arrangement is referred to as a multicluster or multiple locus
arrangement (W arr 1995; Pilstrom and Bengten 1996).
Unlike the heavy chain genes, the light chain genes of cartilaginous and bony fish are
arranged in a similar manner to each other. The VL regions are encoded by VLand JL gene
segments ( the D region is absent), and the CL regions are encoded by a single exon. The VL,
JL and CL regions are in a multicluster arrangement similar to that of the elasmobranch heavy
chain genes. The light chain genes of cartilaginous and bony fish do differ in transcriptional
orientations. In cartilaginous fish (Chondrichthyes), the VL, JL and CL regions are all transcribed
in the same direction. In bony fish (Osteichthyes), the VL region is transcribed in the opposite
direction of the JL and CL regions (W arr 1995; Pilstrom and Bengten 1996). It is not yet certain
if fish possess light chain classes analogous to the kappa and lambda classes of mammals, but
the fish light chain genes of individual spedes examined so far can be separated into distinct
dasses based on structural type (W arr 1995).
Immunoglobulin gene expression. In mammals, transcription of the immunoglobulin
genes is regulated by nudear factors. These nudear factors are DIMA binding proteins which
recognize and bind to spedfic conserved nudeotide sequences, or motifs called promoters and
enhancers. Immunoglobulin gene expression requires that the process of V(D)J rearrangement
brings the B cell-specific promoter and enhancer elements in suffidently dose proximity to each
other so transcription of a functional gene can be initiated. Immunoglobulin promoters are
located upstream of each V region. Enhancers for Ig heavy chains are found in the D region and
in the intron between the JH and Cp regions, and 3' of the constant region genes (W arr 1995;
Pilstrom and Bengten 1996).
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Little is known about fish Ig transcriptional control compared to what is known in humans
and m ice. The minimal motif requirements for B cell promoter function are the TATA box and
the octomer ATGCAAAT. These promoter motifs have been identified in the 5' flanking region
of all fish genes examined so far, with the exception of elasmobranch IgH clusters, which instead
have a decam er/nanom er motif like in the promoter region of mammalian T cell receptors.
Inspection of sequences has identified enhancer motifs in many fish similar to those of
mammals. Other promoters and enhancers offish Ig genes have motifs sim ilar to mammals, but
their organization and arrangement differs. (W arr 1995; Pilstrom and Bengten 1996).
Secreted and membrane bound IgM . All immunoglobulins have the potential to exist
as either the soluble secreted molecule (slg) found in blood, mucus and other body fluids, or the
membrane-bound molecule (mlg) that acts as a receptor for antigen on the surface of B cells
(W a rr 1995). One of the distinguishing characteristics of B cell differentiation into antibody
producing plasma cells is the loss o f the mlg. W hile B cells express and make substantial
quantities of both mlg and slg, upon stimulation and differentiation into a plasma ceil, the cell
stops expressing mlg and begins expressing slg almost exclusively. This switch is consistent
with the function of the plasma cell, which is to generate a large pool of circulating antibodies
(W ilson and W arr 1992; Max 1993).
In most vertebrates, the mlg is a slightly larger molecule than the slg due to an additional
C-temninal hydrophobic segment in both H chains that anchors the protein in the membrane lipid.
In the case of the p chain, this transmembrane domain is encoded by two additional exons, TM1
and TM 2. Alternate mRNA processing determines whether the membrane bound or secreted
form of the IgM is expressed (Wilson and W arr 1992; M ax 1993). In most vertebrates, the
m RNA for the membrane form of the molecule is derived when the TM1 and TM2 exons are
spliced into a cryptic donor splice site located at the 3' end of the CH4 exon. The TM exons
encode 41 C-terminal residues, including 26 uncharged residues which are thought to span the
membrane. The mRNA of the secreted form of the molecule does not include the TM1 and TM 2
exons (M ax 1993).
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Fish also posses two additional transmembrane domain encoding exons. Chondrosteans
use the same cryptic donor site as other vertebrates, but this site is lost in teleosts. As a result,
the mRNA processing of teleosts differs from that of other vertebrates. In teleosts, the TM
domains are spliced into a cryptic donor site located at the 3' boundary of the CH3 exon, resulting
in elimination of the CH4 exon (Wilson and W arr 1992). The resulting truncated molecule is still
able to function normally as an antigen receptor and mediate allelic exclusion (Miller, et al.
1994b).
Holosteans appear to be in a transition state between chondrosteans and teleosts. The
two holostean species examined, bowfin (Amia calva) and longnose gar (Lepisosteus osseus),
use both the CH3 and CH4 cryptic donor sites. In addition, the bowfin has a third cryptic donor
site located in the middle of the CH3 exon which is used in the production of mlg encoding
mRNA (Wilson, et al. 1995a; Wilson, et al. 1995b).
The B cell receptor (BCR). The B cell antigen receptor of mammals is composed of
mlg and two accessory proteins. These accessory proteins, lg-a (CD79a) and lg-3 (CD79b),
form a covalently linked heterodimer complex that associates non-covalently with the mlg
molecule. The lg-a and lg-3 proteins are encoded by the B cell-specific genes Mb-1 and B29,
respectively. These accessory molecules are responsible for both surface expression of mlg and
signal transduction of the B cell receptor (BCR; DeFranco 1993; Rycyzyn, et al. 1996).
Investigation of the fish BCR has only recently been done in channel catfish (Rycyzyn,
et al. 1996). The mlg on the surface of catfish B cells was found to be non-covalently associated
with accessory molecules. These molecules differed from those of mammals. Mammalian
accessory molecules exist as one set of molecules in a lg-a/lg-3 heterodimer, consisting of 34
and 40 KD polypeptides respectively in a 2:1 ratio with mlg (DeFranco 1993; Rycyzyn, et al.
1996). Instead of one set of accessory molecules, the catfish mlg appears to be associated with
two sets of molecules of 64 and 70 KD that are distinct from each other. The 64 KD molecule
appears to be a dimer of non-glycosylated 32 KD peptides, and the 70 KD molecule appears to
be a heterodimer of a 45 KD glycosylated peptide and a non-glycosylated 25 KD peptide. Both
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the 64 and 70 KD sets of accessory molecules are rapidly phosphorylated on tyrosine residues
following mlg cross-linking, indicating fish B cells use a signal transduction pathway sim ilar to
mammals (Rycyzyn, et al. 1996).
The generation o f antibody diversity. The antibodies of fish and other endothermic
vertebrates are of much lower affinity and diversity than those of higher vertebrates (W arr 1995).
Although information on the generation of antibody diversity in fish is limited due to the fact that
few species have been investigated, the mechanisms responsible for generating antibody
diversity in mammals are also thought to be present in fish. Six mechanisms responsible for
generating immunoglobulin diversity in mammals have been identified, they include combina
torial diversity, junctional imprecision, junctional diversity, gene conversion, heavy and light
chain pairing, and somatic mutation (Tizard 1992; W arr 1995).
Combinatorial diversity, the first mechanism for generating antibody diversity, is the
random selection of the individual V, D and J gene segments that will rearrange and fuse to form
the V region (Tizard 1992; W arr 1995). Combinatorial diversity occurs with the IgH locus of
teleost fish, which have a translocon gene arrangement, but it is generally thought that the
multicluster arrangement of the elasmobranch IgH loci and the IgL loci of all fish will restrict
diversity generated by combinatorial means (W arr 1995). The multiclusters are closely linked
however, and since the VL segments are transcribed in the opposite direction of the JL and CL
segments, it has been suggested that rearrangements between clusters could occur by inversion,
as seen in the murine

k-Iocus

(Pilstrom and Bengten 1996).

The number of different V, D and J gene segments a species has in its germline
determines how many different V, D, J joining combinations are possible. In humans and mice
there are over 100 germline VH genes. These genes are grouped into seven families in humans
and 14 families in mice (W arr 1995). In comparison, channel catfish have over 100 VH genes
grouped into six families, rainbow trout have 9 VH families, Atlantic cod (Gadus morhua) and
goldfish have at least three VH families (W arr 1995). Less information is available for the J and
D regions of fish. The only fish JH regions that have been cloned and mapped from genomic
DNA are those of channel catfish, which have been shown to have nine JH regions compared to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

37
humans and mice which have four and six JH regions respectively. Provisional estimates of DH
regions and JH regions of fish species have been made using cDNA analysis, which shows
rainbow trout have at least 6 JH regions and ten DH regions, and Atlantic cod (Gaddus morhua)
have at least two JH regions (W arr 1995; Pilstrom and Bengten 1996).
Less is known about fish light chain regions, but Southern blot analyses have shown that
the three teleost fish studied (channel catfish, rainbow trout and Atlantic cod) all appear to have
about 20 VL regions. Since the VL and JL regions of fish are in multiclusters, there must also be
about 20 corresponding JL regions (Pilstrom and Bengten 1996). Based on these estimates, it
does not appear that teleosts are lacking in V, J and D region diversity.
Junctional imprecision and junctional diversity are the second and third mechanisms
responsible for generating antibody diversity. Junctional imprecision is the imprecise joining of
the V, D and J gene segments. Junctional diversity is a result of enzymatic addition and removal
o f bases at the junctions during joining of the V, D and J gene segments (Tizard 1992; W arr
1995). These mechanisms of diversity have not been well studied in fish, but they have been
observed to operate in the heavy chains of rainbow trout and Atlantic salmon (Pilstrom and
Bengten 1996). Gene conversion, the fourth mechanism for diversity, is the non-reciprocal
exchange of sequences from non-functional V psuedogenes to functional V regions. This
mechanism is a major means of generating antibody diversity in chickens and rabbits. It may
also be important in other mammalian species, and it is possible it occurs in fish (Pilstrom and
Bengten 1996). The fifth mechanism for diversity, heavy and light chain pairing, is the random
selection of expressed heavy and light chain pairs in a B cell. There is no reason to think random
selection of expressed chains does not occur in fish.
The final mechanism for generating antibody diversity, somatic mutation, is the
introduction of point mutations in the joined V, D, J regions which occur after antigen stimulation
of the B cell (Tizard 1992; Warr 1995). In mammals, somatic hypermutations occur in the B cell
blasts before they differentiate into antibody producing plasma cells. The hypermutations occur
most commonly in the gene regions that code for the CORs of the molecule. The result of these
hypermutations in the CDRs is an increase in the affinity of the antibodies for a particular antigen
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as the immune response progresses (Pilstrom and Bengten 1996). This increased antibody
affinity, termed affinity maturation, is what is responsible for the characteristic strong antibody
responses in mammals (W arr 1995). An affinity maturation like that o f mammals does not occur
in fish and other poikilotherm vertebrates, and this initially led researchers to believe it was
because somatic mutation did not occur. Recent studies have shown, however, that somatic
m utations do contribute to antibody diversity in amphibians and sharks (Wilson, et al. 1992;
Hinds-Frey, et al. 1993). Somatic mutation in teleosts has not yet been investigated, but will
likely show similar results (Pilstrom and Bengten 1996).
Secondary im m une responses. The primary immune response is one that occurs
following first exposure to an antigen. The secondary immune response occurs following a
second or subsequent exposure to the same antigen and is specifically altered from the primary
response (Tizard 1992). The secondary response is also called the anamnestic or memory
response. The hallmarks of the mammalian memory response to protein antigens include
enhanced production of antibody, isotype switching, and affinity maturation. The enhanced
antibody production is seen as a faster and higher rise in antibody titer than in the primary
response.

Isotype switching is a switch from IgM to lower molecular weight Ig.

Affinity

maturation is a shift to higher affinity antibodies by somatic mutation (W ilson and W arr 1992).
Each o f these mammalian elements are discussed in regard to fish below.
The first elem ent of the mammalian memory response is a faster and higher rise in
antibody titer than the primary immune response. Secondary antigen exposure in fish also
results in an increase in antibody titer. The magnitude of the increase in titer is lower in fish than
in mammals. In mammals the secondary antibody response is up to 100 times higher than the
primary response, while in rainbow trout and carp the secondary response is 10-20 higher than
the primary response (Arkoosh and Kaattari 1991; van Muiswinkel 1995).

In mammals,

increased antibody titer of the secondary response is due to a logarithmic increase in the
concentration of monomeric immunoglobulin (IgG ).

In fish, which only have multimeric

immunoglobulin, the increase in titer o f the secondary antibody response is due to an increase
in the concentration of IgM. Because of the higher magnitude of the response, most researchers
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view the mammalian immune response as superior to that offish. In contrast, Kaattari (1994)
suggests the mammalian response is higher not because it is a superior response, but simply
because it takes more monomeric antibody molecules to have the sam e effectiveness as
multimeric antibodies.
In both mammals and fish, the increase in antibody titers has been shown to be due to
an increase in the number of specific antibody producing B cells rather than simply an increase
in antibody secretion by existing B cells. In rats, the enhanced secondary response is due to both
an increase in the number of responsive B cell precursors and clonal proliferation of these B cell
precursors. Limiting dilution analysis has shown memory development in rainbow trout is due
exclusively to the generation of an enlarged pool of B cell precursors (Arkoosh and Kaattari
1991). There is no difference in the clonal proliferation of the primary and secondary responses
to antigen, suggesting the memory cell precursors are not physiologically different from the
primary population with respect to proliferation potential. This means that although a distinctive
memory response can be detected in fish, a distinctive memory cell cannot be distinguished
(Arkoosh and Kaattari 1991; Kaattari 1994; Kaattari and Piganeili 1996).
Another difference between the primary and secondary response of mammals is an
increased sensitivity to antigen in primed animals. The secondary immune response requires
exposure to a much lower dose of antigen compared to the primary immune response. This has
also been observed in rainbow trout (Arkoosh and Kaattari 1991; Kaattari 1994). Trout which
were primed with an immunogenic dosage (100 pg) of the T-dependent antigen trinitrophenylated
keyhole limpet hemocyanin (TNP-KLH) had an enhanced secondary antibody response to a
much lower dosage (20 pg) of TNP-KLH. This low dosage of TNP-KLH was shown to be nonimmunogenic in unprimed fish (Arkoosh and Kaattari 1991). The increased sensitivity to antigen
could be due to a physiological difference between the memory B cell and the naive B cell,
though it is more likely due to an expansion of high affinity B cell clones over low affinity clones
(Kaattari 1994).
The second element of the mammalian memory response is an isotype switch from IgM
to IgG. Heavy chain isotypes have been deduced in some fish, but they are all IgM-like isotypes
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(Wilson and W arr 1992). Relative shifts in isotype concentrations have been observed in fish,
but there is no evidence isotype switching occurs (Kaattari and Piganelli 1996). Since fish Ig
isotypes are all multimeric, an isotype switch may not be necessary. Furthermore, isotype
switching of mammalian B cells to full time IgG production may just be an economic way to
produce the high amounts of IgG, rather than a universal requirement for the generation of
memory in all animals (Kaattari 1994).
The third element of the mammalian memory response is affinity maturation, which is
a shift to high affinity antibodies due to somatic mutations. There is evidence that somatic
mutation occurs in fish, at least in elasmobranchs (Hinds-Frey, et al. 1993). Since somatic
mutation occurs in fish, they should have the capacity to generate a variety of binding sites that
could lead to affinity maturation, but they do not appear to do so (Kaattari and Piganelli 1996).
One possible explanation is affinity maturation in fish is being inappropriately assessed because
the methods being used are suitable for monomeric Ig but not multimeric Ig (Kaattari 1994).
Measurements of affinity maturation are usually done using equilibrium dialysis, which measures
the intrinsic affinity of the individual binding site. Functional affinity is a measure of the affinity
of the entire antibody molecule, as opposed to the intrinsic affinity of a single binding site.
Mammalian IgG and IgM antibodies to the same antigen have been shown to have comparable
intrinsic affinities, but dramatically different functional affinities (Kaattari 1992).

Barely

detectable shifts in intrinsic affinity can result in a 100-fold increase in the functional affinity
(avidity) of a multimeric molecule. Kaattari (1994) suggests that the intrinsic affinity shifts, or the
somatic mutations which cause them, may not be a requirement for the memory response, but
rather a requirement for an effective monomeric antibody response specific for mammals. In
order to compete for circulating antigen, monomeric antibodies must have intrinsic affinities that
are high enough to compete with the functional affinities of multimeric antibodies.
It seems dear that the question of whether or not affinity maturation occurs in fish cannot
be accurately answered until a more appropriate means of assessing fish multimeric antibody
affinity is employed (Kaattari 1992). Kaattari has recently reported on an ELISA technique that
estimated the relative affinities of antibody populations in the serum of rainbow trout. The results

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

41
showed a greater than 10-fold increase in the average antibody affinities during an immune
response to TNP-KLH, which appeared to be due in part to the emergence of new high affinity
antibodies (Kaattari 1994).
Many researchers have concluded that a memory response does not occur in spedes
that do not appear to have the mammalian hallmarks o f memory (Wilson and W arr 1992). Fish,
which lack isotype switching and for whom affinity maturation has not yet been adequately
demonstrated, are one o f the groups not fitting the mammalian paradigm. Kaattari (1994) warns
that using mammalian-based definitions and methods o f assessment could potentially lead to
errors in the interpretation of immunological phenomenon in phylogenetically distinct species.
Instead, he suggests that the memory response should be defined by identifying the most
essential elements, keeping in perspective the species-specific nuances. A simplified definition
of immunological memory, which is phylogenetically unbiased and may be more appropriate, is
that a memory response is one that is distinctive in form and function from a primary response
and has enhanced immunoreactivity (Kaattari 1994).

Cell-Mediated Immune Responses
Traditionally, specific immune responses that are not due to antibodies are thought of
as being cell mediated immune responses. Cell mediated immunity is immunity that is mediated
by T-lymphocytes and macrophages, and can be conferred on an animal by adoptive transfer of
live cells (Tizard 1992). In actuality, most specific immune responses require T lymphocytes.
Only antibody responses to T-independent antigens are due to direct stimulation of the B cells,
and these T-independent antigens do not generate immunological memory (Arkoosh and Kaattari
1991). Antibody responses to T-dependent antigens, which do generate a memory response,
require stimulation of the B cells by T-helper cells (Arkoosh and Kaattari 1991; Tizard 1992).
T lym phocytes. The T lymphocytes, or T cells, originate in the thymus and are the
mediators of cell-mediated immune responses. In mammals, different functions are regulated
by different subsets of T cells. The helper T cells (Th cells) enhance immune responses. The
cytotoxic/suppressor T ceils (Tc or Ts cells) destroy foreign and abnormal cells, and down
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regulate the responses of other B and T cells (Kennedy-Stoskopf 1993). Mammalian T cells
subsets can be differentiated from each other by the presence of the different antigens on their
surface. The Th cells have the CD4 surface antigen and the

cells have the CD8 surface

antigen. Consequently, the CD4*CD8' Th cells are sometimes referred to as CD4 cells, and the
CD4 CD8* Tc cells are referred to as CD8 cells.
In mice, and presumably other mammals, the Th cells can be divided into three sub
groups, designated T ^ T ^ , and T^, based on the cytokines they secrete in response to antigens.
The Th1 cells secrete interleukin-2 (IL-2), IL-3, INF-y, tumor necrosis factor (3 (TNF-3) and
granulocyte-macrophage colony-stimulating factor (GM-CSF), and they respond optimally to
antigen presented by B cells. The Th1 cells secrete their cytokines soon after antigen stimulation.
These cytokines activate macrophages, promote B cell proliferation and polyclonal IgG secretion,
but they do not stimulate specific antibody formation. In some circumstances, Th1 cells may be
cytotoxic and suppress antibody secretion. The Th1 cells also mediate cell-mediated (type IV)
hypersensitivity (Tizard 1992). The Tw cells secrete IL-3, IL-4, IL-5, IL-6 and GM-CSF, and they
respond optimally to antigen presented by macrophages. The T * cells do not secrete their cyto
kines until several days after antigen exposure. These cytokines stimulate B cell proliferation
and polyclonal IgM, IgA and IgE secretion, but T ^ cells are not cytotoxic and they do not mediate
type IV hypersensitivity reactions (Tizard 1992). The Tw cells in mice are a population of T cells
that secrete cytokines representative of both T „ and

cells. The T„o cells may be precursors

of Th1 and T ^ cells, or they may be cells in transition between the two populations. There is
some evidence that T cells can switch phenotype from Th1 to the T M . Although two distinct Th
populations can be phenotypically identified in mice, this is not the case with other domestic
m am mals, in which the CD4* cells produce multiple cytokines, including IL-2, IL-4 and IFN-y
(Tizard 1992).
Fish are also presumed to have T lymphocytes. The T cells of fish are IgM' lymphocytes
which are found predominately in the thymus. Migration of thymocytes to peripheral lymphoid
organs has been demonstrated in rainbow trout using radiolabeling experiments, which showed
that twice as many thymocytes migrated to the spleen as to the kidney (Tatner 1985). The study
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offish T cells has been hindered by the lack of a T cell marker, but T cell functions like those of
mammalian T h and Tc cells have been demonstrated in fish using in vivo and in vitro measures
of histocompatability and cell-mediated immunity (Chilmonczyk 1992).

T cell markers. Monoclonal antibodies (mAb) against mouse and human B and T cell
surface antigens are not cross-reactive with fish lymphocytes (Miller, et al. 1987). Monoclonal
antibodies have been made which recognize fish IgM and these have been use to identify and
separate the mlg* B cells from the mlg' lymphocytes. Enrichment for B cells from peripheral
blood using mAb and panning techniques have resulted in separations of m lg* fractions which
contained 90% putative B cell lymphocytes, with the rest being macrophages and neutrophils.
The m lg' fractions contained 30% putative T cell lymphocytes, with the rest being predominately
thrombocytes (Manning and Nakanishi 1996).
Monoclonal antibodies have also been generated against fish T cells.

A mAb,

designated 13C10, has been generated against catfish peripheral blood leucocytes (PBL). The
13C10 reacts with mlg', but not mlg* lymphocytes. However, the mAb is not specific for T cells
and is also reactive with thymocytes, neutrophils, thrombocytes, hepatocytes and brain cells.
The antibody was shown to react with three proteins of 155,110 and 70 KD on thymocytes and
PBL (Miller, et al. 1987). Two other mAbs, designated C2-3a and C2-4a, were generated against
PBL and shown to be reactive with PBL lgm~ lymphocytes (Ainsworth, et al. 1990). It was not
determined if these mAbs were reactive to cell types other than those in PBL, and the antigens
that the mAbs were reacting with were not characterized. A mAb called W C L9 was produced
against thymocyte membrane molecules from carp (Rombout, et al. 1997). This mAb appears
to recognize early thymocytes. The WCL9 reacts with two surface proteins o f 155 and 200 KD
(Rombout, et al. 1997). Another mAb, designated CfT1, has been recently generated against
catfish thymocytes and IgM* lymphocytes (Passer, et al. 1996). This mAb is reactive with thymo
cytes, a sub-population of lymphoid cells in blood and lympho-hemopoietic tissues (putative T
cells), and a T cell line. The CfT1 is not reactive with erythrocytes, thrombocytes, myeloid cells,
B cells or macrophage cell lines. The antibody was shown to be recognizing a non-glycosylated
35 KD cell surface protein. To date, CfT1 appears to show the most promise as a specific T cell
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marker; however, it is not known if this mAb is recognizing ail T cells, or a sub-population of T
cells.

In vivo measurements o f cell-mediated immunity. The in vivo measurements of cellmediated immune responses in fish include measurements of histocompatibiltity responses and
hypersensitivity responses. Histocompatibiltity is determined by assessing the immune response
to allografts (Manning and Nakanishi 1996). An allograft is a tissue transplant from one member
of a species to another genetically distinct member of the sam e species (Hansen, et al. 1993).
Allografts in fish, usually skin or scales, are rejected in a m anner sim ilar to that of mammals.
There is no evidence of antibody involvement in the graft rejection process (Manning and
Nakanishi 1996).

Lymphocytes and macrophages are the host cells that invade the graft.

Teleost fish have an average acute rejection tim e of 14 days. Agnatha and elasmobranch fish
have a chronic rejection response, taking an average of 30 days. Second-set grafts are rejected
more rapidly than first-set grafts, indicating a memory response (van Muiswinkel 1995).
In addition to the host versus graft response described above, graft versus host reactions
have also been described in fish. In this reaction, the grafted cells react against the host. The
graft versus host reaction was seen when donor cells from triploid carp were injected into
tetraploid host fish, obtained by crossing the carp with gold fish. The reaction ensued two weeks
following the injection and involved damage to skin, liver and lymphoid organs, eventually
resulting in death (Manning and Nakanishi 1996).
Delayed (type IV) hypersensitivity reactions (DTH) occur when certain antigens are
injected into the skin of sensitized animals. The inflammatory skin reaction, called DTH because
it takes 24 to 48 hours to reach full intensity, is due to the interaction between the antigen and
sensitized T cells (Tizard 1992). Fish exhibit typical DTH reactions against Mycobacterium and
parasitic antigens (Manning and Nakanishi 1996).

In vitro measurements o f cell-m ediated im m unity. In mammals, Th cells function in
the antigen stimulation of B cells to produce antibody to TD antigens. This can be measured in

vivo by looking at haptervcam'er effects on the production of antibodies against TD antigens (Ellis
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1982). Haptervcam'er effects have also been demonstrated in fish. Like mammals, the response
requires carrier-specific cooperation by m lg' lymphocytes identified as putative T cells (M iller,
et al. 1985).
Proliferative responses to B and T cell mitogens can also be measured in vivo. In
mammals, the plant lectins phytohemagglutinin (PHA) and concanavalin A (Con A) are specific
for carbohydrate moieties on T cells. Appropriate doses of these T cell mitogens induces the
proliferation of T cells but not B cells. Mitogens for B cells, such as LPS, result in the prolifera
tion o f B cells but not T cells (Manning and Nakanishi 1996). Fish also have the ability to
respond to T and B cell mitogens. Fish thymocytes and m lg' lymphocytes respond to Con A and
PHA, but only in the presence of monocyte accessory cells (Miller, et al. 1985; Manning and
Nakanishi 1996). Fish mlg'" lymphocytes respond to LPS in the presence of monocyte accessory
cells (Miller, et al. 1985). However, fish m lg' cells also respond to LPS though the response is
much lower. The apparent response of m lg' cells to LPS may be due to contaminating mlg*
positive cells that were not removed from PBL by panning, or to a small population of B cells
residing in the thymus (Manning and Nakanishi 1996).
An in vitro test for allogeneic differences is the mixed leucocyte reaction (M LR). In
mammals, an MLR occurs when CD4+ T cells respond to foreign (non-self) MHC class II
molecules on the surface of the stimulating cell. In most cases, the stimulating cell is a mono
cyte, macrophage or B cell. Interaction of the T cell with the stimulator cell causes stimulation
of the T cell resulting in clonal proliferation and secretion of IL-2. If cells from two histoincompatible animals are mixed, the T cells of each animal will respond to the stimulator cells of the other
in a reaction known as a two-way MLR. An MLR can be made one-way by preventing DNA
synthesis in one set of cells using, for example, X-irradiation treatment. (Manning and Nakanishi
1996). An MLR response has been observed in agnathan, holostean and teleost fish (S tet and
Egberts 1991). The cellular requirements of a one-way MLR were determined for catfish (M iller,
et al. 1986). The results showed only m lg' T cells were able to respond in the MLR, and
monocytes were required as accessory cells. Monocytes, mlg* B cells and T cells could all
function as stimulator cells.
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Effects o f thym ectom y. In mammals, removal of the thymus from neonatal animals
has a great e ffe c t The effects o f thymectomy in adults are initially not as great due to the
presence of peripheral T cells; however, immunodeficiencies begin to occur as peripheral T cells
begin to disappear (Manning and Nakanishi 1996). Complete removal of the thymus offish is
very difficult due to its contact with the pharyngeal epithelium. Because of this, thymectomy has
only been accomplished in juvenile and adult fish. Rem oval of the thymus from young rainbow
trout causes delays in allograft rejection. Thymectomy has no effect on allograft rejection when
performed on adult fish (Chilmonczyk 1992).
Cytokines. Cell-mediated immune responses are mediated not only through direct cellto-cell contact, but also through the release of soluble factors by cells (Manning and Nakanishi
1996). The regulatory proteins and glycoproteins released by cells are referred to as cytokines
(Tizard 1992). Cytokines are simple proteins less than 30 KD that act as signaling molecules
within the immune system (Secombes, et al. 1996). Fish produce a number of cytokine-like
proteins.

Most of these proteins have been identified using assays for biological activity,

biological cross-reactivity, and antigenic cross-reactivity (Secombes, et al. 1996). Using these
assays, soluble factors akin to mammalian IL-1, IL-2, IL-3, IL-4, IL-6, IFN-y, tumor necrosis factor

a (TN F-a) and transforming growth factor 3n (TGF3,) have been describe in fish (Manning and
Nakanishi 1996; Secombes, et al. 1996).
Interleukin 1 is produced mainly by activated macrophages, but also a number of other
cell types. It is an essential initiating factor for immune and inflammatory responses and its
many functions include the activation of T cells and, as a cofactor with IL-2, the activation of B
cells (Tizard 1992). Fish cells can produce an IL-1-like substance which can substitute for the
requirement of monocyte accessory cells in in vitro immune responses, and catfish PBL can
recognize and respond to human IL-1, suggesting a conserved IL-1 receptor (Manning and
Nakanishi 1996; Secombes, et al. 1996).
Interleukin 2 is produced by CD4+ T cells in response to appropriately presented antigen
or to some mitogens. It is an essential component o f the immune response and its many
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functions include inducing proliferation of activated T and B cells, inducing B cell Ig synthesis,
and inducing proliferation and cytotoxicity of T cells and NK cells (Tizard 1992). In fish, a soluble
factor with IL-2-like activity has been detected following T cell activation in vitro (Caspi and
Avtalion 1984), and is expressed constitutively in an immortal catfish T cell line (Miller, et al.
1994a). A putative IL-2 gene has also been identified and cloned from flatfish (Tam ai, et al.
1994).
Interleukin 3, IL-4 and IL-6 are produced by activated CD4+ cells. Interleukin 3 induces
ig secretion by B cells, IL-4 stimulates growth and differentiation of B cells, and IL-6 promotes
the final maturation o f B cells and Ig synthesis (Tizard 1992). In fish, a factor with IL-4-like
activity is produced by an immortal catfish T cell line (Miller, et al. 1994a), and IL-3 and IL-6 have
been detected in virus infected carp and rainbow trout using cross-reactive antibodies to
mammalian cytokines (Ahne 1994). The biological activity of these three cytokines has not yet
been investigated in fish (Manning and Nakanishi 1996).
Interferon y is produced by T cells and NK cells after exposure to IL-2.

It is a macro

phage activating factor (M AF), and a macrophage migration inhibition factor (M IF). In fish,
soluble factors with INF-y-like MAF activity have been detected in supernatants of mitogen
stimulated rainbow trout leucocytes (Graham and Secombes 1988; Graham and Secombes
1990), and an MIF can be demonstrated in elasomobranchs, holosteans and teleosts (Manning,
et al. 1982; Manning and Nakanishi 1996; Secombes, et al. 1996).
Tumor necrosis factor a (TN F-a) is produced by macrophages and is involved in cellmediated cytotoxic reactions. In fish, TN F-a has been reported in rainbow trout macrophages,
it has been detected in virus infected carp and rainbow trout using cross-reactive antibodies to
mammalian cytokines (Ahne 1994), and it has been shown that rainbow trout leucocytes and
macrophages can respond to human recombinant TN F-a, suggesting a conserved TN F-a
receptor (Manning and Nakanishi 1996; Secombes, et al. 1996).
Transforming growth factor^ (TGFfJ,) is produced by platelets, activated macrophages,
T cells and B cells (Tizard 1992). It is a potent deactivator of mammalian macrophages, and
down regulates reactions initiated by MAF.

Following activation with MAF, rainbow trout

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

48
macrophages can be down-regulated with bovine TGFP,, suggesting a conserved TGFP1
receptor. In addition, a cDNA sequence for TG F with a 68% predicted amino add homology to
m am m alian TGFP, has been obtained from rainbow trout (Manning and Nakanishi 1996;
Secombes, et al. 1996).
M ajo r histocom patibiltity com plex (M HC).

An allograft results in an immune

response by the redpient which may lead to the rejection and destruction of the graft. The
intensity of the immune response depends on how genetically related the donor and redpient are
to each other. This immune response is initiated when the host T cells recognize foreign
antigens on the surface of the transplanted cells. These antigens are encoded by genes which
are part of a duster of dosely linked lod in the genome. Because of its central role in tissue
compatibility, this set of lod is called the major histocompatibiltity complex (MHC). The MHC
is responsible for controlling the cellular interactions that lead to an immune response (Tizard
1992; Hansen, et al. 1993).
All mammals have an MHC in their genome. The MHC is divided into three dasses of
genes. The dass I genes encode glycoproteins expressed on the surface of all nudeated cells.
The class II genes encode glycoproteins found only on the surface of lymphocytes and bone
marrow derived-phagocytic cells. The dass III genes encode a variety of proteins involved in
the immune response induding complement factors, TN F-a, and the 70 KD heat shock protein
(Tizard 1992; Hansen, et al. 1993).
The mammalian MHC dass I molecules consist of a 45 KD glycopeptide chain, called
a , that is non-covalently linked to a 12 KD protein called P2-microglobin (P2-m). The P2-m is
encoded by a gene outside of the MHC. The MHC dass I antigens act as receptors for peptides
derived from endogenously synthesized proteins. Endogenously synthesized foreign proteins
occur, for example, in virus infected cells and tumor cells. The MHC dass I antigens present
these endogenous peptides to CD8+ T cells. The result is destruction of the infected cell by T
cell-mediated cytotoxicity (Tizard 1992; Manning and Nakanishi 1996).
The mammalian MHC dass II molecules are heterodimers consisting of two noncovalently linked glycoprotein chains called a and 3. The a-chains have a M W of 30-34 KD and
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the 3-chains are about 26-29 KD depending on the locus involved. The MHC class II antigens
act as peptide receptors on the surface of antigen presenting cells (APC). The M HC class II
antigens present peptides derived from exogenously acquired proteins to CD4+ cells, which
results in T cell-mediated help. A Th cell cannot recognize a foreign antigen unless it is
presented by an MHC class II antigen (Tizard 1992; Manning and Nakanishi 1996).
The initial identification of an MHC in mammals was done using allograft rejection
reactions and MLRs (Stet and Egberts 1991). These two tests have also been used to support
the existence of an MHC in teleosts. The acute allograft rejection of teleosts implies the
presence of MHC dass I antigens and the strong MLR implies M HC dass II antigens (KennedyStoskopf 1993). Attempts to confirm that fish have a MHC using RNA and DNA probes designed
from known MHC nudeotide sequences of higher vertebrates, and using antibodies against
mammalian and avian MHC molecules have been unsuccessful (Manning and Nakanishi 1996).
The proof came when Hashimoto et al. (1990) succeeded in isolating MHC genes from carp
using the polymerase chain readion (PCR).

Since then, PCR has been used to isolate and

sequence a number of genes representing all dasses of M HC in both teleosts and elasmobranchs, but not in agnathans (Manning and Nakanishi 1996).
Because elasmobranchs, chondrosteans and agnathans exhibit chronic or subacute
allograft rejedion and all but agnathans exhibit weak MLRs, it has been suggested that these
groups offish lack an MHC and rejed foreign antigen non-spedfically (Kennedy-Stoskopf 1993).
However, MHC genes have been identified in sharks, which suggests the lack of acute graft
rejection in elasmobranchs is not due to the lack of M HC, and the presence of MHC genes is not
always correlated with acute graft rejedion (Manning and Nakanishi 1996).
S trudurally, fish MHC genes are charaderized by short introns, and their amino add
sequence homology with mammalian MHC molecules is only 40% . However, the overall organ
ization o f fish MHC genes is very similar to mammals. It has not yet been determined what
chromosome the fish MHC genes are on, or if the lod are dustered in one complex. The MHC
genes identified in fish have been doned from cDNA libraries, indicating the MHC genes are
being transcribed into mRNA, but the molecules encoded by the fish MHC genes have not been
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identified, and their function in antigen presentation has not been determined (Dixon, et al. 1995;
Manning and Nakanishi 1996). Expression of mRNA encoding a putative MHC class la molecule
in rainbow trout was detected in the spleen, thymus, kidney, heart, intestine, brain and liver. The
ubiquitous expression pattern of the gene was consistent with that o f the MHC class la gene of
mammals (Hansen, et al. 1996).
T h e T cell receptor (TCR). The T cell antigen receptor of mammals includes a
disulfide-bonded heterodimer of either an a and 3 chain (a/3), or a y and 5 chain (y/6; Hedrick
and Eidelman 1993). These are encoded by genes specifically expressed and rearranged in the
T cells in a manner similar to the Ig molecules of B cells. The heterodimer is part of a receptor
complex that also includes a set of invariant glycoproteins collectively called CD3, and either the
single-chain CD4 glycoprotein or the disulfide-bonded CD8 heterodimer (Tizard 1992). The T
cells expressing the TCR a/3 complex recognize specific antigen that is bound to, and presented
by MHC class I or class II molecules on the surface of APC cells (Hedrick and Eidelman 1993).
The process of antigen recognition by T cells expressing the TC R y/6 complex is not well
understood, but it is probably not MHC restricted. In mice and humans, the y/5 TC R receptor is
found on immature T cells, which make up about 1 to 3% of the PBL (Tizard 1992).
Like the MHC offish, a molecule representing a fish TCR has not yet been identified, but
the use of PCR strategies has led to the successful cloning of cDNA segments encoding putative
TCR a and 3-chains in rainbow trout, Atlantic salmon and homed shark (Heterodontus francisci).
Analysis of the cDNA clones shows extensive sequence diversity in the variable regions of the
molecules, which is due to both rearrangement and somatic diversification mechanisms
(Manning and Nakanishi 1996). Specific expression of TCR 3-chain mRNA was detected in
rainbow trout thymocytes and splenocytes (Partula, et al. 1995).
A ntigen processing and presentation. In mammals, T cells are able to recognize
“non-self" antigens through a process that metabolically modifies these antigens to molecular
forms expressed on the surface of accessory APC, such as macrophages. Antigen processing
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is the cellular and biochemical processes that occur in the APC and lead to the exposure of ep
itopes. Antigen presentation is the subsequent interaction of the processed antigen with M HC
m olecules and the expression and presentation of the antigen in the context of MHC on the
surface of the APC (Vallejo, et al. 1992a).
The proper processing of antigen requires that it be presented in an appropriate form to
antigen sensitive T cells. Exogenous antigen is phagocytized and broken into short peptides o f
12-24 amino adds by addic proteases in the macrophage lysosome. These fragments bind to
spedfic MHC dass II antigens and are earned to the cell surface and presented by the MHC II
antigens so they can be recognized by the TCR of CD4+ helper T cells. Endogenous antigens
are not phagocytized by cells, but are ‘non-self antigens originating in the cell itself. An
example of endogenous antigens are proteins made by virus infected cells. These antigens are
degraded by non-lysosomal proteases into short peptides of 8-9 amino adds and bound to
transport proteins and earned across the endoplasmic reticulum where they are linked to a
spedfic MHC dass I antigens. The processed antigens are transported to the cell surface and
presented by the MHC dass I antigens so they can be recognized by the TCR of CD8+ cytotoxic
T cells (Tizard 1992; Germain 1993).
The importance of antigen processing and presentation in the generation of immune
responses to TD antigens has been dearly demonstrated in fish using in vitro studies. As in
mammals, antigens are processed and presented by APC, such as macrophages and monocytes,
to specific lymphocytes in an apparent MHC restricted manner. The antigen processing has
been shown to involve proteolysis, which is presumed to occur in APC lysosomes. Studies of
antigen processing in catfish reveal hallmarks of the exogenous pathway of antigen presentation
(Vallejo, et al. 1992a).
S p ec ific cytotoxic T cells.

Cytotoxic cells with activities sim ilar to mammalian

cytotoxic T cells have been described in fish, but they have not been formally identified. These
cells react against modified self cells or against allogeneic cells. The response against modified
cells suggested MHC restriction was involved, similar to the MHC class I restriction of mammals.
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The assays used in higher vertebrates to generate CD8+ cytotoxic T cells in vitro have apparently
not yet been performed in fish (Manning and Nakanishi 1996).

Immunomodulators of Fish
Tem perature
Ambient temperature influences the kinetics of metabolic processes in all poikilothermic
vertebrates, including fish. As a result, environmental temperature has a tremendous influence
on the immune responses offish (Rijkers 1982). Generally, the optimal immune response occurs
at temperatures corresponding to the normal summer temperatures of the species being
considered. The optimal temperature will vary considerably depending on if the fish is a coldwater, temperate or warm water species (Rijkers 1982). Immunologically permissive tempera
tures are those at which optimal immune responses occur. Immunologically non-permissive
temperatures are temperatures below the permissive range, but still within the physiological
range of the species. Non-permissive temperatures tend to be immunosuppressive (Manning
and Nakanishi 1996).
The temperature dependence of the fish immune response is important because it has
been shown that seasonal variations in the incidence of infectious diseases are correlated to
seasonal changes in water temperatures. This is seen most clearly in the spring and fall when
rising or falling water temperatures result in more favorable temperatures for the growth and
replication of some infectious agents (Rijkers 1982). Fish are most vulnerable at these times
because their immune system has either not yet been built up, or is beginning to be suppressed,
depending on if temperatures are rising into permissive temperature ranges (spring) or falling into
non-permissive temperature ranges (fall; Rijkers 1982; Kennedy-Stoskopf 1993).
Only certain elements of the fish immune response are sensitive to temperature.
Primaiy antibody responses are slower at low temperatures, but the magnitude and duration of
the responses do not differ from the responses at higher temperatures (Kennedy-Stoskopf 1993).
Norm al secondary antibody responses may be elicited at low temperatures if the primary
immunization is earned out at permissive temperatures (Avtalion 1969). Allograft rejection, and
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helper T cell functions are effected by non-permissive temperatures, but memory T cell, B cell
and accessory cell functions are not (Bly and Clem 1991). Antigen processing and presentation
are also not effected by non-permissive temperatures (Vallejo, e t al. 1992b).
Research indicates the temperature induced immunosuppression is not due to the
induction of tolerance, and does not involve T suppressor cells o r suppressor factors (Bly and
Clem 1 9 9 2 ).

Furthermore, channel catfish T cells can be activated to proliferate at non-

permissive temperatures in vitro by adding a combination of phorbol ester and calcium ionophore
(Ellsaesser and Clem 1988; Lin, et al. 1992). This indicates that the effect of low temperature
on T cell activation is an early event occurring prior to protein kinase C activation (Bly and Clem
1992).

The temperature induced immunosuppression is thought to be due to a loss of

membrane fluidity of the helper T cells and early blockade in the synthesis of T-cell-derived
growth factors (Tizard 1992; Vallejo, et al. 1992b). The immunosuppressive effects of non-per
missive temperatures can be overcome by acclimation. This allows time for homeoviscous
adaptations to occur, which result in recovery of the membrane fluidity of the helper T cells (Ellis
1982; Bly and Clem 1991). The homeoviscous adaptation is due to changes which occur in
plasma membrane fatty add composition, with oleic add (18:1) increasing and stearic acid (18:0)
decreasing. The T and B cells are differentially susceptible to the effects of fatty adds and it was
found that mitogen stimulated B cells could readily desaturate stearic add to oleic add, but T
cells could not.

Furthermore, it has been shown that the addition of oleic add rescues the

immune response of mitogen stimulated T ceils at non-permissive temperatures in vitro (Bly and
Clem 1992).
The syndrome "winter kill’ occurs in catfish aquaculture ponds during the winter months
when temperatures can drop rapidly.

The syndrome is characterized by an invasion of

opportunistic parasites and fungi sim ilar to immunodefidency syndromes seen in higher
vertebrates. To mimic winter conditions in commercial ponds, channel catfish were exposed to
"ultra-low”, but physiologically relevant temperatures. The exposure resulted in suppression of
both B and T cell fundions for a period of 3-5 weeks. The response was found to be different
than that of a typical stress-induced immunosuppressive response (Bly and Clem 1991).
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The immunosuppressive effects of non-permissive temperatures on spedfic immune
responses may be offset by increases in nonspecific immune responses. Le Morvan et al (1996)
recently demonstrated that abrupt decreases in water temperature to non-permissive ranges
resulted in increased NCC activity in carp compared to activity in NCC at permissive tempera
tures. They suggested that exposure offish to non-permissive environmental temperatures does
not result in full immunosuppression, but rather spedfic immunosuppression and nonspedfic
immunostimulation.
Stress
Stress is known to have physiological effects on fish which can be divided into three
phases o f response termed primary, secondary and tertiary. The primary effect of stress is
characterized by elevations in plasma levels of corticosteroids and catacholamines of the
neuroendocrine system (Mazeaud, et al. 1977). These endocrine responses bring about the
metabolic and osmotic disturbances referred to as secondary effects, indicated by changes in
plasma glucose, lactate and free fatty add (Mazeaud, et al. 1977; Mazeaud and Mazeaud 1981).
The tertiary effects indude changes in behavior, decreased growth rate, and increased
susceptibility to disease (W edem eyer and McLeay 1981).
Factors known to induce a stress response in fish indude osmotic and ionic changes,
pollutants, anesthetics, crowding, handling, grading and hauling, as well as other aquaculture
practices (Eddy 1981; Flos, et al. 1988). The primary response to stress occurs quickly and is
of relatively short duration compared to the secondary and tertiary responses (Mazeaud and
Mazeaud 1981; Schreck 1981). The primary responses to multiple acute handling stresses have
been shown to be cumulative and consist of step-wise increases in plasma cortisol and glucose
concentrations (Barton, et al. 1986; Flos, et al. 1988).
Corticosteroids can inhibit leucocyte migration, lymphocyte effector mechanisms, and
inflammation in fish, as well as inhibiting interleukin produdion (Kennedy-Stoskopf 1993).
Cortisol implants in juvenile coho salmon resulted in increased plasma cortisol levels, decreased
levels o f antibody secreting cells and decreased disease resistance (Maule, et al. 1987).
Physiological concentrations of corticosteroids associated with stress and immunosuppression
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in vivo can suppress the in vitro antibody response of coho salmon lymphocytes (M aule, et al.
1987). This suppression can be overcome by addition of conditioned media to the cortisolsuppressed cultures. The conditioned media is thought to contain a putative interleukin produced
by macrophages (Kaattari and Tripp 1987).

Pollutants, Heavy Metals and Therapeutics
Relationships have been found to exist between the level of water pollution and the
occurrence and frequency of diseases in the resident fish populations (Brown, et al. 1979;
Everall, et al. 1991). In addition to the direct toxic effects of pollutants, the unhealthy environ
ments of polluted sites are thought to evoke a stress response in fish which enhances disease
susceptibility by suppressing the immune response (Brown, et al. 1979; Bennett and Wolke
1987a). Industrial discharges, city effluents, farm run-offs and other contaminants of human
origin are sources of pollution in aquatic environments (Rougier, et al. 1994).

The most

common water pollutants include hydrocarbons, pesticides, herbicides and heavy metals.
Responses to these agents range from suppression to enhancement of immune responses and
appear to vary depending on the fish species and dosage.
In a field study, Arkoosh et al (1991) examined primary and secondary humoral immune
responses of juvenile Chinook salmon from an estuary contaminated with polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). They found immune dysfunction
manifested as a suppressed secondary plaque-forming-cell (PFC) response of anterior kidney
leucocytes to TD and T l antigens. A follow-up laboratory study demonstrated these same
immunosuppressive effects in juvenile Chinook salmon injected with PAHs or PCBs (Arkoosh,
et al. 1994). In contrast, the PFC response of channel catfish increased in fish injected with a
low dosage of PCBs and was unaffected at higher doses (Rice and Schlenk 1995).
Macrophage chemotactic and phagocytic responses were decreased in spot (Leiostomus

xanthurus) and hogchokers collected from a river with high levels of PAHs (Weeks and W arinner
1986). However, macrophage chemiluminescent (CL) responses, which measure the production
of oxygen free-radicals, were increased in mummichog (Fundulus heteroditus) from another
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river heavily contaminated with PAHs. Macrophage CL responses returned to normal levels
when mummichog were transferred to clean water, and fish transferred from clean w ater
contaminated river water began to exhibit increased CL responses (Kelly-Reay and W eeksPerkins 1994).

Non-specific cytotoxic cell activity was reduced only at the highest doses in

channel catfish injected with PCBs (Rice and Schlenk 1995),
The effects of herbicides and pesticides on the fish immune system have been examined
in several laboratory studies. Dioxin, a by-product of the production of some herbicides, had no
effect on phagocytosis or humoral and cellular immunity in rainbow trout (Kennedy-Stoskopf
1993).

The pesticide malathion was found to decrease serum agglutination titers (SAT) in

chronically exposed channel catfish (Plumb and Areechon 1990), and Nile tilapia (Oreochromis

niloticus) exposed to low levels of the organophosphate pesticide chlorpyrifos had significantly
lower total pronephros cell counts and depressed macrophage phagocytic ability compared to
untreated controls (Holladay, et al. 1996). Sublethal exposure of the organochlorine pesticide
endrin had no effect on the phagocytic ability of rainbow trout peritoneal macrophages, but
significantly reduced MIF, PFC and SAT responses (Bennett and W olke 1987a). Serum cortisol
levels were also significantly higher. In a follow-up study to determ ine if the immunosuppression
was due to the endrin, increased cortisol levels or both, the M IF response was completely
restored and the PFC and SAT responses were partially restored in endrin exposed fish fed
metyrapone, a corticoid synthesis blocker (Bennett and Wolke 1987b). These results suggested
the immune suppression was not a direct effect of the endrin, but an effect of the increased
cortisol which resulted from the stress response evoked by the endrin exposure.
A number of heavy metals immunotoxic in mammals also alter immune functions in fish.
These alterations may result in increased host susceptibility to infectious and malignant diseases
in fish living in environments polluted with heavy metals. The metals whose effects have been
studied in fish include aluminum (Al2*), cadmium (Cd2* ) , chromium (Cr**), copper (Cu2*), lead
(Pb2*), manganese (Mn2*), nickel (Ni2*), tin (Sn2*) and zinc (Zn2*; Zelikoff 1993).
Anemia is a common toxic effect of exposure to heavy metals in fish, but the effects of
heavy metals on leucocytes and nonspecific immune responses are variable (Kennedy-Stoskopf
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1993). In vitro assays of immune function are altered by many heavy m etals. The metals Al2* 1,
Cu2* and Ni2* have been shown to decrease macrophage responses and the metals Cd2*, Mn2*,
S n2* and Zn2* have been shown to enhance macrophage responses (Elsasser, et al. 1986;
Zelikoff 1993; Rougier, et al. 1994). Leucocyte function is effected by Cu2*, which results in a
reduced PFC response and NCC response, Zn2*, which has mitogenic effects, and Mn2*, which
enhances mitogen induced proliferation and increases NCC cytotoxity (Zelikoff 1993; Rougier,
et al. 1994). In vivo assays of immune function altered by heavy metals include reports o f both
increases and decreases in antibody titers with Cd2* and decreases in humoral responses with
Cr**, Cu2*, Pb2*, N P and Zn2* (Zelikoff 1993).
Therapeutic agents may also be immunosuppressive to fish. Oxytetracycline has been
shown to be immunosuppressive in a number of fish species (Anderson, et al. 1984). Oxytetra
cycline delays the primary antibody response, and decreases the number of cells in the PFC
response (Kennedy-Stoskopf 1993). Tetracycline and oxytetracycline have been shown to cause
dose-dependent suppression of the kidney macrophage CL response in rainbow trout
(Wishkovsky, et al. 1987).

Nutrition
Nutrition is known to influence specific and nonspecific immune responses in fish.
Micronutrients known to affect disease resistence in fish include vitamins A, Be, C, and E, as well
as fatty acids (B lazer 1992).

Vitamin A (retinol) is a fat-soluble vitamin that, along with

carotenoids, is known to affect a number of diseases resistance mechanisms in homeotherms.
Dietary vitamin A is important for maintaining the integrity of epithelial and mucosal surfaces,
and for the production of mucous secretions (Blazer 1992). The effects o f vitamin A on disease
resistence in fish has not been well studied, but there are indications dietary vitamin A can
reduce salmon mortalities to the parasite Ichthyopthirius multifiliis, and that it can enhance catfish
NCC activity against parasites (Blazer 1992).
Vitamin B8 (pyridoxine) is a water soluble vitamin important in homeotherm immune
responses. Animals deficient in dietary pyridoxine have been shown to be inhibited in their ability
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to incorporate amino adds into tissue proteins and their ability to synthesize DNA and RNA,
particularly messenger RNA (Blazer 1992). Both vaccinated and non-vacdnated Chinook salmon
had higher survival against Vibrio anquUarum when they were fed pyridoxine together with a high
protein diet, but not with a low protein diet (Hardy, et al. 1979). The pyridoxine appeared to be
influendng nonspedfic resistence mechanisms since there was no difference in antibody titers
and mortality was reduced in non-vacdnated fish at higher pyridoxine levels (Hardy, et al. 1979;
Blazer 1992).
Vitamin C (ascorbic add) is another water soluble vitamin that has been implicated in
disease resistence in homeotherms. It is a biological redudng agent for hydrogen transport
involved in a number of enzyme reactions, and it is an essential fa d o r in the regulation of cortisol
synthesis. It is also necessary for maintaining the epithelial barrier and for wound healing (Blazer
1992). Vitamin C is the best studied vitamin in fish nutrition. A number of studies using baderial
pathogens in fish suggest dietary levels of ascorbic add above those required for growth give
some level of protection (Blazer 1992). In Atlantic salmon, vitamin C defidendes had no a ffe d
on serum protein levels, differential leucocyte counts, macrophage respitory burst adivity,
phagocytosis or antibody produdion.

However, mortality due to challenge with Aeromonas

salmonidda was significantly higher in vitamin C defident fish, and serum complement adivity
was significantly reduced (Hardie, et al. 1991). In rainbow trout with ascorbic add defidendes,
peritoneal macrophages were found to have a greatly reduced ability to engulf latex beads
(Blazer 1991).
Vitamin E (a-tocopherol) is a fat soluble vitamin. It is a component of cell membranes
where it functions as the primary antioxidant proteding unsaturated fatty adds against oxidative
damage (Wise, et al. 1993). Vitamin E is very important in fish nutrition because fish maintain
membrane fluidity at low temperatures by having a high percentage of long chained, highly
unsaturated fatty adds incorporated into their cell membranes (Blazer 1992). Humoral and
cellular spedfic and nonspedfic immune responses were found to be significantly reduced in
vitamin E defident rainbow trout (Blazer and Wolke 1984). In contrast, only increased mortality
to A salmonidda infections and decreased complement adivity were seen in vitamin E depleted
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Atlantic salmon (Haidie, et al. 1990). Channel catfish fed supplemental levels of vitamin E were
found to have an increased antioxidant capacity of red blood cells and enhanced macrophage
phagocytosis, but specific humoral antibody responses were not effected (Wise, et al. 1993).
Dietary lipids, especially certain fatty adds, are important modulators of the immune
responses of homeotherms. Dietary lipids also strongly influence fatty add composition of cell
mem branes, which in turn affects membrane fluidity and permeability (Blazer 1992). Dietary
lipids, particularly n-3 long chain highly unsaturated fatty adds, were found to effect the
intracellular lolling of E ictaluri by channel catfish kidney macrophages (Sheldon and Blazer
1991).

THE CATFISH IMMUNE RESPONSE TO ESC
Catfish that recover from natural E. ictaluri infedions are generally assumed to be
resistant to future infections (Klesius and Horst 1991). The mechanisms of protedive immunity
have not been well studied, though both humoral and cellular mechanisms appear to be
important. In particular, the combination of the components of immune serum together with
phagocytic cells appears to play an important role in the catfish immune response to E. ictaluri.
The role of T cells in the protedive immune response has not been investigated, although their
importance has been suggested due to observational evidence which suggests that E. ictaluri
may be a facultative intracellular baderium (Thune, et al. 1997b). Investigations of the humoral
and phagocytic aspects of the catfish immune response against E. ictaluri are reviewed here.

Bactericidal Activity of Serum
Normal mammalian serum was found to have no baderiddal effeds on viable E. ictaluri
cells (Janda, et al. 1991a). Ourth and Bachinski (1987) found only 8% baderiddal adivity of
normal catfish serum against E. ictaluri, which they correlated with the relatively high amount
of sialic add on the surface of the baderia. Since sialic add is known to inhibit the alternate
com plem ent pathway, they suggested this was the mechanism of resistance (Ourth and
Bachinski 1987). The literature appears to be lacking any studies on the baderiddal adivity of
serum from immune catfish against £ ictaluri. With immune serum, antibodies against E. ictaluri
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that bind to the cell surface could initiate the classic complement pathway. For Gram negative
bacteria such as E ictaluri, destruction by complement is a “two-hrt* process. In the first step the
complement membrane attack complex disrupts the outer membrane and exposes the inner
membrane. The second step is the breakdown of the inner peptidoglycan membrane by lysozym e (Tizard 1992). Complement activation by the classic pathway can also result in cellmediated chemotaxis of granulocytes and phagocytic cells, complement mediated opsonization
and complement mediated inflammation (Tizard 1992). W hether or not the classic pathway of
complement activation is important in the immune response against E. ictaluri still needs to be
determined.

Humoral Antibody Responses
Many studies have examined the catfish immune response to a variety of ESC vaccine
preparations and delivery methods, but few studies have examined the immune responses of
catfish that have recovered from natural infections. The antibody responses of catfish to
vaccination are reviewed later with ESC vaccines. Edwardsiella ictaluri is highly immunogenic
(Plum b 1984). Infection by E. ictaluri induces specific antibodies detectable by agglutination,
ELISA, FAT and Western blotting. The role of specific antibodies in protection has not been
determined definitively.

Antibodies and Protective Immunity
Vinitnantharat and Plumb (1993) showed that individual catfish in populations that
survived natural E. ictaluri infections differ in their antibody responses, and these differences
correlate with protective immunity against ESC. In this study, catfish that survived a natural E.

ictaluri infection were grouped by serum antibody levels into no, low, medium and high
responders with agglutination titers of 0 ,1 2 8 , 256-512 and *1 0 2 4 respectively. When these fish
were challenged with E. ictaluri by intraperitoneal injection, there was a very strong relationship
(R =0.99) between the degree of protection and the antibody titer (Vinitnantharat and Plumb
1993). An agglutination titer over 256 was necessary to ensure detectable protection against
injection challenge. Since this study used an unnatural challenge route (intraperitoneal injection)
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any mucosal immune responses, which may be important in protective immunity to ESC , were
bypassed.

Antibody Specificity
The specificity of channel catfish antibodies against £ ictaluri has been evaluated in sera
collected from naturally (Chen and Light 1994) and laboratory infected fish (Tyler and Klesius
1994c). Microtiter agglutination assays showed £ ictaluri antibodies in the sera of naturally infec
ted fish had no cross-reactivity with nine other species of bacteria Gncluding £
25922) found in the catfish intestine and fish ponds (Chen and Light 1994).

coli, ATCC

Sera from catfish

that survived a laboratory challenge (presumably by immersion) with virulent £ ictaluri were
evaluated for cross-reactivity against £ coli (Tyler and Klesius 1994c). An ELISA assay with
whole cells of either £ ictaluri or £ coli 0111 :B4 (a rough mutant strain) as the antigen showed
a high amount of cross-reactivity with the £ coli (Tyler and Klesius 1994c).

Some, but not all,

of the reactivity to both the £ ictaluri and £ coli cells was absorbed out with purified LPS from
a third bacterial species, Salmonella typhimurium TV119 (a rough mutant strain) (Tyler and
Klesius 1994c). From these results, the authors concluded that natural exposure to £ ictaluri
induces both specific and cross-reactive humoral antibodies, and much of the cross-reactivity is
to the homologous core region of the LPS layer of the cell wall of gram negative bacteria (Tyler
and Klesius 1994c).
Both the agglutination (Chen and Light 1994) and ELISA (Tyler and Klesius 1994c)
assays used whole cells, which limited detection to cross-reactive antibodies that recognized cell
surface antigens. The ELISA assay is more sensitive than microtiter agglutination, which
probably explains the difference in the results of the two studies. The importance of crossreactive antibodies is discussed further in the review of ESC vaccines.

Antigens of E. ictaluri
Catfish that have recovered from natural £ ictaluri infections produce antibodies against
a number of £ ictaluri proteins as well as LPS. Baldwin et al (1997) determined the antigenicity
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o f E. ictaluri proteins in whole cell lysates (WCLs) and enriched bacterial fractions using SDSPAGE and Western blotting. Antigenic proteins were identified in Western blots using pooled
convalescent catfish serum collected from pond-raised catfish surviving natural E. ictaluri
infections. A total of 38 proteins were identified in W CLs, 14 of which were antigenic. Using
enriched bacterial fractions in conjunction with W CLs they determined six of the 14 antigenic
proteins were outer membrane proteins with apparent molecular weights of 56, 4 4 ,3 9 , 3 5 ,1 8 and
16 KD, and one was a flagellar protein (37 KD). The locations of the remaining seven antigenic
proteins (7 0 ,6 5 , 3 3 ,3 2 ,2 9 ,2 2 and 14 KD) were unknown. Two of the 14 W CL proteins (39 and
37 KD) and LPS were recognized strongly by the convalescent catfish sera (Baldwin, et al. 1997).

Humoral Factors and the Phagocytic Immune Response
Humoral factors in both normal and immune catfish sera appear to be important in the
immune response to E. ictaluri, particularly as opsonins for phagocytic cells.

Since most

phagocytic studies are done using laboratory held catfish, the immune fish are obtained through
vaccination, rather than being survivors of natural infections. The results of these studies may
be affected by differences in the vaccination procedures.

Macrophages
Specific opsonins and heat-labile serum factors were both found to have an effect on the
CL response o f catfish PBL mononuclear phagocytes following phagocytosis of E. ictaluri cells
(Scott, et al. 1985). Opsonization of bacteria with sera from immune catfish resulted in a peak
CL response about ten times greater than opsonization of bacteria with serum from normal
catfish, or with non-opsonized bacteria (Scott, et al. 1985). The fish in this study were vaccinated
with formalin killed E ictaluri whole cells in Freund's complete adjuvant (FCA) given in three IP
injections one week apart. Opsonization of bacteria with immune serum absorbed to remove
specific antibodies against E. ictaluri resulted in a more than 60% decrease in the CL response,
as well as an increase in the time to peak response from 3 minutes to 8 minutes. Heat inac
tivation of the immune serum before opsonization resulted in a 40% decrease in CL response
and an increase in time to peak response from 3 minutes to 8 minutes. In both cases, the
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addition of normal serum did not change the CL response, but restored the peak response time
back to 3 minutes (Scott, et al. 1985). The CL response of mononuclear phagocytes from
immune catfish was consistently significantly higher than responses from normal phagocytes.
The authors suggested the enhanced CL response, though mediated by serum factors, was due
to a general activation of the phagocyte (Scott, et al. 1985).
The CL assay is an indirect measure of phagocyte oxygen-independent bactericidal
activity, which requires myeloperoxidase. The assay is used as an indicator of both phagocytosis
and intracellular killing (Blazer 1991), though it has been shown experimentally that a substantial
percentage of the CL response is an extracellular event (Briheim, et al. 1984). The CL response
of human PMN leukocytes has been shown to be a two-peak response (Briheim, et al. 1984).
The first peak, at 2 minutes, is an extracellular event and the second peak, at 8 minutes, is an
intracellular event. The longer time to the second peak appears to be due to the diffusion rate
of luminol into the cell, and the height of the second peak is related to the concentration of
luminol used in the assay (Briheim, et al. 1984). With this in mind, it is possible the time shifts
seen in the study by Scott et al (1985) are due to shifts in the CL response from primarily
extracellular to primarily intracellular events.
In a study by Blazer and colleagues (Sheldon and Blazer 1991), macrophages had
significantly higher bactericidal activity against E. ictaluri cells opsonized with autologous serum
from immune catfish compared to cells opsonized with autologous serum from normal catfish.
There was no difference in phagocytosis between the treatments. The fish were vaccinated with
a single IP injection of formalin killed £ . ictaluri whole cells without adjuvant. Bactericidal activity
and phagocytosis were measured with a differential flourescent staining procedure (Sheldon and
Blazer 1991). The flourescent stain technique is a direct measure of bactericidal activity (Blazer
1991). The substantially enhanced bactericidal activity of the immune catfish was thought to be
due to activation of the macrophages (Sheldon and Blazer 1991). Since there was no difference
in phagocytosis between normal and immune fish, the authors suggested the enhanced
bactericidal activity of immunized fish was not due to opsonization by specific antibody, but
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rather the activation of macrophage killing, indicating macrophage killing activation may be an
important protective immune response against EL ictaluri (Sheldon and Blazer 1991).
In a subsequent study by Blazer and colleagues (W ise, et al. 1993) however, macro
phages from immune fish were shown to have a significantly higher ability to phagocytized E.

ictaluri cells opsonized with homologous serum compared to macrophages from non-immune
fish, but only when levels of dietary vitamin E were adequate. Bactericidal activity was not
evaluated. There was no significant difference in macrophage phagocytosis between immune
and non-immune catfish fed diets deficient in vitamin E. The fish were vaccinated by a 30
second immersion in a bath of formalin-killed E. ictaluri, followed with an oral booster on days
120,121 and 122 (W ise, et al. 1993). Assuming the dietary levels of vitamin E were adequate
in the first study (Sheldon and Blazer 1991), the difference in the macrophage phagocytosis
results of the two studies may have been due to the differing routes of vaccination that were
used.
Bactericidal activity against £. ictaluri by squalene-elicited peritoneal macrophages was
significantly higher in catfish vaccinated with a controlled-live exposure to E. ictaluri than in fish
vaccinated by immersion or oral routes with commercial bacterins (Shoemaker and Klesius
1997). Opsonization of EL ictaluri with immune sera further increased the bactericidal activity of
the macrophages from controlled-live vaccinates (Shoemaker, et al. 1997). Controlled-live
vaccination of catfish with E. ictaluri entailed immersion exposure to a low level of bacteria. This
method of vaccination resulted in the production of specific antibodies and increased macro
phage bactericidal activity. Subsequent challenge experiments showed the fish were protected
against ESC.

The results of the study suggested both specific antibodies and increased

bactericidal activity were associated with greater survival against ESC (Shoemaker and Klesius
1997).
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Neutrophils
Neutrophils from normal catfish were shown to phagocytize E. ictaluri cells opsonized
with autologous serum (Finco-Kent and Thune 1987). No bactericidal activity was measured
using uptake of 3H-uridine as an indicator (Finco-Kent and Thune 1987). The incorporation of
3H-uridine measures RNA synthesis, which is an indirect measure of oxygen-dependent
phagocyte respiratory burst activity (Blazer 1991).
In another study, neutrophils from normal catfish had significantly higher phagocytosis
of E l ictaluri when cells were opsonized with autologous serum (63.3% phagocytosis) compared
to when cells were opsonized with heat inactivated autologous serum (8.6% phagocytosis;
Ainsworth and Dexiang 1990). In addition, at 60 minutes significant killing or stasis of E. ictaluri
was seen in bacterial cells opsonized with normal serum, but not in cells opsonized with heat
inactivated serum (Ainsworth and Dexiang 1990). Killing was evaluated by plating aliquots of
bacteria which had been incubated with neutrophils for 60 minutes (Ainsworth and Dexiang
1990). This type of bactericidal assay is a direct measure of phagocyte intracellular killing
(Blazer 1991). In a subsequent study however, using longer incubation times of 180 minutes,
the bactericidal assays did not demonstrate intracellular killing of E. ictaluri by catfish neutrophils
(Waterstrat, et al. 1991). Light and electron microscopy showed the E. ictaluri cells were in welldefined phagocytic vacuoles within the neutrophils. The catfish neutrophils did mount a CL
response to E. ictaluri opsonized with immune serum twice that of non-opsonized E. ictaluri or
E. ictaluri opsonized with non-immune serum (Waterstrat, et al. 1991).

In addition, extracellular

bactericidal activity was observed which was due to either serum components, extracellular
products liberated from the neutrophil, or a combination of both cellular and humoral factors
(W aterstrat, et al. 1991). The CL responses that were measured were thought to be due to
extracellular events because they were enhanced by immune sera and extracellular bactericidal
activity was observed. The authors suggested that although E. ictaluri’s apparent ability to
survive in the neutrophil could serve as a means of disseminating the bacteria through-out the
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host, other phenomenon could be operating, particularly in regard to the importance of extra
cellular killing by the neutrophils (Waterstrat, et al. 1991).

VACCINATION STRATEGIES IN FISH
Rationale
Although epizootics are known to occur in wild fish populations, the major problems
caused by infectious agents in fish occur in fanned fish. Like other intensely farmed species, the
high stocking densities necessary for the financial success of an aquaculture facility predispose
fish to diseases due to pathogenic organisms, often as a direct result of stressors inherent in this
type of farming (Ward 1982; Newman 1993). Therapeutic methods are available for treating fish
diseases, but they have limitations. Only two antibiotics are approved for use in catfish in the
United States and they are used extensively. There are concerns that overuse or misuse of
these antibiotics will lead to antibiotic resistence in the target bacteria (Anderson 1992).
Chemotherapy with antibiotics is usually not started until the causative agent of the
disease outbreak has been confirmed, by which time a significant percentage of the fish might
be infected (Ward 1982). A proportion of the infected fish cannot be treated because they stop
feeding and do not receive any of the antibiotic, which is administered in the feed. These
untreated fish will usually die. The cost of treatment than includes not only the cost of the
medicated feed, but also the cost of the mortalities. For these reasons, alternative strategies of
disease control in fish have been sought (Ward 1982).
Vaccination has been used successfully and is well-established in most areas of animal
husbandry. Unlike antibiotics, which are used therapeutically, vaccines are used prophylactically
(Ward 1982). Since prevention of a disease is much more desirable than treatment of a disease
once it has occurred, vaccination is usually the method of choice for controlling infectious
diseases. An ideal vaccine is one that is relatively inexpensive to produce, easy to administer,
safe and effective (Kennedy-Stoskopf 1993). Despite a lack of knowledge of the mechanisms
involved in the protective immune response against the pathogens, vaccination has been used
successfully to control several diseases in fish (Ward 1982; Newman 1993).
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Vaccine Delivery M ethods
Three methods, with a number of variations, are currently used to deliver vaccines to
fish. The methods vary in their effectiveness, and each has advantages and disadvantages.
Injection
Injected vaccines evoke the highest levels of protection in fish (Newman 1993). In
addition, injection requires less antigen than other delivery methods and allows the use of
adjuvants which enhance the magnitude of the immune response (Ellis 1988a). Vaccines can be
injected intraperitoneal ly (IP ), intramuscularly (IM), intravenously (IV) or subcutaneously (SC ).
Intramuscular injection elicits a higher antibody response and better memory response than IP
and IV respectively (Ellis 1988b). However, intramuscular injection on the dorsal surface o f the
fish is rarely used on the commercial scale because it may cause unsightly scarring and some
of the vaccine may leak from the injection site before absorbtion has occurred (Home and Ellis
1988).
The injection method of vaccine delivery in fish does have several disadvantages. It
requires more time and people to inject fewer fish than other delivery methods. Injection also
requires that the fish be anesthetized and individually handled, both of which are stressful and
can cause mortalities. In addition, injection can be hazardous to the persons doing the injecting
(Ellis 1988a; Newman 1993). Semi-automated vaccination devices have been developed that
eliminate accidental injection of the worker, minimize stress on the fish, and can to immunize up
to 4000 fish per hour.

These devices may help make injection the preferred method of

vaccination, especially in larger fish, broodstock, or more commercially valuable species such
as salmonids (Newman 1993).

Immersion
In the eariy 1970's, Amend and colleagues discovered that fish had the ability to take up
antigenic material from an aqueous environment, and this could be used as a method of
vaccination (Amend and Fender 1976; Antipa and Amend 1977). Initially the method was a twostep procedure that began with immersion in a hyperosmotic solution, followed by immersion in
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a suspension of antigen. This procedure was called hyperosmotic immersion (HI; Antipa and
Amend 1 97 7 ). The hyperosmostic step induced severe osmotic shock which was thought to
improve antigen uptake, but it was very stressful on the fish (Ellis 1988a). It w as subsequently
determined that the osmotic shock was not necessary, and vaccination by direct immersion (Dl)
in the antigen suspension was equally successful (Antipa, et al. 1980).
Vaccination by Dl induces a high level of protection, and is the most widely used method
of vaccination in fish. The method is not as stressful on fish as injection and larger numbers of
fish can be vaccinated in a shorter amount of time (Newman 1993). The method is simple and
rapid, only a few seconds of exposure to the vaccines are necessary and immersion vaccination
machines are now available (Ellis 1988a). The disadvantages of the Dl method are that it is
labor intensive, fish must be handled, and it is not economical for use on larger fish.

In addition,

a method o f delivering adjuvants in conjunction with the vaccine has not yet been developed
(Newman 1993).
A variation of the Dl method is the bath or flush method of vaccination. This involves
pouring the vaccine into the holding tanks to avoid handling stress (Ellis 1988a). Bath immersion
(Bl) allows in situ immunization in hatcheiy troughs, holding tanks, transport vessels and net pens
(Newman 1 99 3 ). The disadvantages of Bl compared to Dl are that more vaccine and longer
exposure times are required. This necessitates aerating the holding tanks and closely monitoring
the fish for signs of stress (Ellis 1988a).
Another variation of the Dl method is spray vaccination. In this method, fish are sprayed
with vaccine, rather than being immersed in it. The antigen is sprayed under pressure on to the
fish as they are propelled along a shallow channel (Ward 1982). The method is effective as long
as the fish are exposed to the vaccine for at least two minutes (Newman 1993). This method is
the more economical than Dl because three to 10 times the poundage of fish per unit volume can
be vaccinated. This also makes it more economical to immunize larger fish (Newman 1993).
The disadvantages of spray vaccination are that the fish must be handled, it is labor intensive,
and specialized machinery is required (Newman 1993).
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Oral
W ith the oral route of immunization, fish are fed inactivated bacteria in a paste or liquid
suspension that has been coated onto or milled into the feed (Newman 1993). This is the most
useful method o f vaccination because it is non-stressful, it can be used on any size fish, and it
does not require extra labor. The disadvantages are that it takes more antigen to obtain effective
immunity, and the immune response is lower and of shorter duration than with other methods
(Ward 1982).
It is thought that the lower immunogenicity of the oral vaccines is due to denaturation or
inactivation of the antigens in the high acid environment of the stomach. An oral enteric-coated

V. anguiliarum vaccine was developed by coating lypholized bacteria onto dextrose sugar beads,
than coating with Eudragit L-30D to serve as enteric protection against stomach add (Wong, et
al. 1992). This vacdne was designed to withstand the high add environment of the stomach and
be released rapidly in the intestine where both systemic and local mucosal immunity could be
stimulated. The study showed the efficacy of oral vacdnes can be improved if enteric-coating
is used to protect the antigen from stomach adds (Wong, et al. 1992).

Vaccine Types
There are numerous types of vacdnes used in mammalian m edidne, induding use in
humans. The types of vacdnes shown to have potential in fish will be discussed. They indude
inactivated whole or disrupted bacteria, attenuated live vacdnes, subunit and synthetic peptide
vaccines, vacdne vectors, and DNA vacdnes. The use of adjuvants, immunostimulants and
vacdne earners with fish vacdnes is also discussed.

Inactivated
Inactivated bacterial vacdnes contain baderial cells killed by heat or chemical treatment.
Ideally inactivation should not alter the antigens responsible for stimulating protedive immunity.
Heat inactivation is usually not satisfactory because it causes extensive protein denaturation or
lipid oxidation. Formaldehyde is often used because it confers structural rigidity by cross-linking
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amino and am ide groups in proteins, and hydrogen-bonded amino groups in the purine and
pyrimidine bases of nucleic adds (Tizard 1992).
Inactivated bacterial vacdnes may consist of formalin-killed whole cells, or formalinkilled cells disrupted by freeze-thawing, french press orsonication. The advantages of inactivated
vaccines are that they are safe with resped to residual virulence and relatively easy to store.
The disadvantages are they are poorer immunogens than live baderia, and the adjuvants used
with them to compensate for lower immunogenidty may result in severe local readions or
hypersensitivity responses (Tizard 1992).
Inactivated baderial vacdnes are the type of vacdne used most often, and with the most
success in controlling fish diseases. Inadivated vacdnes for controlling vibriosis, caused by

Vibrio anguiliaruml, V. ordalii, and V. salmonicida, and enteric redmouth disease, caused by
Yersinia ruckeri, have all been very successful in controlling disease and have significantly
improved profitability (Newman 1993).

These commercial vacdnes were easy to develop

because they were successful without any understanding of the nature of the pathogenic
mechanisms of the baderia or the immune response of the host (Newman 1993). There is little
incentive to improve these vacdnes, which are all formalin-killed whole cell suspensions that are
very easy and inexpensive to prepare. Sonicated suspensions have been shown to offer higher
levels of protection against these baderia, but they are more costly to produce (Newman 1993).
Unfortunately, inadivated baderial vacdnes have been less successful with other fish
pathogens. Commercial vacdnes are available against furunculosis, caused by Aeromonas

salmonicida,, but their performance has not been as good as those of the vibrios and ERM
(Newman 1993). Commercial vacdnes have also been licenced against ESC, but their success
was equivocal, and at present they are not being produced (Thune, et al. 1997b). The success
of inadivated E. ictaluri vacdnes in catfish is reviewed in the sedion on ESC vacdnes.

Attenuated
Attenuated vacdnes contain viable organisms with reduced virulence. The virulence has
been attenuated to the point where the baderia or viruses can infed the host, but they can no
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longer cause disease. Attenuation can be achieved by culturing the bacteria under adverse
conditions such as in the presence of heat, chemicals or nutrient shortage (Tizard 1992). Viruses
can be attenuated by repeated passages in tissue culture or unnatural hosts (Kennedy-Stoskopf
1993).

One advantage of attenuated vaccines are that they are better immunogens than

inactivated vaccines. Generally, viable bacteria are better at stimulating cell-mediated immune
responses than inactivated bacteria. The greater efficacy of live vaccines over inactivated may
also be due a better distribution of live bacteria within the host, as well as the antigenic and
biochemical changes that occur as a result of the inactivation process (Tizard 1992). Attenuated
vaccines require fewer inoculating doses than inactivated vaccines, and they elicit higher
antibody titers (Kennedy-Stoskopf 1993). Attenuated vaccines also do not require adjuvants,
probably because they are able to induce cytokine production in the host better than inactivated
vaccines (Tizard 1992). The disadvantages of attenuated vaccines include residual virulence
and the potential for reverting back to full virulence. Live vaccines are also more susceptible to
contamination by other organisms, and they require more care in preparation, storage and
handling to maintain viability (Tizard 1992).
A refinement of the attenuation process uses genetic engineering to deliberately modify
genes so the organism becomes permanently attenuated (Tizard 1992). The advantages of this
type of attenuation are that the mutations can be defined, and they are less likely to revert. In
addition, the genetically attenuated bacteria can be tagged with phenotypic markers, such as
antibiotic resistance, so they can be distinguished from the wild-type bacterium or virus.
Attenuated vaccines for fish pathogens are not commercially available, though several
have been tested experimentally. Three attenuated strains A. salmonicida have been evaluated
as vacdnes against furunculosis in salmonids. A virulent strain of A. salmonicida, attenuated by
repeated laboratory passages was found to induce significant protection in brook trout (Salvelinus

fontinalis) and Atlantic salmon vacdnated by IP injection or immersion (Cipriano and Starliper
1982). The nature of the attenuation was not defined, but may have been due to loss of the

external A-layer (Vaughan, et al. 1993). Two other attenuated strains of A. salmonicida, a slow
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growing strain that had lost anaerobic metabolism and a faster growing partial revertant with
reduced ability to metabolize carbon sources, were both found to be protective in Chinook salmon
when administered by IP injection and immersion (Thornton, e ta l. 1991).
A genetically attenuated A salmonicida strain has also been developed (Vaughan, et al.
1993). This strain is an auxotrophic, aromatic-dependent mutant with a kanomycin resistence
gene inserted into the aroA gene. The mutation was found to be stable, and induced a higher
level of protection in brown trout than any of the other attenuated A salmonicida strains
(Vaughan, et al. 1993). A pathogenic fish virus has also been genetically attenuated. Channel
catfish virus (CCV; Ictalurid herpesvirus 1) was attenuated by constructing a recombinant
thym idine kinase (TK) gene deletion mutant.

The attenuated virus was shown to induce

protective immunity against the wild-type CCV (Zhang and Hanson 1995).

Recently, a

genetically attenuated strain of £ ictaluri was developed and evaluated as a vaccine (Lawrence,
et al. 1997). The recombinant adenine auxotrophic strain of E. ictaluri, with a deletion and
Kanamydn resistence gene insertion in the purA gene, was shown to have potential as a vaccine
against ESC. The results of this study will be discussed further in the section on ESC vacdnes.
S ubunit and Synthetic Peptides
Two other vacdne types are subunit and synthetic peptide vaccines. Both techniques
require the identification of the antigens that evoke a protective immune response in the host.
With subunit vacdnes, the antigen of interest is purified from the bacteria or virus. This can be
labor intensive, and the amount of antigen obtained may be limited. Another strategy uses the
molecular doning of genes from the pathogen encoding proteins important as virulence factors
or protective antigens (Munn 1994). These subunit vacdnes are produced in E. coli, yeast or
insect cell cultures that can express large amounts of the protedive antigens. The expressed
protective proteins can then be used as vacdnes either in cell lysates of the recombinant
expression system or as purified proteins (Munn 1994).
In some cases, the development of a successful vacdne may require focusing on the
immune responsiveness of the host to a few molecules out a mixture of potential antigens
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(Vallejo, et al. 1992a). One reason for the limited success of vaccines containing killed bacterins
may be that they are deficient in protective antigens (Munn 1994). The ability to produce
antibodies to a mixture of antigens in a vaccine does not imply immune protection. In some
cases, immunodominant antigens in a mixture may result in a strong antibody response to only
a few proteins. The "lesser antigenic” molecules may actually be the protective antigens, but in
killed bacterins they are in quantities too low to induce a response.

This is supported by

observations that exposure to purified lesser antigenic molecules can elicit a strong specific
immune response (Vallejo, et al. 1992a).
An example of this phenomenon has been seen in fish vacdnes to furunculosis extra
cellular products (ECP). These vacdnes elicit a strong antibody response, but antibodies are
only produced against four of 20 ECP (Vallejo, et al. 1992a). One of the 16 ECP that does not
elicit an antibody response is the protease caseinase. However, salmon can be protected by
passive immunization with rabbit anti-caseinase antibodies and salmon do produce antibodies
against partially purified caseinase. This demonstrates that the development o f a successful
vaccine in some cases may require focusing on the immune responsiveness of fish to a few
molecules out a mixture of potential antigens (Vallejo, et al. 1992a). Since OMP are viewed as
being extem ely important in pathogenidty, these are often the targeted proteins (Munn 1994).
An even further refinement of the subunit vacdne is the use of synthetic peptides. With
this approach, the immunologically relevant parts of the antigen are identified by sequence
analysis and epitope mapping (Munn 1994). If the nudeic add sequence of the gene encoding
theprotedive antigen is known, the protective epitopes can be predided using computer
programs that first translate the DNA sequence data into the amino add sequence, then identify
hydrophilic areas on the protein (Tizard 1992). Once identified, the protedive epitopes can be
synthesized and used as a vacdne. Since a number of genes encoding antigens from fish
pathogens have been doned into expression vedors and sequenced, this is a feasible approach
to use in the development of fish vacdnes (Munn 1994). The synthetic peptide vacdnes are
safer than other recombinant vacdnes. Unfortunately, it is very expensive to synthesize peptides
(Tizard 1992).
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Another disadvantage of both the subunit and synthetic peptide vaccines is that very
pure proteins are often poor immunogens. There are several ways to increase the immuno
genicity of these vacdnes. In the case of the subunit vacdnes, one solution is to use the lysate
of the recombinant host cells as a vacdne, rather than the purified protein. Over expression of
the antigen by the recombinant cells enables the induction of an immune response, even in the
presence of other immunodominant proteins. In addition, antigens in the recombinant host cell
may also help to stimulate the immune response. Another approach is to incorporate the antigen
into solid partides called immunostimulatory complexes (ISCO M s).

These complexes are

generated by mixing the antigen with a biocompatible detergent and the complex adjuvant Quil
A (Rabinovich, et al. 1994). The immunogenicity of purified proteins can also be improved by
conjugating them with earner proteins (Ada 1993).
There are several approaches for improving the immunogenicity of synthetic peptides.
One approach is to link both B and T cell epitopes in a single peptide. The mechanics of this
type of approach still need to be optimized (Rabinovich, et al. 1994). Another approach is to use
multiple antigen peptide systems (MAPS), which consist of selected T and B cell epitopes
conjugated onto a polylysine core without a earner protein (Rabinovich, et al. 1994). Although
B and T cell epitopes have not yet been defined for any of the fish pathogens, the MAPS
approach has been tested in fish and found to be a suitable delivery system (Riley, et al. 1996).
Vectors
Vacdne vedors use a non-pathogenic virus or bacteria to deliver protedive antigens of
a different pathogen to a host. Like subunit and peptide vacdnes, the protedive antigens of the
pathogen have to be identified and doned. The genes encoding the protedive antigens are then
inserted into a virus or baderia that can over express the recombinant protein (Rabinovich, et
al. 1994). Unlike the regular expression systems, these vedors are able to infed the host, but
since they are attenuated they do not cause disease. If the vacdne vedo r is a virus, then the
inserted foreign genes will be expressed in the context of MHC dass I antigens, which will induce
a cytotoxic T cell response. In mammals, Vaccinia virus is the ved o r most commonly used for
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the expression of foreign genes. A number of Salmonella species have been evaluated for their
potential to serve as bacterial vectors (Rabinovich, et al. 1994).
The attenuated recombinant strain of CCV described previously (Zhang and Hanson
1995), is able to express the proteins of foreign genes inserted in fram e with the promoter of the
deleted TK gene (Zhang and Hanson 1996). Catfish vaccinated with this CCV vector produced
antibodies against the foreign gene product, indicating the foreign gene was expressed in the
host, and the gene product was immunogenic. If protective antigens against other catfish
pathogens, such as £ ictaluri can be identified, and the genes encoding them can be cloned they
could be inserted into the C C V vector resulting in a multivalent vaccine against both CCV and
£ . ictaluri. Alternatively, genes encoding protective antigens of C C V could be inserted into an
attenuated recombinant strain of £ ictaluri.
DNA
Vaccination using deoxyribonucleic add (DNA) is a relatively new technique first
described by Feigner and colleagues (Wolff, et al. 1990). The method is basically another
approach to the development o f subunit vacdnes (Fynan, et al. 1993). With this approach, the
host is vacdnated with an injection of purified, non-replicating plasmid DNA expressing the
pathogen gene under a eucaryotic promoter. The host cells take up the plasmid DNA, express
the encoded protein, and mount a subsequent immune response against it. The efficacy of
immunization with DNA encoding a protective protein was first described in mice by Liu and
colleagues in 1993 (Ulmer, et al. 1993). Both humoral and cell-mediated protective immune
responses are indudble by DNA vacdnation (Donnelly, et al. 1995).
Direct injection of plasmid DNA has been shown to have vacdne potential in fish.
Musde cells of carp injected with plasmid DNA were shown to have high levels of expression of
the encoded protein (Hansen, et al. 1991). Plasmid DNA encoding the ludferase gene was
delivered to Rainbow trout m usde cells by partide bombardment (Levine, et al. 1994).
Expression of the ludferase gene was detected within 48 hours and continued for 15 days. As
little as 0.01 MS of plasmid DNA delivered IM was suffident for the detedion high levels of
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luctferase in the muscle of zebra fish and rainbow trout (Hepell and Davis 1996). With a dose
of 0.1 pg of DNA, ludferase could be detected in four hours with peak activity in 2.5 days. The
results showed gene expression of injected DNA is very effident in fish, with much higher levels
than those observed with mice (Hepell and Davis 1996). Injedion o f DNA dearly has potential
for use in fish vacdnation, however, as of yet no one has reported on the immunogenicity of the
proteins encoded by the DNA injeded in fish.

Vaccine Enhancers
Adjuvants, immunostimulants and vacdne earners all work to enhance the immune
response. Most of these immune enhancers can only be administered by injedion, though some
have the potential to be used in immersion or oral vacdnation (Ellis 1988b).

Adjuvants
Adjuvants are substances that, when combined with antigen, enhance spedfic and
nonspedfic immune responses (Kennedy-Stoskopf 1993). Most Oil-based adjuvants and lipo
somes a d as depots or reservoirs for holding the antigens in tissues after injedion for slow
release (Anderson 1992). An example is Freund's incomplete adjuvant (FIA), which is a saline
and mineral oil emulsion that stimulates a local, chronic inflammatory response at the site of
injection. If killed M. tuberculosis are induded in the emulsion the mixture, known as Freund's
complete adjuvant (FCA), then T cells will also be stimulated. The muramyl dipeptide (M DP)
component of the baderia stimulates macrophages to produce IL-1, which in turn stimulates the
helper T cell responses (Tizard 1992). Freund's complete adjuvant is the most effedive and most
widely used adjuvant by experimental immunologists. It can only be administered by injedion,
and it has many undesirable side effeds. It has been used successfully in fish though it does
induce sterile abscesses by IM injedion and granulomata by IP injedion. The MDP component
of FCA by itself was found to have no adjuvant e ffe d when used in an injedable vaccine in
rainbow trout (Ellis 1988b).
Another oil adjuvant, squalene, was tested in an £ . ictaluri baderin delivered by IP
injedion to catfish (Tyler and Klesius 1994a). Though not diredly toxic, the squalene was shown
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to decrease resistence to E. ictaluri infection rather than enhancing resistence. It was suggested
that the decreased resistence was due to a depletion of circulating phagocytic cells due to an
extensive granulomatous response at the site of the injection (Tyler and Klesius 1994a).
Another type of adjuvant are the metallic salts aluminum potassium sulfate (alum) and
aluminum hydroxide. These are also T cell stimulators (Anderson 1992). Alum is used in a
colloidal suspension with antigenic material bound to it, and aluminum hydroxide is used with
antigen in a gel matrix (Anderson 1992; Kennedy-Stoskopf 1993). Neither alum or aluminum
hydroxide enhanced protection in salmon vaccinated by injection, and alum resulted in serious
side effects.

In contrast, the use of alum in oral and immersion Vibrio vaccines in salmon

improved antigen uptake and protection levels considerably (Ellis 1988b).
im m unostim ulants
Immunostimulators are drugs, chemicals, stressors or actions that elevate the non
specific immune response. They can be used by themselves to activate the nonspecific immune
response, or they can be used as an adjuvant in a vaccine to activate the nonspecific immune
response and enhance the specific immune response (Anderson 1992). A number of immuno
stimulants have been tested in fish. Levamisole is an anti-helminth drug used in ruminants. It
is also an immunomodulatorthat stimulates T cells. Levamisole has been used effectively in fish
alone as an immunostimulatorand in injection and immersion bacterin vaccines as an adjuvant.
The proper dosage to use in fish still needs to be determined since the effects of the drug are
dose dependent, and high dosages can be immunosuppresive (Anderson 1992).
Some components of bacterial cells are immunostimulatory. The MDP of M. tuberculosis
is one example, other examples are BCG, FK-565 and LPS. Bacille Calmette Guerin (BCG) is
an attenuated strain of M. bovis used to vaccinate humans against tuberculosis. It is also a well
recognized immunostimulant in mammals. In fish, BCG has not enhanced immune function
when used as an adjuvant with a bacterin (Anderson 1992). The immunostimulant FK-565 is a
synthetic peptide based on a component from Streptomyces olivaceogriseus. it is a T cell
stim ulator in mammals and has been shown to be an effective immunopotentiator in fish
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(Anderson 1992).

The LPS from gram negative bacteria is also an immunostimulant.

Lipopolysaccharide preparations stimulate non-specific B cell proliferation both in vitro and in vivo
if given in the appropriate doses. Low doses are effective, so bacterin preparations of gram
negative bacteria contain their own immunostimulants. Lipopolysaccharide does not appear to
have the same endotoxic effect in fish that it does in mammals. Preparations of LPS have been
tested in fish and can be useful as immunostimulators or adjuvants (Anderson 1992).
Lipopolysaccharide stimulates B cells directly in a Tl manner so it does not generate immunologi
cal memory (Arkoosh, et al. 1991).
Animal and plant extracts have been tested as immunostimulators in fish (Anderson
1992). An extract from the marine tunicate Ecteinascidia turbinata, called Ete, has been used
successfully as an immunostimulant and an adjuvant in American eels (Anguilla rostrata). An
extract from the abalone Haliotis discus hannai, called HDe, had adjuvant effects in rainbow
trout A fish extract called ISK worked as both an immunostimulant and an adjuvant in rainbow
trout when administered by injection or immersion. An extract from the bark of the South
American tree Quilaja saponaria, called Quil-A, was shown to enhance bacterial clearance of live

Y. ruckeriwhen administered to fish by bath. The active ingredients of these extracts are in most
cases not well-defined, and their modes of action are not known (Anderson 1992).
Vaccine carriers
Vaccine earners are vehicles or transporters for a vaccine (Anderson 1992). Bentonite
clay (aluminum silicate) and latex beads have been used as inert earners for fish vaccines.
Carriers facilitate engulfment by phagocytes and they may themselves be immunogenic. In
comparison studies, antigen bound to latex beads was taken up more readily by fish phagocytes
and resulted in higher protection from the vacdne than antigen by itself. The immunogenicity
of small molecules (haptens) can be improved by conjugating them to a earner protein. Keyhole
lim pet hemocyanin (KLH) is a commonly used TD protein earner in fish. Dimethylsulfoxide
(DMSO) is another earner tested in fish (Anderson 1992). It was shown to have adjuvant effects
when used with an immersion vacdne in rainbow trout (Ellis 1988b).
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Liposomes are biodegradable, non-toxic phospholipid vesicles shown to be capable of
functioning as delivery vehicles, and as immunological adjuvants (Nakhla, et al. 1997). In
mammals, liposome-encapsulated antigens are thought to exhibit enhanced antigen presentation
and recruitment of macrophages, which may result in the potentiation of humoral responses and
possibly generate T cell mediated responses. Lipopolysaccharide is a Tl antigen in mammals
and fish, inducing antibody mediated immune responses without the activation o f T cells or the
developm ent of immunological memory.

In a recent study, LPS from A. salmonicida was

incorporated into liposomes in orderto evaluate their potential for enhancing the immunogenicity
of LPS in rainbow trout (Nakhla, et al. 1997). The results showed IP injection of liposomal LPS
induced sustained humoral immune responses against LPS compared to the humoral response
induced against IP injection of free LPS. Since extended duration of an antibody response is a
property of immunological memory, the results suggested liposomes were effective in inducing
a TD immune response against the LPS Tl antigen (Nakhla, et al. 1997).
ESC VACCINES IN CATFISH

Edwardsiella ictaluri is considered a good candidate for vaccine development because
it is a homogeneous single strain of bacteria, and catfish that recover from infection are immune
to ESC (Plumb 1988; Klesius 1992a). Like other fish pathogens, vaccines against E. ictaluri
initially focused on using inactivated bacterial preparations without any understanding of factors
important in eliciting a protective immune response against ESC. Unfortunately, this approach
has not been very successful, and efforts are now being made to identify important antigens. In
addition, more recent efforts have recognized the need to stimulate a cell-mediated immune
response, though details on the type of cell-mediated immune response (Th vs Tc) that needs
to be generated have not been discussed.
The ESC vaccines tested in channel catfish will be reviewed, followed by a review and
discussion on strategies for developing new vaccines based on the survival mechanisms of the
bacterium and the type of immune response that must be generated by the catfish in order to
overcome these mechanisms.
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Overview of Tested ESC Vaccines
Inactivated
Vacdnes against E. ictaluri have primarily focused on the use o f killed bacterins. Many
vaccination studies have assessed the vacdnes efficacy using indirect measurements o f the
catfish im m une response rather than survival following a challenge. In addition, many of the
vacdne studies were initiated in order to better understand the catfish immune response to E

ictaluri, rather than assessing the effediveness of a particular vacdne.
The incidence of ESC is highly seasonal, with infedions occurring in the spring and fall.
The effed o f water temperature on the catfish immune response to E. ictaluri was investigated
in a field study designed to evaluate the feasibility of vacdnating catfish in the fall or early winter
(Plumb, et al. 1986). To determine this, the effeds of tem perature on the longevity and
protectiveness of humoral immunity in channel catfish immunized with formalin-killed E. ictaluri
(ATCC 33202) were examined. Preliminary results indicated channel catfish could be immunized
by either injection or immersion during cold temperatures, as long as the fish were held in warm
water for 4 to 5 days prior to being moved to cold water (Plumb, et al. 1986).
Consequently, fish were vacdnated with a sonicated or whole cell baderin administered
either by IP injedion with adjuvant or a 5 min. immersion and held at 25 °C for four days prior
to stocking in outdoor ponds over the winter (Plumb, et al. 1986). Four months later, fish were
collected and natural mortalities were assessed. While in the pond, fish vaccinated by immersion
with sonicated or whole cells had 27% and 29% mortality respedively, fish vacdnated by
injection with sonicated or whole cells had 63% and 68% mortality respedively, and controls had
42% mortality. Mean antibody agglutination titers (LogJ in these five groups were 2 .0 ,2 .0 , 4.0,
5.0 and 0 respedively (Plumb, et al. 1986).
Fish that survived the winter were challenged at 25 °C with virulent E. ictaluri (3.9 X 1 0 9)
by a 6 minute water-borne exposure.

Following challenge, fish vacdnated by immersion with

sonicated or whole cells had 12% and 25% mortality respedively, fish vacdnated by injedion
with sonicated or whole cells had 42% and 58% mortality respedively, and controls had 46%
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mortality. Mean antibody agglutination titers (LogJ in the five groups 23 days post-challenge
were 6 .4, 6.5, 7.0, 6.0 and 5.1 respectively (Plumb, et al. 1986). The relative percent survival
(RPS = [100 x (treatment % mortality + control % morality - 1) x 100]) of the fish vaccinated by
immersion with sonicated or whole cells was 74% and 47% respectively, the RPS of the fish
vacdnated by injection with sonicated or whole cells was 9% and 0% respectively (Plumb 1988).
Results o f this study showed the vacdnated fish did develop humoral antibodies and some
protection against challenge four months later. Surprisingly, vacdnation by injection with an
unidentified adjuvant was not protedive and vacdnation by immersion was protedive even
though the injeded vacdne resulted in higher antibody titers (Plumb, et al. 1986).
In a laboratory study, the efficacy of a formalin-killed £. ictaluri whole cell baderin (ATCC
33202) was investigated using combinations o f injedion or immersion delivery with and without
boosters and FCA (Saeed and Plumb 1986). The animals used in the study w ere one-year-old
pond reared catfish acdim ated in the laboratory two weeks prior to experimentation. Vacdne
efficacy was measured by serum agglutination antibody titers and immunity to experimental
challenge of a lethal dose 80% endpoint (L D ^ of virulent E. ictaluri administered by IP injedion.
Multiple injections of whole cells in FCA resulted in high titers (2730) and strong protedion (8.3%
m ortality). Single injedions of whole cells in FCA resulted in good titers (1220) and some
protedion (31.1% mortality). Multiple and single injedions of the baderin in saline resulted in
low titers (341 and 158 respedively) and no protedion. Multiple and single Dl and HI dips in
baderin resulted in low titers (158-248) and no protection (Saeed and Plumb 1986). Multiple and
single saline injedion controls had titers of 6 and 99 respedively, and percent mortalities of 75%
and 66.7% respedively. The fa d that the saline controls had positive E. ictaluri titers suggests
the experimental fish were exposed to E. ictaluri prior to being moved from the pond to the
laboratory.
The results of this study indicated that both adjuvant and booster immunizations
enhanced immunity (Saeed and Plumb 1986). The higher protedion seen with the injeded
vaccine compared to the immersion vaccine is not unexpeded, but it does conflid with the
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results o f the field study described previously (Plumb, et al. 1986). The poor efficacy of the
immersion vacdnes may have been due to the fact that fish were vacdnated by a water-borne
route, but challenged by an unnatural route (IP injection). Vacdnation by immersion has been
shown to elicit a mucosal antibody response (Lobb 1987). The injection challenge would bypass
any mucosal immune responses that may be important in protective immunity against ESC.
In another field study, Vinitnantharat and Plumb (1992) examined factors pertinent to
vacdnation of catfish with E. ictaluri, induding kinetics of the immune response, antigen
concentration, water temperature and duration of immersion exposure to antigen. The antibody
agglutination titers offish immunized with either cell extrad or cell envelope increased gradually
1 week after IP injedion and then more rapidly until peaking four weeks after immunization.
Antibody titers gradually dedined after peaking, but were still detedable 11 weeks after
immunization in fish not receiving a booster injedion. An anamnestic response immediately
followed a booster vacdnation administered 6 weeks after the initial vacdnation, with an
increased in antibody titer for a short period of time (Vinitnantharat and Plumb 1992). Fish in the
different vacdnation groups were marked by group with fin-dips and stocked in an earthen pond
during the experiment. None of the groups had E. ictaluri antibodies at the beginning of the
study, but fish in the non-vacdnated control group developed antibodies during the experiment,
probably due to £. ictaluri organisms endemic to the holding pond (Vinitnantharat and Plumb
1992).
The study also showed formalin-killed E. ictaluri whole cell bacterin administered by IP
injection produced higher antibody titers with 2 X 108 or 2 X 10® cells/fish than with 2 x 104
cells/fish. An IP injedion of crude membrane protein produced higher antibody titers with 0.20
or 1.50 mg protein/fish than with 0.02 mg protein/fish (Vinitnantharat and Plumb 1992). In
addition, fish held at 25 °C and 30 °C had higher antibody titers than fish held at 20°C , and longer
immersion exposure to antigen resulted in higher antibody titers. Results of the study indicated
channel catfish do respond anamnestically to a booster injedion, antigen concentrations can be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83
optim ized, the optimal water temperature for antibody production is 25 °C or above, and
immersion exposure to a vaccine should be at least 2 min (Vinitnantharat and Plumb 1992).
The large numbers of fish in production and their low individual value m akes injection
vaccination of catfish impractical.

Consequently, experiments were done to evaluate the

effectiveness of an immersion and oral vaccination program with fry and fingeriing channel
catfish (Thune, et al. 1994). This was done in three large scale field trials. The first trial was
comprised o f 12 commercial ponds, with three replicates of four treatments at a farm in
Mississippi. Catfish were vacdnated with a formalin-killed E. ictaluri whole cell bacterin strain
85-58 by immersion vacdnation, oral vacdnation, or by a combination of immersion vacdnation
with an oral boost Results indicated all three treatments resulted in increased survival compared
to non-vacdnated controls, but no statistical difference was detected due to the high level of
variation between ponds.
A subsequent expanded field trial using the immersion/oral booster protocol was
conducted using a formalin-killed E. ictaluriwhole cell vacdne prepared by Biomed Inc. (Bellview
Washington, USA). This study was comprised of 22 ponds at three commercial catfish farms in
Louisiana, Mississippi and South Carolina (Thune, et al. 1994). Results of this trial indicated no
significant difference between vacdnated and non-vacdnated fish. A change in the way the oral
booster was prepared was thought to have effected the results (Thune, et al. 1994). The
following year, the field trial was repeated using 26 ponds on five farms. Results of this trial
indicated overall mortality in vacdnated fish (41% mortality) was significantly lower than in the
non-vaccinated controls (64% mortality). However, the average RPS was only 35% , and the
RPS values varied between the five farms with values of 81%, 77% , 27% , 15% and 0% (Thune,
et al. 1994). Challenge in these studies was by natural exposure to E. ictaluri in the ponds. In
addition, fish were exposed to a number of other naturally occurring infectious and parasitic
agents, and epizootics by several of these agents did occur in some of the experimental ponds
(Thune, et al. 1994).
When vacdne experiments are conducted on catfish held or reared in outdoor ponds,
natural exposure to E ictaluri and other infectious agents cannot be controlled. Natural exposure
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to E ictaluri results in positive E. ictaluri antibody titers in non-vacdnated control fish, and may
serve as a natural uncontrolled booster in vacdnated treatm ent fish.

Infections and mortalities

due to other infectious agents in control and treatment fish may also interfere with study results.
The results of field studies are therefore often equivocal and difficult to compare (Thune, et al.
1997a).
Consequently, a laboratory study was conduded using E. ictaluri spedfic pathogen free
(SPF) catfish to compare humoral antibody responses of fish vacdnated by injection, immersion
and oral delivery methods (Thune, et al. 1997a). Four different vacdnation regimes, induding
non-vacdnated controls, immersion/oral, late immersion and injection were evaluated for
antibody production and protection from challenge in catfish hatched and raised over a 28 w eek
period. The results showed catfish could produce a measurable antibody response against a
formalin-killed E ictaluri whole cell baderin (Biomed) via all o f the delivery methods evaluated.
Antibody titers, measured by ELISA, were highest in fish vacdnated by injection with a peak titer
of 8 (LogJ at 6-8 weeks post-vacdnation (Thune, et al. 1997a). An ELISA titer greater than 8
(Logj) corresponds to an agglutination titer greater than 256. A previous study has indicated
agglutination antibody titers greater than 256 are necessary to ensure protection (Vinitnantharat
and Plumb 1993).
Protection from challenge could not be evaluated in four of five challenges in this study
due to concunent infection of Cytophaga columnaris (Thune, et al. 1997a). In one challenge that
did not have a concurrent C. columnaris infection, only the injected group had higher survival
than the control with an RPS of 57%. Ninety percent of the vacdnated fish were found to have
titers below the 256 reported to be necessary for protection (Vinitnantharat and Plumb 1993),
which may have accounted for the low level of protection. Another problem, in addition to having
to elim inate four out of five of the challenge studies, was the low percent mortality in the
challenged, non-vacdnated controls of the challenge study that was not eliminated. Although
the calculated RPS of the injeded group was 57, the percent mortality in the non-vacdnated
control challenged group was only 33%. Optimal potency testing of fish vacdnes requires a
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minimum of 60% mortality in non-vaccinated challenged controls (Amend 1981; Ellis 1988a),
though some researchers suggest greater than 80% mortality (W ard 1982). This is to assure
there are a sufficient number o f susceptible fish in the population to allow data analysis and to
assume an adequate level of challenge, without overwhelming any protective immunity (Amend
1981). Amend (Amend 1981) suggests a mortality level below 60% in the challenged non
vaccinated control is unsatisfactory and the test should be considered a “no* test and repeated.
Although it is not unusual for researchers to report fish vaccine study results with challenge
m ortalities lower than 60% in the controls, conclusions should not be drawn on the protective
capabilities of the vaccine.
Despite logistically difficult and extensive field and laboratory trials by Thune and
colleagues (Thune, et al. 1994; Thune, et al. 1997a), the results o f vaccination studies in catfish
using inactivated E Ma/iuribacterins are equivocal. Most of the vaccination studies are marred
by uncontrolled exposure of the controls and/or treatment groups to E. ictaluri and other
infectious or parasitic agents.
Controlled Live
A unique vaccination method was recently used in studies of the catfish protective
immune response against ESC (Shoemaker and Klesius 1997; Shoemaker, et al. 1997). With
the controlled live vaccination (CLV) method, catfish were exposed to levels of E. ictaluri which
were apparently high enough to cause infection and induce a protective immune response, but
too low to cause disease. The purpose of these studies was to compare immunity against ESC
with the specific antibody response and in vitro killing of E. ictaluri by elicited peritoneal macro
phages from catfish immunized by a commercial immersion bacterin (ESC vaccine, Apharma,
formerly Biomed Inc.), a commercial oral-fed bacterin (Escogen, Aqua Health Ltd, Charlottetown,
PEI, Canada), or controlled live E . ictaluri exposure (Shoemaker and Klesius 1997).
Juvenile 17 month old catfish were stocked into laboratory aquaria, with 30 fish per tank
and triplicate tanks of each treatm ent group. The IM and oral vaccination procedures were
carried out following the manufacturers’ protocols.

For CLV, fish were immersed in water
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containing 2 x 10“ CFU ml'1 live E. ictaluri in BHI broth (AL-93-75) for i h. After exposure, fish
were returned to aquaria. W ater flow was stopped for one hour. At 33 days post-vaccination or
18 days post-booster, if administered, fish were challenged with 2 x 107 CFU ml*1 E. ictaluri (AL93-75) at 28 °C fori h. Survival after vaccination was 83.3% for CLV, 98.1% for IM and 100% for
oral routes of exposure and the controls. Survival after challenge was 100% for CLV, 68.3% for
IM, 50% for oral, and 71.7% for the controls. Survival after vaccination was significantly lower
in CLV fish, but protection after challenge was significantly higher. Only CLV fish had signifi
cantly higher survival than non-vacdnated, challenged controls. Antibody responses and macro
phage bactericidal activity were also significantly higher in the CLV group, although antibody
responses were assessed using an ELISA assay that only measured the antibody titers against
a single E. ictaluri exoantigen (Shoemaker and Klesius 1997). Like several of the inactivated
vaccine studies discussed previously, percent mortality in non-vaccinated, challenged controls
was only 28.3% .
Results of the study showed controlled exposure to E ictaluri provides protection against
ESC. It has been suggested that natural exposure of vaccinated catfish to E. ictaluri in the pond
environment may serve as a natural booster (Thune, et al. 1994). Additionally, this study showed
natural exposure to E. ictaluri in the pond environment may immunize catfish and result in
protection against ESC (Shoemaker and Klesius 1997).
A ttenuated
Using genetic engineering, a virulent strain of E. ictaluri (93-146) was mutated by
creating a deletion, kanamycin resistence gene insertion in the purA gene (Lawrence, et al.
1997). The resulting recombinant, adenine auxotrophic E. ictaluri strain (LSU-E2) was evaluated
in S PF catfish for its virulence, tissue persistence and vaccine efficacy.

Attenuation was

evaluated by injection, immersion and oral routes of exposure. By the injection route, LSU-E2
had an LD^ of 5.1 x 107 CFU per fish. An LD^, could not be determined for the wild-type strain,
but it was <130 CFU per fish, more than five logs10 lower than the LDg,, o f LSU-E2 (Lawrence,
et al. 1997). By the immersion route, mortality was 0% in fish challenged with 1.6 x 107 CFU/m l
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of LSU-E2 and 63.6% in fish challenged with 6.5 x 107 CFU/m l of wild-type. By the oral route,
mortality was 0% in fish challenged with 1.6 x 10s CFU of LSU-E2 and 20.7% in fish challenged
with 1.3 x 10s CFU of wild-type (Lawrence, et al. 1997).
Tissue distribution and persistence of the LSU-E2 and wild-type E ictaluri were evaluated
in fish following immersion exposure. Samples o f liver, spleen, head kidney and trunk kidney
were cultured from individual fish before exposure and 2, 6 ,1 2 , 24, 48, 72 and 96 hours post
exposure. Adenine auxotrophic E. ictaluri strain LSU -E2 was isolated from at least one internal
organ in all to the fish sampled from 2 hours to 48 hours post-exposure, indicating its invasive
capabilities were still intact (Lawrence, et al. 1997). W ild-type E. ictaluri was isolated from fish
sampled up to 96 hours post-exposure, when the experiment was terminated. W ith both LSU-E2
and wild-type bacteria, the highest numbers were cultured from the head and trunk kidneys and
the lowest numbers were cultured from the liver. A t all sampling times, the numbers of bacteria
isolated were higher for wild-type than for LSU-E2 (Lawrence, et al. 1997).
In vaccine trials, SPF catfish were immunized with a single immersion exposure to 3.7
x 107 CFU/m l of LSU-E2. Feeding activity remained normal and there were no mortalities
following vaccination. Twenty-seven days after vaccination, both vaccinated and non-vaccinated
fish were challenged by immersion exposure to 5.3 x 104 CFU/m l wild-type E. ictaluri (Lawrence,
et al. 1997).

Resulting mortalities in the two treatm ent groups were significantly different

(P <0.01), with 33.3% average percent mortality in non-vaccinated fish and 11.1% average
percent mortality in vaccinated fish. The RPS was 66.3% for vaccinated fish (Lawrence, et al.
1997). The results showed immersion vaccination o f catfish with the LSU-E2 strain of E. ictaluri
provided significant protection against experimental infection with wild-type E. ictaluri (Lawrence,
et al. 1997).
The attenuated LSU-E2 strain of E. ictaluri may have potential as a viable commercial
vaccine. However, this study, like that of Thune et al (1997a) had a low percent mortality in
challenged, non-vaccinated controls. The vaccination trial should be repeated before firm
conclusions about efficacy can be made.
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Immersion vaccination is a much more feasible delivery method for the catfish industry
than injection vaccination. One of the disadvantages of attenuated vaccines include residual
virulence and the potential for reverting back to full virulence. The attenuated strain appears to
be stable since no revertants of the LSU-E2 were detected following 30 passes in BHI (Lawrence,
et al. 1997). Live vaccines are also more susceptible to contamination by other organisms, and
they require more care in preparation, storage and handling to maintain viability (Tizard 1992).
If the efficacy of an LSU-E2 immersion vaccine is confirmed, the logistics of preparation, storage
and handling o f a live vaccine in an aquaculture setting will need to be established before a
commercial licence will be granted.

Subunit
With subunit vaccines an antigen of interest is purified from the bacteria or virus. To be
effective, the purified antigen must be protective. A protective antigen needs to induce a TD
antibody response so memory is generated. A vaccine consisting of purified E. ictaluri LPS is
the only ESC subunit vaccine to be tested for both immune response and efficacy in catfish
(Saeed 1983).
In a laboratory study, efficacy of a phenol extracted E ictaluri (ATCC 33202) LPS subunit
vaccine was investigated using combinations of IP injection with and without boosters and FCA
(Saeed and Plumb 1986). Animals used in the study were one-year-old pond reared catfish
acclimated in the laboratory two weeks priorto experimentation. Vaccine efficacy was measured
by serum agglutination antibody titers and immunity to experimental challenge of a lethal dose
80% endpoint (LOgo) of virulent E. ictaluri administered by IP injection. Multiple injections of LPS
in adjuvant and a single injection o f LPS in adjuvant both resulted in high titers (1391 and 2048
respectively) and strong protection (3.3% and 20% mortality respectively). Results of multiple
injections of LPS in FCA were not significantly different from those of a single injection of LPS
in FCA, but both were significantly higher than titers (136 and 77 respectively) and protection
(36.7 and 80% mortality) seen with multiple and single injections of LPS in saline. Protection
of all but the single injection of LPS in saline (80% mortality) was significantly higher than
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multiple and single injection saline controls (70 and 80% mortality respectively). Titers elicited
by single and multiple injections of saline (4 and 5 respectively) were significantly lower than any
other treatments (Saeed and Plumb 1986). The fact that saline controls had positive E ictaluri
titers suggests the experimental fish were exposed to E. ictaluri prior to being moved from the
pond to the laboratory.
Results of this study indicated both adjuvant and booster immunizations enhanced
immunity, although the effects o f enhancement were much greater with FCA than booster
immunizations (Saeed and Plumb 1986). The protection level o f multiple and single injections
of LPS in FCA (3.3% and 20% mortality respectively) was sim ilar to that of multiple and single
injections of formalin-killed E. ictaluri whole cell bacterin in FCA (8.3% and 31.3% mortality
respectively).

Multiple injections of LPS in saline had higher protection (36.7% mortality) than

multiple injections of bacterin in saline (76.7% ; Saeed and Plumb 1986).
It should not be surprising that injections of LPS with FCA were more protective then
injections of LPS in saline. Lipopolysaccharide stimulates B cells directly in a Tl manner so it
does not generate immunological memory (Arkoosh, et al. 1991).

The fact that multiple

injections of LPS in saline had some level of protection was probably due to previous exposure
of the experimental fish to E. ictaluri. Addition of FCA with LPS results in a TD response. This
is because the MDP component of the bacteria in FCA stimulates macrophages to produce IL-1,
which in turn stimulates helper T cell responses (Tizard 1992). The fact that LPS was more
protective than bacterin when both were administered in multiple injections with adjuvant
suggests LPS is a protective antigen, but only if a TD response can be generated. This requires
the use of a T cell stimulating adjuvant such as FCA, conjugation to a TD earner such as KLH,
encapsulation in liposomal vesicles, or use of a live attenuated strain.
In another study, several immunogenic £ ictaluri antigens were identified in SDS-PAGE
Western blots probed with sera from E ictaluri infected catfish and E. ictaluri immunized,
protected catfish (Plumb and Klesius 1988). In strips of an SDS-PAG E Western blot of E. ictaluri
(ATCC 33202) lysate probed with sera from seven individual E. ictaluri catfish, the most strongly
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recognized band had an approximate molecular weight of 34 KD. The 34 KD band was
recognized strongly by all seven fish indicating it may be an immunodominant antigen. In SDSPAGE Western blots of 14 strains of E. ictaluri probed with pooled sera from E. ictaluri infected
and E ictaluri immunized, protected fish, the 34 KD band was strongly recognized as well as a
60 KD band in all 14 strains (Plumb and Klesius 1988). A monoclonal antibody (mAb AA224)
was used to show that both the 34 KD antigen (reported as 36 KD in this study) and 60 KD
antigen were located on the E. ictaluri cell surface (Klesius and Horst 1991).
In a subsequent study, proteins from the outer membrane of £ ictaluri strain ALG-88-122
were isolated (Vinitnantharat, et al. 1993). The outer membrane of E. ictaluri on SDS-PAGE
contained three major bands with apparent MWs of 18.4, 36, and 42.5 KD. Only the 36 KD
protein persisted through repeated passages of the bacterium on BHI agar. The 36 KD protein
was purified and its immunogenicity was evaluated and compared to cell extracts and crude
m em brane preparations of E. ictaluri (Vinitnantharat, et al. 1993). Forty juvenile catfish were
acclimated and held in a single laboratory tank through-out the experiment. Fish were divided
into four groups, using a fin-clip method of identification. One group of 10 fish served as a
control, with each fish receiving 0.1 ml of Tris-EDTA by IP injection. O f the remaining fish, 10
received 0.1 mg of cell extract, 10 received 0.1 mg of crude membrane and 10 received .02 mg
of 36 KD protein in Tris-EDTA by IP injection. Each fish was bled weekly for five weeks and antiE. ictaluri titers were measured by microagglutination (Vinitnantharat, et al. 1993). Results
showed all of the antigen preparations were strongly immunogenic, with peak antibody titers
being reached 3 weeks after injection. The antibody response to each antigen preparation was
significantly different from the others (P>.05), with the highest titer being elicited by the crude
membrane preparation (3.2 approximate Log10titer), followed by the cell lysate (2.8 approximate
Log10 titer), than the 36 KD protein (2.4 approximate Log10 titer; Vinitnantharat, et al. 1993).
Although titer was significantly lower with the 36 KD protein, it was administered at one-fifth the
dosage of the other two antigen preparations. At a fraction o f the dosage, the 36 KD protein was
highly immunogenic and able to induce a respectable antibody response compared to that of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

91
other two antigen preparations. The protective capabilities of the three antigen preparations were
not evaluated (Vinitnantharat, et al. 1993).

Cross-Reactive Protective Antigens
All bacterial species possess unique antigens, however a surprisingly high number of
antigens are shared among various bacterial species (Kaufmann 1993).

Catfish E. ictaluri

antibodies have been shown to have a high amount of cross-reactivity with a rough mutant of E.

coS 0111:B4 (Tyler and Klesius 1994c). Since a portion of the cross-reactivity could be absorbed
out by LPS from a rough mutant of S. typhimurium TV 119, it was concluded that natural
exposure to E. ictaluri induces both specific and cross-reactive antibodies, and much o f the
cross-reactivity is to the homologous core region of the LPS layer (Tyler and Klesius 1994c).
In order to determine if cross-reactive antigens of E. coli were protective, yearling catfish
from E. ictaluri-free stock were immunized with formalin-killed whole cells of a rough mutant
strain of E. coli strain (J5; Tyler and Klesius 1994b). Four, non-replicated groups of 18-25 fish
were bled than vaccinated. Group one fish were vaccinated with aluminum hydroxide-precipi
tated bacterin in phosphate buffered saline (PBS) by IP injection, group 2 fish were vaccinated
with bacterin in PBS by IP injection, group 3 fish were vaccinated with aluminum hydroxideprecipitated bacterin in PBS by IM injection, and group 4 fish received PBS by IP injection. On
day 20 post-vaccination, fish were bled and then challenged with virulent E. ictaluri. Survival
was 92% in fish that received E. coli with adjuvant IP, 77% in fish that received E. coli with
adjuvant IM , 54% in fish that receive E. coli only IP, and 56% in fish that received PBS IP.
Survival was significantly higher (P<.05) in fish that received E. coli in alum IP compared to
control fish that received PBS IP. There were no significant differences between the other
treatments (Tyler and Klesius 1994b). There was no clear relationship between ELISA titers and
survival. The three vaccinated groups of surviving fish had increased titers to both E. ictaluri and
E. coli20 days-post vaccination, with fish that received E. coli IP only having the highest titers.
However, all four groups had pre-vaccination ELISA titers to both E. ictaluri and E. coli, and
control fish also had an increase in titer20 days post-vaccination (Tyler and Klesius 1994b). This
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suggests that the experimental fish had been previously exposed to E. ictaluri, and there may
have been exposure during the experim ent since control titers increased. Although the results
were maned by indications of previous E ictaluri exposure, they suggested the R-mutant vaccine
with adjuvant provided a level of protection against E ictaluri similar to that reported for E. ictaluri
bacterins (Tyler and Klesius 1994b).
An R-mutant was used because it was assumed LPS core antigens were important in
cross-reactive immunity. Inclusion o f a treatment group of fish vaccinated with a smooth strain
of E. coli may have helped show if this assumption was justified since absorbtion studies have
shown antibodies to the core LPS antigen are not the only anti-E. ictaluri antibodies cross
reactive with E coli surface antigens (Tyler and Klesius 1994c). In mammals, lipid A from many
bacterial species has been show to have a conserved immunodominant epitope. Thus, the lipid
A segment of LPS is considered an ideal target for the generation of antibodies that might crossreact with LPS from different bacterial species (Nakhla, et al. 1997).

Strategies fo r Developing New ESC Vaccines
Survival Mechanisms of E. ictaluri
It is now recognized that a better understanding of catfish protective immune response
is needed in order to develop a successful vaccine.

In order to understand the protective

immune response, any virulence factors or survival mechanisms that the pathogen has should
also be understood.
Virulence factors. No specific virulence factors have been identified for E. ictaluri. The
bacterium is negative for the production of numerous enzymes, though it does produce
chondroitinase, an enzyme that degrades the chondroitin sulfate component of cartilage, it has
a cell-bound hemolysin, and it has a mannose-resistant and mannose-sensitive hemagglutinin
(W altm an, et al. 1986; Wong, et al. 1989). Virulent strains of E. ictaluri were shown to have
quantitative differences in extracellular products compared to avirulent strains. Virulent isolates
had greater amounts of polysaccharide material and surface proteins, and higher chondroitinase
activity than avirulent strains (Stanley, et al. 1994).
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Extracellular and/or intracellular lifestyle. Although ESC is generally an acute
septicemia that develops quickly, there is also observational evidence E. ictaluri is a facultative
intracellular bacteria (Miyazaki and Plumb 1985; Baldwin and Newton 1993). Facultative intra
cellular bacterial parasites are able to multiply outside o f phagocytes and, under certain
conditions, within phagocytes following engulfment (Steele, et al. 1977). Invasion o f host cells
is not restricted to intracellular bacteria, however, and transient passage though epithelial cells
is a common invasion mechanism of both intracellular and extracellular bacteria (Kaufmann
1993).
Based on observations on the type of infection it causes and the host responses it elicits
in catfish, the type of intracellular lifestyle E. ictaluri leads can be postulated and compared with
those of other facultative intracellular bacteria. Protective immunity is much better understood
in facultative intracellular bacterial species important in human and veterinary medicine, and
these bacteria may serve as models for determining which immune responses might be
important in protection against ESC. The hallmarks of an “ideal" intracellular bacterium include
a prim arily intracellular lifestyle, T cell dependence and antibody independence, low or no
toxicity, a chronic course of disease, granulomatous tissue reactions, and DTH .

These

hallmarks, with respect to E. ictaluri are discussed below.
The first hallmark of intracellular bacteria is their ability to survive and sometimes
m ultiply within phagocytes. Numerous pathological studies of E. ictaluri have described the
presence of macrophages or neutrophils containing bacteria and in some cases undergoing
degeneration (Blazer, et al. 1985; Miyazaki and Plumb 1985; Shotts, et al. 1986; Newton, et al.
1989; Baldwin and Newton 1993; Morrison and Plumb 1994).
reported

Several investigators have

dividing E. ictaluri cells within phagocytic vacuoles of catfish macrophages and

neutrophils. These reports were based on observations in histological sections of neutrophils
containing E ictaluri cells in apparent binary fission (Miyazaki and Plumb 1985), and leukocytes
containing bacteria that were apposed end to end and incompletely separated (Baldwin and
Newton 1993). Experimental evidence is still needed to verify E. ictaluri is actually replicating
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within the phagocytes. There is no evidence to suggest E. ictaluri escapes from the phagosome
to enterthe macrophage cytoplasm. Edwartisiella ictaluri has also been observed as free cells
within catfish tissues (Miyazaki and Plumb 1985; Morrison and Plumb 1994). In catfish infected
by intragastric intubation, intracellular bacteria were not observed during the acute phase of
infection (days 1-7 post-exposure; Shotts, et al. 1986). However, in a different intragrastric
intubation exposure study, bacteria were observed in macrophages early in the infection (Baldwin
and Newton 1993).
The second hallmark of intracellular bacteria is a T cell dependent, antibody independent
host immune response.

The T cells mediate protection against intracellular bacteria by

interacting with infected host cells. In contrast, antibodies interact directly with the bacteria.
Antibodies have little effect on intracellular bacteria once they are protected inside the macro
phage (Kaufmann 1993). The role of T cells in the immune response of catfish against E. ictaluri
has not been investigated, but antibody and phagocyte responses have been studied and were
discussed previously. The role of specific antibodies in protection has not been determined
definitively, but they do appear to play a role in the immune response to £ . ictaluri, particularly
in high titer (Vinitnantharat and Plumb 1993) or when combined with phagocytic cells (Scott, et
al. 1985; Sheldon and Blazer 1991; Waterstrat, et al. 1991; Wise, et al. 1993; Shoemaker, et al.
1997).
The third hallmaric of intracellular bacteria is low or no toxicity to the host. Pathology to
the host by intracellular parasites is primarily due to the immune response itself. Pathology to
the host by extracellular bacteria is primarily due to toxins and enzymes which cause tissue
damage directly. Edwardsiella ictaluri has low toxicity to the host catfish. It has tested negative
for production of a number of extracellular enzymes, but it does have an enzyme that degrades
chondroitin sulfate, a m ajor component of cartilage (Waltman, et al. 1986). This enzyme is
thought to play a role in the HIH lesions that develop in chronic infections (Shotts, et al. 1986)
The fourth hallmaric of intracellular bacteria is a chronic course of disease. This occurs
because the bacteria coexist in their cellular environment for long periods of time, resulting in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

95
a longer incubation time and a chronic disease course (Kaufmann 1993). Extracellular bacteria
typically cause acute diseases that develop soon after entry into the host, and they are
terminated once the immune response has developed (Kaufmann 1993). Edwardsiella ictaluri
infections can be manifested in both acute and chronic forms. Epizootics of ESC are generally
acute septicemias that develop very quicidy (Thune, et al. 1997b), with chronic ESC developing
2-4 weeks after infection (Shotts, et al. 1986).
The fifth hallmaric of intracellular bacteria is a granulomatous tissue reaction in the host.
Both protection and pathology caused by intracellular bacteria centers around the granulomatous
lesions. In contrast, the tissue reactions against extracellular bacteria are purulent and lead to
abscesses or systemic reactions (Kaufmann 1993). Granulomatous inflammation is seen in a
number of host tissues with both the acute and chronic forms of ESC. Fish differ from mammals
in that they produce hemorrhagic liquefaction rather than pus or purulent abscesses (Ellis 1981).
Both petechial hemorrhaging and systemic bacteremia are seen in the acute form of ESC.
The sixth hallmark of intracellular bacteria is that infection is accompanied by a DTH
response in the host. Fish can exhibit typical DTH skin reactions against Mycobacterium and
other bacterial antigens (Manning and Nakanishi 1996). The DTH skin response of catfish
following infection with E. ictaluri does not appear to have been investigated.
The six hallmarks listed above are for the 'ideal" intracellular bacteria. The ideal
intracellular bacteria does not actually exist, but the organism that comes closest is M. tubercu

losis (Kaufmann 1993). Many intracellular bacteria do not have one or more of the hallmarks.
For example, Listeria monocytogenes infections in experimental mice are acute, and antibodies
participate in the protective immune response against Salmonella typhi S. paratyphi and Brucella

abortus (Tizard 1992; Kaufmann 1993).
With E. ictaluri, the evidence seems to suggest that during an acute infection it may
occur both extracellulariy and intracellulariy. Resistence to complement mediated lysis by the
alternate pathway may be one of the mechanisms used by E. ictaluri that allows it to survive
extracellulariy in a naive host (Ourth and Bachinski 1987).

The apparent ability E. ictaluri to
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survive within phagocytes may allow it to disseminate through-out the host more quickly, and
may allow it to evade the non-specific, innate immune responses of the catfish upon initial
infection.
Relevant C atfish Im m une Responses
Factors likely to be important in a protective immune response against E. ictaluri can be
postulated based on the protective immune responses against human and veterinary intracellular
bacteria that have survival mechanisms sim ilar to those of E. ictaluri.
Hum oral. Antibodies are important in the protective immune responses against some
intracellular bacteria. In typhoid, caused by S. typhi and S. paratyphi, antibodies are thought to
participate in the protective immune response (Kaufmann 1993). Antibodies also contribute to
resistence to Brucella abortus, the cause of contagious abortion in cattle (Tizard 1992). If
opsonized by antibodies, phagocytized B. abortus stimulates a phagocyte respitory burst and is
destroyed by cattle neutrophils. If it is not opsonized, 8 . abortus fails to trigger this response and
is able to survive within neutrophils (Tizard 1992). Edwardsiella ictaluri appears to be similar to
5 . abortus in that opsonization with immune serum significantly increases bactericidal activity
of the catfish macrophage (Scott, et al. 1985; Sheldon and Blazer 1991; Waterstrat, et al. 1991;
W ise, et al. 1993; Shoemaker, et al. 1997).
Cell mediated phagocytic responses. Protection against intracellular bacteria is cell
mediated. Although monocytes and resting macrophages from naive animals are effective
phagocytes, they are unable to kill intracellular bacteria. Killing ability is acquired about 10 days
after the onset of infection after macrophages have gone through several levels of activation.
W hen monocytes first move into inflamed tissues they develop increased levels of lysosomal
enzymes, increased phagocytic activity, and increased expression of antibody, complement and
transferrin receptors. These cells are known as inflammatory macrophages (Tizard 1992).
Inflammatoiy macrophages can be further stimulated to become activated macrophages. Macro
phage activation is mediated by cytokines such as INF-y and by specific antibodies on opsonized
bacteria that bind to FcR receptors on the macrophage (Tzard 1992). Activation by INF-y results
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in the transition of macrophages from cells that support microbial replication into effector cells
that terminate or at least restrict microbial survival (Kaufmann 1993). Immunity due to activated
macrophages is usually short-lived and non-specific since cells are able to kill a wide range of
normally resistant bacteria. However, activated macrophages also express more MHC class II
antigen on their surface and thus have an enhanced ability to process antigen and present it to
CD4 T cells for the generation of an immunological memory response (Tizard 1992).

Since

opsonization of E. ictaluri cells with specific antibodies significantly increases the bactericidal
activity of catfish macrophages, it appears that specific antibody production and activation of
macrophages via binding of FcR receptors may be important in the catfish immune response to
ESC.
The T cells are the central mediators of protection against intracellular bacteria. Both
MHC class (-restricted CD8 T cells and MHC class ll-restricted CD4 T cells may participate in
acquired resistence against intracellular bacteria, depending on where they reside within the
macrophage (Kaufmann 1993). If an intracellular bacteria is able to escape the macrophage
phagosome and enter the cytoplasm, its antigens are entered into the MHC class I processing
pathway which results in activation of cytotoxic CD8 T cells. If an intracellular bacteria remains
in the macrophage phagosome, its antigens are preferentially entered into the MHC class II
processing pathway which results in activation of helper CD4 T cells. Additional mechanisms are
thought to exist since CD8 cells against organisms such as M. bovis and S. typhimurium, which
appear to remain in the phagosome, have been isolated (Kaufmann 1993). Since there have
been no observations of intracellular E. ictaluri cells outside of phagosomal vesicles, the MHC
class II antigen processing pathway and subsequent activation of helper T cells is probably the
important T cell element of the catfish immune response against ESC. There is no evidence to
suggest that cytotoxic T cells are involved, although the catfish T cell response to £. ictaluri has
not been investigated. A protective helper T cell memory response against E. ictaluri might be
expected to involve a faster stronger activation of T cells upon recognition of E. ictaluri antigen
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presented in the context of MHC dass II antigen, resulting in IFN-y production and activation and
bactericidal killing of macrophages.
P ossible Approaches fo r Future ESC Vaccines
The immune responses that m ay be postulated to be the most important in resulting in
protection against E. ictaluri include specific antibodies, activated macrophages and helper T
cells. A vaccine designed to stimulate all of these responses should theoretically result in
protective immunity against E. ictaluri. This requires a vaccine that can stimulate both humoral
and cell mediated immune responses. An attenuated strain of E. ictaluri is the most obvious
choice of vaccination method since it does not require identification of the protective B and T cell
epitopes. Another alternative may be a subunit vaccine of a protective antigen such as LPS or
some as yet unidentified protein in liposomal vesicles. Cross-reactive vaccination with another
gram negative bacteria may be another alternative, since cross-reactive antibodies such as
bacterial heat shock proteins are often conserved T cell antigens (Kaufmann 1993). Using the
C C V vector to deliver E. ictaluri genes encoding protective antigens could result in protection
against both CCV and E. ictaluri, although vitally encoded antigens would be expressed in the
context MHC class I antigens rather than MHC class II.

The limitations of any o f these

approaches will be whether an efficacious vaccine can be economically produced, stored,
handled and administered in an aquaculture setting.
Hypothesis and Objectives
The hypothesis of this research was that catfish immunity to ESC is due to humoral or
cellular immune responses elicited by protective £. ictaluri antigens, and the identification of one
or more of these protective antigens could lead to the development of an effective ESC vaccine.
The overall goal was to generate and characterize a pool of candidate antigens and
determ ine if they were protective against ESC. Individual objectives of the research were to:
(1) Expand and clarify the identity of antigenic proteins of E. ictaluri, (2) generate a pool of
cloned antigenic proteins of E ictaluri, (3) characterize the encoded genes and expressed cloned

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

99
antigenic £ ictaluri proteins, and (4) Evaluate the protective capabilities of the cloned antigenic
£ . ictaluri proteins.
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CHAPTER 2: EVALUATION O F TH E EXPRESSION O F ANTIG EN IC AND NON-ANTIG ENIC PROTEINS O F EDWARDSIELLA ICTALURI UNDER D IFFER EN T CONDITIONS
O F GROW TH USING TW O -DIM ENSIO NAL POLYACRYLAM IDE GEL
ELECTROPHORESIS
Whole cell lysates (WCLs) of Edwardsiella ictaluri cells grown in brain-heart infusion
broth (BHI) and defined minimal media broth (MM19) were analyzed using denatured (D) and
native (N) two-dimensional polyacrylamide gel electrophoresis (2D-PAG E). In D2D-PAGE, there
was no difference in expression of antigenic and non-antigenic proteins between two virulent
strains or between growth temperatures of 25 and 30 °C for cells grown in BHI. Cells grown in
M M 19 m edia, however, expressed a unique 57 KD protein not seen in BHI WCLs. Pooled
convalescent catfish serum (CCS) recognized 39 bands and 90 spots in western blots of BHI and
M M 19 W CLs. The same antigenic bands and spots recognized in BHI grown WCLs were
detected in the MM19 grown WCL, with the exception of the unique 57 KD protein which was
only recognized in the MM19 W C L Additionally, two other antigenic spots of 58 and 71 KD had
differences in level of expression between the MM19 and BHI WCLs.

Comparisons of western

blots with total protein stained gels showed each of the antigenic bands were resolved into
multiple spots that included both antigenic and non-antigenic proteins. In N2D-PAGE, there was
no difference in expression of antigenic and non-antigenic proteins between strains or at different
growth temperatures for cells grown in BHI. The MM19-grown WCL had differences in protein
separation compared to BHI-grown WCLs. Five antigenic spots were recognized by CCS in
N2D-PAG E western blots of BHI-grown WCLs. The sam e five spots were identified in MM19grown WCLs along with seven additional spots unique to the MM19-grown W CL. These results
show antigenic proteins bands of E. ictaluri separated by one-dimensional SDS-PAGE may
actually consist of one or more antigenic and non-antigenic proteins. In addition, strain and
culture temperature does not effect expression of antigenic proteins, but culture media does.
Recognition of the unique 57 KD protein by CCS demonstrates it is expressed during an E.

ictaluri infection. Since this protein was not expressed in BHI, the M M 19 media may be more
analogous to the in vivo environment.
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INTRODUCTION
Edwardsiella ictaluri, causative agent o f enteric septicemia of catfish (E S C ), is the
primary bacterial pathogen of commercially produced channel catfish (Ictalurus punctatus) in the
Southeastern United States (Thune 1991). Although several studies have evaluated the utility
of vaccination to prevent ESC, protection from disease has been inconsistent (Plum b, et al.
1986; Saeed and Plumb 1986; Thune, et al. 1994; Thune, et al. 1997a), possibly because of our
lack of knowledge concerning antigens important in eliciting a protective immune response.
Generation of a protective immune response is contingent on proper presentation of appropriate
antigens. To develop a successful ESC vaccine, it may be necessary to identify protective
antigens. Although this can be a difficult process, the first step in identifying protective antigens
is to identify candidate bacterial proteins antigenic in the host, that is, proteins that react with host
antibodies following recovery from infection. Although an antibody response does not necessar
ily correspond with protective immunity, identification of proteins that are antigenic may narrow
the field of possible protective antigens for further studies.
Immunodominant and strongly recognized antigens of E. ictaluri have been identified
previously from E. ictaluri whole cell lysates (W CLs) using one-dimensional sodium-dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and colorimetric western blot analysis
with catfish immune sera. Plumb and Klesius (1988) identified immunodominant bands with
estimated molecular weights of 34 and 60 KD in the reference strain ATCC 33202 using pooled
sera from infected catfish and from immunized, protected catfish. In another study, pooled
convalescent catfish serum strongly recognized a 39 KD band in virulent strain AL83189
(Baldwin, et al. 1997). Variation in the results of these studies may have been due to differences
in the bacterial strain used, culture temperatures, serum source, or differences in sample
preparation.
Other researchers have used denatured two-dimensional (2D)-PAGE to evaluate
differences in protein induction under various stress conditions, showing multiple proteins are
repressed or induced under different conditions of growth (Kwaik, et al. 1993; Rafie-Kolpin, et al.
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1996). Protein expression under various culture conditions has not been evaluated in E ictaluri.
Previous studies evaluating antigen expression of E. ictaluri used enriched culture media such
as blood agar, BHI broth, ortrypticase soy agar, and different researchers have used different
culture temperatures and different bacterial strains (Plumb and Klesius 1988; Baldwin 1997).
Antigenic protein expression of E. ictaluri has not been evaluated in the defined minimal media
(MM19) described by Collins and Thune (1996), or compared between other culture conditions
such as differences in temperature.
The goals of this research were two-fold. The first goal was to determine if antigenic E.

ictaluri protein bands identified using SDS-PAGE and western blot analysis consisted of single
proteins or multiple proteins with the same molecular weight. This was accomplished using
native and denatured 2D-PAGE (O'Farrell 1975) and enhanced chemiluminescent (ECL) western
blot analysis. The second goal of the research was to determine if differences in expression of
antigenic proteins could be due to differences in strains or culture conditions. To determine this,
antigens of two virulent strains, effect of growth temperature on antigenic protein expression, and
antigenic protein expression in enriched versus minimal media were compared using 2D-PAGE
and ECL western blotting.

MATERIALS AND METHODS
Bacterial Strains and Media
Virulent E. ictaluri strains 92-266 and 93-146 were obtained from the Aquatic Animal
Diagnostic Laboratory at the School of Veterinary Medicine, Louisiana State University, Baton
Rouge Louisiana, USA. These strains were originally isolated from moribund catfish of natural
ESC outbreaks in Louisiana.

Whole Cell Lysate (WCL) Preparation
Bacteria were harvested by centrifugation at 3800 x gravity for 15 min at 4 °C and
washed three times in phosphate buffered saline (PBS), pH 7.3. Cells were resuspended in
sterile distilled deionized (DDI) water to a standardized volume of 0.1 mL of cell pellet per mL
and sonicated at 40 W at 50% duty cycle for approximately 8 min, or until the cell suspensions
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changed from milky to clear. After 1 hr at 4 °C, sonicated cells were centrifuged at 12,000 x
gravity for 30 min at 4 °C, and 10% sodium ethylmercurithiosalicylate (thimerosal; Sigma
Chemical Co., St. Louis Missouri, USA) was added to the supernatant to achieve a final
concentration of 0.01% thimerosal. The supernatant was then divided into aliquots and stored
at -8 0 °C.
Growth curves, with growth measured in KJett units, were determined for different growth
temperatures and media used in this study. Preliminary results indicated no differences in
protein band patterns in SDS-PAGE gels comparing WCLs prepared from 92-266 cells grown at
30 °C or 25 °C and harvested at either eariy-log, middle-log, late-log or stationary phases of
growth (data not shown).

Because there was no difference in proteins at different stages of

growth, and cell densities were highest at late-log and stationary phases, W CLs used in this study
were made from cells harvested at these points.
Lysates were prepared from 92-266 cells grown at both 25 °C and 30 °C, and 93-146 cells
grown at 25 °C in brain-heart infusion broth (BHI; Difco Laboratories, Detroit Michigan, USA) to
the late-log phase of growth (about 10s colony forming units (CFU) per mL). Strain 93-146 was
also grown at 25 °C to the stationary (about 107 CFU per mL) in a defined minimal media broth
(MM19; Collins and Thune 1996). A protein assay (Bio-Rad Laboratories, Richmond California,
USA) was used to confirm protein concentrations of the four WCLs were comparable (6.8 ± 0.82
mg/mL). Preliminary results indicated high molecular weight proteins were lost if the WCLs were
stored at 4 °C. Consequently, all W C L samples were stored at -8 0 °C until immediately prior to
use. On the day of analysis, samples were thawed and diluted 1:10 in DDI water.

Two-Dimensional Polyacrylamide Gel Electrophoresis (2D-PAGE)
The 2D-PAGE was performed using Bio-Rad mini-gel apparatus, following the manufac
turer's protocols. First dimension isoelectric focusing (IEF) was performed in non-heparinized
micro-hematocrit tubes. In denatured 2D-PAGE (D2D-PAGE), IEF tube gels were 6 cm long and
consisted of 4% acrylamide with 9.2 M urea, 2.0% Triton* X -1 0 0 ,1.6% pH 5/7 ampholyte (BioRad) and 0.4% pH 3/10 ampholyte (Bio-Rad). Diluted WCLs were mixed with an equal volume
of IEF sample buffer containing 9.5 M urea, 2.0% Triton* X-100, 5% 2-mercaptoethanol (2ME),
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I.6 % pH 5/7 ampholyte and 0.4% pH 3/10 ampholyte. Tube gels were loaded with 25 pL of W C L
in IEF sample buffer, 5 pL D2D-PAGE standards (Bio-Rad), or both, then overlaid with 25 pL of
overlay buffer (9 M urea, 0.8% pH 5/7 ampholyte, 0.2% pH 3/10 ampholyte, 0.25% bromophenol
blue).

In native 2D-PAGE (N2D-PAGE), first dimension IEF had the same ampholyte and

acrylamide concentrations as in denatured IEF, but tube gels lacked urea and Triton* X-100, IE F
sample buffer lacked urea, Triton* X-100 and 2ME, and overlay buffer lacked urea. Standards
were not run in native IEF. First dimension IE F was run for 10 min at 500 V constant followed
by 3.5 h at 750 V constant.
Second dimension 20-PA G E was performed in 1.0 mm thick, 7 cm x 8 cm slab gels.
In D2D-PAGE, second dimension gels consisted of a separating gel (12% acrylamide, .0375 M
Tris-HCI, pH 8.8,0.1% SDS) and a stacking gel (4% acrylamide, 0.125 M Tris-HCI, pH 6.8, 0.1%
S D S ).

Tube gels were extruded from the micro-hematocrit tubes, laid in the trough of the

stacking gel, and overlaid with 100 pi SDS reducing buffer (.0625 M Tris-HCI, pH 6.8, 10%
glycerol, 2% SDS, 5% 2ME, 0.13 % bromophenol blue). The reference lane was loaded with 10
pL 1:10 W CL sample or 1:10 low molecular weight (LMW) silver stain standard (Bio-Rad) diluted
1:4 in SDS reducing buffer and heated to 95 °C for 5 min. Denatured PAGE gels were run at 200
V constant for approximately 42 min. Electrophoresis was stopped when the tracking dye was
approximately 5 mm from the bottom of the gel. Second dimension N2D-PAGE differed from
D2D-PAGE in that the separating and stacking gels consisted of 8% acrylamide and lacked SDS,
the native sample buffer did not contain SDS or 2ME, samples were not heated, and no
standards were run. Native PAGE gels were run at 12 W constant for approximately 33 min.
Following second dimension PAGE, proteins were either silver stained or western blotted.

Total Protein Staining
Total proteins in gels were stained with a rapid silver stain (ICN Radiochemicals, Irvine
California, USA) following the ICN protocol, except gels were soaked in 3.5% sulfosalicylic add.
II.5 % trichloroacetic add solution for one hour and rinsed in DDI water to remove ampholytes
before the standard staining procedures. Following the final development step, gels were soaked
in 0.1% acetic add for 10 min and washed in DDI water to decrease background coloration.
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M olecular W eight Estim ates o f Spots and Bands
Band molecular weights were determined from SDS-PAGE gels loaded with BHI and
MM19 grown WCLs and LMW standards in the sample lanes. Preliminary 2D-PAGE gels run
with LM W standards in the sample lane and 2D-PAGE standards in the IEF tube gels showed
that bands and spots of like molecular weights lined up with each other in the gel. The 2D-PAGE
standards also showed that the pH gradient of IEF tube gels ranged from pH 4.5 to 6.6.
Molecular weights of spots were determined from D2D-PAGE gels of WCLs with LMW standards
in the sample lane. Molecular weights were approximated following the methods of Bollag and
Edelstein (1991).

Relative mobility factors (Rf) were calculated for each molecular weight

standard. Molecular weight of each unknown was determined by fitting the unknown R f into a
linear regression equation established using the known log10 molecular weight and Rf values of
the standards. The pi values reported for antigenic proteins are subjective approximations
reported for comparative purposes only.
Identification o f A ntigenic Proteins by W estern Blot Analysis
Proteins were electrophoretically transferred from unstained gels to 0.45 pm nitrocellu
lose membranes at 100 V constant for 1 h in 25 mM Tris, 192 mM glycine and 20% v/v
m ethanol, pH 8.3. Nitrocellulose blots were air-dried and stored in the dark until immuno
detection. Proteins blotted to nitrocellulose were probed with pooled convalescent catfish serum
(CCS) collected from catfish recovered from natural E. ictaluri infections that had occurred at
five catfish farms in Louisiana. The five strains isolated from these outbreaks included 92-266.
Pooled CCS was made up of sera from 15 fish (3 from each farm) with high ELISA and
agglutination titers of E. ictaluri antibodies. Normal catfish serum (NCS) was collected and
pooled horn catfish hatched and reared in the Specific-Pathogen-Free Laboratory at the School
of Veterinary Medicine, LSU. The NCS, from fish with no previous exposure to E. ictaluri, was
used as a primary antibody control. A portion of CCS was absorbed with lipopolysaccharide
(LPS) to remove anti-LPS antibodies, this LPS absorbed sera was designated CCS-LA.
Absorption was accomplished by mixing CCS with an equal volume of 1 mg/ml purified E. ictaluri

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

106
LPS, strain AL83189, (Baldwin, et al. 1997), suspended in DDI water, and incubating at room
temperature for 2 h on a rocker. Prior to use, all catfish sera were heat inactivated at 56 °C for
30 min and were diluted to a final concentration of 1:50 to 1:200.
Monoclonal mouse anti-catfish IgM (Miller, et al. 1987) was used as the secondaiy
antibody. The mAb 9E1 was a component of harvested hybridoma 9E1 cell culture supernatant,
which was diluted 1:4 and used directly on nitrocellulose membranes. Tertiary antibody for initial
blots was protein A-affinitity-purified goat anti-mouse IgG horseradish peroxidase conjugate
(GAM-HRP; Bio-Rad) at 1:3000, while antibody for subsequent blots was affinity isolated,
antigen-specific goat anti-mouse IgG (y-chain specific) peroxidase conjugate (Sigma Chemical
Company, St. Louis Missouri, USA). Sigma GAM-HRP, used at 1:5000, was superior because
it did not require absorbtion with E. ictaluri W CL to remove cross-reactive antibodies. Antigenic
spots and bands were detected using ECL (Amersham International pic, Buckinghamshire
England, UK) and blue-light sensitive autoradiography film (Amersham). To aid in spot iden
tification, nitrocellulose membranes were stained with a colloidal gold total protein stain (Bio-Rad)
following immunodetection. Autoradiography films of antigenic proteins for each W CL were
compared with total protein stained (colloidal gold) nitrocellulose membranes and total protein
stained (silver) gels to confirm the identification of antigenic spots and determine their location
amongst non-antigenic proteins in total protein stained gels.
Preliminary results indicated variation in spot recognition and intensity between western
blots. Therefore, 4 to 10 denatured and 2 to 8 native 2D-PAGE western blots were done for
each of the four W CL samples. In four instances, nitrocellulose membranes were stripped and
reprobed following the ECL protocol. Each western blot was surveyed for individual antigenic
protein spots present. Antigenic spots ranged from light grey to black on autoradiography films.
RESULTS
Total Proteins in D2D-PAGE Gels
All protein bands separated by one-dimensional SDS-PAGE appeared to be resolved into
multiple proteins when separated by D2D-PAGE (Figure 2.1). Total protein, silver staining of E.
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ictaluri proteins in gels showed D2D-PAGE resolved BHI and MM19 grown W C L proteins into at
least 245 spots compared to at least 55 bands identified by one-dimensional SDS-PAGE in the
sample lane (Figure 2.1). Comparisons of protein spot patterns of total protein stained gels of
the WCLs showed no difference in total protein expression between virulent strains 93-146 and
92-266 or at growth temperatures of 25 °C or 30 °C for BHI grown WCLs. The overall spot
pattern of the MM19 grown WCL was similar to those of BHI grown WCLs, with the exception of
a unique 57 KD protein, with an approximate pi of 6.0 (Figure 2.1). Although there appeared to
be differences in the level of protein expression between many proteins, only differences in
antigenic proteins, as determined by western blotting described below, are presented. There was
som e variation from gel to gel, but two antigenic spots had consistently different expression
between BHI and MM19 grown W CLs in total protein stain gels based on staining intensity and
spot size. A 71 KD spot had higher expression in the MM19 grown W CL than in BHI grown
WCLs, and a 58 KD spot had lower expression in MM19 grown W CL than in BHI grown W CLs.
These proteins both had approximated pi values between 5.2 and 5.5 (Figures 2.1 and 2 .2 ).
Antigenic Proteins in D2D-PAGE W estern Blots
Since detection of the LPS ladder interfered with spot and band identification in western
blots probed with CCS that was not LPS absorbed, all blots reported were probed with CCS-LA.
Twenty-one D2D-PAGE western blots probed 25 times with CCS-LA were evaluated. Detection
varied from blot to blot with some bands and spots being recognized more consistently than
others. A total of 39 bands and 89 spots were identified as antigenic proteins in BHI-grown
WCLs. Comparisons of western blots probed with CCS-LA showed no difference in expression
of antigenic proteins between virulent strains 93-146 and 92-266 and growth temperatures o f 25
°C and 30 °C for BHI-grown WCLs. The same antigenic bands and spots recognized in BHIgrown WCLs were detected in the MM19-grown WCL, with the exception of the unique 57 KD
spot which was only detected in the MM19 W CL (Figure 2.2B). Total protein stained D2D-PAGE
gels showed all of the antigenic bands were resolved into multiple spots, most of which were not
antigenic proteins. Three bands of 5 4 ,4 2 and 10 KD were recognized strongly in most western
blots of both BHI and MM19-grown WCLs. Control western blots probed with NCS, the primary
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Figure 2.1: Total proteins in silver-stained gels of proteins in whole cell lysates (WCLs)
of Edwardsiella ictaluri separated by denatured two-dimensional polyacrylamide gel
electrophoresis. (A) cells grown at 28 °C in brain-heart infusion broth and (B) cells grown
at 25 °C in defined minimal media. Isoelectric points (pi) and molecular weight (in
kilodalton, KD) reference points are denoted. Antigenic protein spots that differed in
expression between the BHI and MM19 WCLs are labeled by their molecular weights. The
57 KD protein was only expressed in the MM19 WCL.
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Figure 2.2: Antigenic proteins in whole cell lysates of Edwardsiella ictaluri separated by
denatured two-dimensional polyacrylamide gel electrophoresis and western blotted with
pooled convalescent catfish serum that was lipopolysaccharide-absorbed. (A) cells
grown at 25 °C in brain-heart infusion broth and (B) cells grown at 25 °C in defined
minimal media. Isoelectric points (pi) and molecular weight (in kilodalton, KD) reference
points are denoted. Antigenic protein spots that differed in expression between the BHI
and MM19 WCLs are labeled by their molecular weights. The 57 KD protein was only
expressed in the MM19 WCL.
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antibody, or with secondary and tertiary antibodies alone showed these bands and spots were
recognized specifically by CCS-LA. A western blot probed with NCS was run as a control with
each set of blots and was consistently negative (data not shown). Absorption o f NCS with E.

ictaluri LPS was not necessary because there were no anti-E. ictaluri antibodies in the NCS.
Total Proteins in N2D-PAGE Gels
Most protein bands separated by one-dimensional native PAGE appeared to be resolved
into multiple proteins when separated by N2D-PAGE. Silver staining of total E. ictaluri proteins
in a gel showed N2D-PAGE gels resolved BHI grown W CL proteins into at least 74 spots
compared to at least 32 bands when separated by one-dimensional native PAG E in the sample
lane (Figure 2.3A). The MM19 grown W CL proteins were resolved into at least 90 spots
compared to at least 32 bands (Figure 2.3B).

Comparisons of protein spot patterns of total

protein stained gels of the WCLs showed no difference in protein expression between virulent
strains 93-146 and 92-266 and growth temperatures of 25 °C and 30 °C . Although some areas
o f the ND2-PAGE gels were similar, the overall spot pattern of the M M 19 grown W C L had clear
differences in spot patterns and/or level of expression compared to BHI grown WCLs.
Antigenic Proteins in N2D-PAGE W estern Blots
Twenty-two N2D-PAGE western blots probed with CCS or CCS-LA were analyzed. No
differences were seen between WCL blots probed with CCS or CCS-LA.

A total of five spots

were identified as antigenic proteins in BHI WCLs. Comparisons of antigenic proteins identified
in western blots of BHI WCLs showed no difference in expression of antigenic proteins between
virulent strains 93-146 and 92-266 or at growth temperatures of 25 °C and 30 °C. Although
differences in spot patterns between BHI and MM19 grown WCLs made it difficult to make
comparisons, the same antigenic spots recognized in BHI WCLs were recognized in the MM19
W C L However, seven additional spots were also antigenic (Figure 2.4). The additional MM19
grown W CL proteins were not present in BHI grown WCLs based on comparisons o f total protein
stained N2D-PAGE gels. Control western blots probed with NCS, the primary antibody control,
or with secondary and tertiary antibodies alone showed these spots were recognized specifically
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Figure 2.3: Total protein, silver stained gels of proteins in whole cell lysates of
Edwardsieila ictaluri separated by native two-dimensional polyacrylamide gel electropho
resis. (A) cells grown at 25 °C in brain-heart infusion broth and (B) cells grown at 25 °C
in defined minimal media. Antigenic protein spots that differed in expression between the
BHI and MM19 WCLs are labeled (+; see Figure 2.4).
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Figure 2.4: Antigenic proteins in whole cell lysates of Edwardsiella ictaluri separated by
native two-dimensional polyacrylamide gel electrophoresis and western blotted with
pooled convalescent catfish serum that was not lipopolysaccharide-absorbed. (A) cells
grown at 25 °C in brain-heart infusion broth and (B) cells grown at 25 °C in defined
minimal media. Antigenic protein spots that differed in expression between the BHI and
MM19 WCLs are labeled (+).
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by CCS and CCS-LA. A western blot probed with NCS was run as a control with each set of blots
and was consistently negative (data not shown). Absorbtion of NCS with E. ictaluri LPS was not
necessary because there were no anti-E. ictaluri antibodies in NCS.
DISCUSSION
Previous studies identified antigens of E. ictaluri WCLs using SDS-PAGE and colori
m etric western blot analysis with catfish immune serum. Plumb and Klesius (1988) identified
immunodominant antigens of 34 and 60 KD using pooled sera from infected and immunized,
protected catfish. Subsequently, Klesius and Horst (1991) used a monoclonal antibody (mAb
AA224) to identify 36 and 60 KD antigens from E. ictaluri localized on the cell surface. Baldwin
(1997) used LPS-absorbed pooled convalescent catfish serum to identify 14 antigenic bands out
of a total of 38 bands detected by Coomassie brilliant blue staining. Enriched bacterial fractions
were used in conjunction with WCLs to aid in identification of some of the antigenic bands. Six
of 14 bands were identified as outer membrane proteins, and one was identified as a flagellar
protein. Identity of the remaining nine bands is unknown. In WCLs, 39 and 37 KD bands were
both recognized strongly by the catfish antiserum, only the 39 KD protein was recognized in
preparations of outer membrane proteins. Vinitnantharat and colleagues (1993) conducted
vaccination studies using £ . ictaluri cell extract, crude membrane protein and a purified 36 KD
outer membrane protein. Protection was not evaluated, but they showed all were highly immuno
genic, though antibody titers were significantly different between the three treatments and lowest
with the 36 KD protein.
The present study identified a total of 39 antigenic bands and 90 antigenic spots in BHI
and M M 19 grown WCLs using one-dimensional SDS-PAGE, D2D-PAGE and ECL western
blotting with CCS-LA. Three of the antigenic bands, with molecular weights of 54, 42 and 10 KD,
were recognized strongly. One antigenic spot with a molecular weight o f 57 KD was expressed
exclusively by E ictaluri cells grown in MM 19. Total protein stained D2D-PAGE gels showed all
o f the antigenic bands were resolved into multiple spots, many of which were not antigenic
proteins.
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The relationship between the 5 4 ,4 2 and 10 KD bands identified in this study, the 39 KD
band identified by Baldwin (1997), and the 34 and 60 KD immunodominant bands identified by
Plumb and Klesius (1988) is unknown. However, due to differences in sample preparation, the
use of different molecular weight standards, and variation from gel to gel, it is possible that the
60 KD protein identified by Plumb and Klesius (1988) is the same as the 54 KD band identified
in this study. The 39 and 34 KD bands identified previously (Baldwin, 1992; Plumb and Klesius,
1988) may correspond with each other and the 42 KD band identified in this study. Western
blotting showed mAb AA224 used by Klesius and Horst (1991) did not react with proteins
identified in this study. In SDS-PAGE western blots of E. ictaluri WCLs, mAb AA224 recognized
multiple bands that ran in the pattern of an LPS ladder. No bands were recognized after mAb
AA224 was absorbed with purified E. ictaluri LPS (data not shown).

Edwardsiella ictaluri LPS is highly antigenic in naturally infected catfish (Baldwin 1997).
However, due to the fact that LPS is a T cell independent (Tl) antigen which cannot generate an
immunological memory response (Arkoosh, et al. 1991), purified LPS is not a protective antigen
against ESC unless injections are given in Freund's complete adjuvant (Saeed and Plumb 1986).
Baldwin (1992) compared western blots of E. ictaluri W CL probed with either LPS-absorbed or
non-absorbed, convalescent catfish serum. He found the 39 KD immunodominant protein band
was the only band that could be distinguished from the LPS ladder when non-absorbed serum
was used. In the present study an LPS ladder was not apparent in total protein stained 2D-PAG E
gels. It was recognized faintly in western blots of D2D-PAGE gels using CCS serum that was not
LPS absorbed, though protein bands and spots could still be discerned. An LPS ladder was not
detected in western blots of N2D-PAGE gels. The difference in LPS detection between this study
and Baldwin's was probably due to differences in the amount of LPS present in samples as a
result of differences in sample preparation. Baldwin's samples were lysed in SDS with 2M E and
frozen. Samples in this study were sonicated in DDI water, centrifuged and supernatant was
retained and frozen. Both studies used the same source of purified E. ictaluri LPS to absorb
serum.
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Naturally infected catfish may recognize many of E. ictaluri antigens in their native state.
Antibodies generated against native proteins may or may not be able to recognize the same
proteins in a denatured state. For this reason, it is useful to compare antigenicity between both
denatured and native proteins. In the present study the pattern and number of bands and spots
differed considerably between silver stained denatured and native 2D-PAG E gels. In contrast.
Plumb and Klesius (1988) saw no difference in band patterns between Coomassie brilliant blue
stained gels of reduced and non-reduced W CL samples. Plumb and Klesius (1988) ran their
non-reduced samples in PAGE gels without detergent, however, 0.5% v/v Nonidet P40 nonionic
detergent was used in preparing their W C L. Because nonionic detergent concentrations above
0.1% can result in protein denaturation (Bollag and Edelstein 1991), similarity in reduced and
non-reduced samples could be due to denaturation of proteins during W C L preparation.
The present study used denatured and native mini 2D-PAG E with ECL western blotting
to show the expression of antigenic and non-antigenic proteins were identical for two virulent
isolates of E. ictaluri.

Previous studies on channel catfish isolates of E. ictaluri have also

demonstrated a very high homology in protein expression and serology. Bertolini and colleagues
(1990) demonstrated protein and LPS homology between 32 isolates of E. ictaluri analyzed by
SDS-PAGE, and serologic homology between the same isolates analyzed by microagglutination
assays using rabbit antiserum. Newton et al. (1990) demonstrated homology of outer membrane
proteins between 28 isolates of E ictaluri analyzed by SDS-PAGE, and Plumb and Klesius (1988)
dem onstrated antigenic homogeneity between 14 isolates of E. ictaluri using SDS-PAGE and
western blotting with catfish antiserum.
Natural ESC outbreaks generally occur between 22 and 28 °C (MacMillan 1985; FrancisFloyd, et al. 1987), and optimal growth temperatures for E. ictaluri cultured in the laboratory are
between 25 and 30 °C (Hawke, et al. 1981), but the effect of culture temperature on protein
expression of E. ictaluri has not been previously evaluated. Plumb and Vinitnantharat (1989)
examined biochemical and biophysical characteristics o f 40 strains of E. ictaluri and found
production of gas from glucose occurred in all strains at 25 °C but in only 60% of the strains at
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30°C. They also found the organism to be motile at 25-30°C, though motility was reduced at 30
°C . Our results show there is no detectable difference in expression of antigenic and nonantigenic proteins for E. ictaluri isolate 92-266 grown at 25 °C or 30 °C. Although induction of
heat shock proteins has been widely studied in other organisms, this study did not examine E.

ictaluri protein expression in culture temperatures above 30 °C.
O ther researchers have used D2D-PAGE to evaluate differences in protein induction
under various stress conditions, showing multiple proteins are repressed or induced under
different conditions of growth (Kwaik, et al. 1993; Rafie-Kolpin, et al. 1996). The effects of
growth in minimal media has been examined in Brucella abortus using D2D-PAGE, with results
showing induction of 14 new proteins compared to proteins induced by growth in a rich medium
(Rafie-Kolpin, et al. 1996). Previous studies evaluating antigen expression of E. ictaluri used
enriched culture media such as blood agar, BHI broth, ortrypticase soy agar. Our data indicate
use of the defined minimal media (M M 19) described by Collins and Thune (1996) results in
significant differences in expression of antigenic and non-antigenic proteins. A 57 KD antigenic
protein, approximated pi 6.0, was only expressed in MM19, and the levels of expression of two
antigenic proteins of 71 and 58 KD, pi 5.2-5.5, differed between the two growth media.
Significant differences were also apparent in proteins that were not antigenic.
Native 2D-PAGE showed even greater differences between BHI and MM19 WCLs, with
about 16 more total spots resolved and seven additional antigenic spots identified in the MM19
W CL compared to BHI WCLs. The D2D-PAGE total protein stained gels showed expression of
a single unique protein in the MM19; therefore, the 16 additional spots resolved in N2D-PAGE
total protein stained gels of MM19 W CL, with the exception of the unique protein identified by
D2D-PAGE, are the same proteins as those detected in BHI. Differences in protein separation
between N2D-PAGE gels of MM19 and BHI WCLs may be due to conformational changes in
proteins due to growth in different media. Seven additional spots were antigenic in western blots
of N2D-PAGE MM19 WCLs compared to BHI WCLs. This suggests growth in MM19 media
resulted in protein conformations with a higher number of epitopes exposed for antibody
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recognition by CCS. Alternatively, there could be few er spots recognized in BHI N2D-PAG E
western blots because the conformation of proteins resulted in aggregation, with antibodies
recognizing multiple proteins and epitopes aggregated as a single spot. Protein aggregation
could also mask epitopes of some proteins so they would not be recognized by antibodies in the
BHI N2D-PAGE blots.
In conclusion, this research successfully used 2D-PAGE and ECL western blotting to
expand the identity of antigenic proteins expressed by E ictaluri. Total protein stained 2D-PAG E
gels clearly showed protein bands separated by one-dimensional PAGE are made up o f multiple
proteins, both antigenic and non-antigenic. Since a single band in a SDS-PAGE gel m ay consist
of more than one protein, gel-purification of a protein from a band will likely result in preparations
contaminated by other proteins. Furthermore, LPS may also be present in protein bands even
if it is not detected in the total protein stain. Consequently, use of proteins obtained in this
manner to generate polyclonal or monoclonal antibodies may result in antibodies against
contaminating proteins and/or LPS.
This study also showed culture conditions can affect expression of antigenic E. ictaluri
proteins. Denatured and native 2D-PAGE and ECL western blotting showed two virulent strains
o f E. ictaluri are antigenically homogeneous and expression of antigenic and non-antigenic
proteins are not affected by differences in routinely used culture temperatures, but are affected
by culture media. Differences in both protein expression and antigenicity were seen between
cells grown in minimal (MM19) and rich (BHI) culture media. The most notable difference is the
expression of a unique 57 KD antigenic protein which was only expressed in MM19 media. The
function of the unique protein is unknown.

Identification of proteins expressed in vivo is

dependent on the ability of culture medium to mimic the host environment in vitro (Mahan, et al.
1993). Although the unique MM19 protein may not be associated with virulence, recognition by
CCS-LA demonstrates it is expressed during an E. ictaluri infection. This suggests the MM19
media is more analogous to the host environment than BHI, making it a better media for use in
studies of E. ictaluri antigens and virulence factors.
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Finally, the importance of antigenic E ictaluri proteins in the catfish protective immune
response is not known. The first step in identifying protective antigens for possible vaccines is
to generate candidate antigens by identifying bacterial proteins that are antigenic in the host
following infection. This study generated a group of candidates for further study using pooled
convalescent catfish serum and 2D-PAG E to resolve the antigenic proteins of E. ictaluri from
other non-antigenic proteins with the same molecular weights. Protective capabilities of some
antigens identified in this research are currently being evaluated in our laboratory.
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C HA PTER 3: CLO NING AND CHARACTERIZATIO N O F ANTIGENIC EDWARDSIELLA
ICTA LUR I PROTEINS
An EdwardsieBa Ictaluri genomic library in the Escherichia coli expression vector XLOLR
pBK-CMV (Stratagene) was screened using goat anti-E ictaluri serum (GAI), resulting in isolation
of 32 positive clones expressing antigenic E. Ictaluri proteins. Clone whole cell lystates were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotted with GAI and with pooled convalescent catfish anti-E. ictaluri serum (CCS), and
plasmid DNA of each done was analyzed by restriction enzyme digestion. Based on restriction
enzyme cutting patterns of the inserts and expression of antigenic doned proteins in SDS-PAGE
western blots, nine dones were selected for further analysis. Partial DNA sequence data was
obtained from each done using primers flanking E ictaluri inserts, and E. ictaluri antigenic
protein expression was analyzed by two-dimensional (2D)-PAGE and western blotting with GAI
and C C S. The DNA inserts of dones pBK-ei4d6 (4d6), pBK-ei5d2 (5d2) and pBK-ei5d3 (5d3)
were double-strand sequenced. Clone 4d6 had a unique insert 5727 bp long. Four open-reading
frames were identified which appeared to correspond to antigenic proteins expressed by the E.
coff done and to three antigenic proteins of 63, 20, and 18 KD expressed by E. ictaluri. Genes
encoding these proteins did not have sequence homology with any other known sequences.
Clones 5d2 and 5d3 had overlapping E. ictaluri inserts spanning a region 6362 bp long. The
inserts encoded two partial genes homologous with £. coli genes serA and pgk, and five
complete genes homologous with E coli genes rpiA, iciA, yggE, yggB and fda. From encoded
and expressed protein results, a doned antigenic protein of 33 KD was putatively identified as
Y G G E , encoded by the yggE homolog; a 27 KD protein was putatively identified as ribose
phosphate isomerase A, encoded by the rpiA homolog; a 35 KD protein was putatively identified
as the inhibitor of chromosome initiation of replication A protein, encoded by the iciA homolog;
and a 45 KD protein was putatively identified as fructose 1,6-bisphosphate aldolase, encoded by
the fda homolog. Since conserved cross-reactive proteins are often T cell antigens, the high
antibody cross-reactivity and conservation o f proteins between E coii and E. ictaluri, as well as
other bacteria suggests the doned antigenic proteins of 5d2 and 5d3 could be T cell antigens.
123
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INTRODUCTION

Edwardsiella ictaluri, the causative agent of enteric septicemia of catfish (ESC), is the
primary bacterial pathogen of commercially produced channel catfish (Ictalurus punctatus) in the
Southeastern United States. Mortality losses and treatment costs are estimated to be 19 million
dollars annually (Thune, et al. 1997b). Although ESC is currently treated with antibiotics,
increases in the number of antibiotic-resistant E. ictaluri strains are reducing the effectiveness
of these drugs (Thune and Johnson 1992).
It is generally assumed fish that survive an E. ictaluri infection are resistant to ESC if
they recover (Klesius and Horst 1991). Vaccination has been shown to be a successful means
of disease control for other fish pathogens and Edwardsiella ictaluri is considered a good
candidate for vaccine development because, unlike most catfish pathogens, it has a very high
serologic homogeneity (Plumb 1988; Plumb and Vinitnantharat 1989; Bertolini, et al. 1990). Like
other fish pathogens, vaccines against E. ictaluri initially focused on using inactivated bacterial
preparations. Unfortunately, this approach has been unsuccessful and efforts are now required
to define immunity to ESC, including the identification of important antigens.
The role of specific antibodies in protection against ESC has not been determined
definitively, but protection has been correlated with antibody titer (Vinitnantharat and Plumb
1993), and antibodies do appear to play a role in the immune response to E. ictaluri when
combined with phagocytic cells (Scott, et al. 1985; Sheldon and Blazer 1991; Waterstrat, et al.
1991; W ise, et al. 1993; Shoemaker, et al. 1997).

Because specific antibodies, activated

macrophages and helper T cells may all be components o f the protective immune response, a
vaccine designed to elicit these responses would theoretically provide protective immunity
against ESC . One approach to developing a vaccine of this type is to identify antigens of E.

ictaluri that elicit the protective humoral and cellular responses.
One approach to identifying protective antigens is to first identify candidate bacterial
proteins that are antigenic in the host, that is, proteins that react with host antibodies following
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recovery from infection. Although an antibody response does not necessarily correspond with
protective immunity, identification of antigenic proteins may provide candidate protective
antigens for further studies. The purpose of this research was to first generate a pool of clones
expressing antigenic E. ictaluri proteins, then characterize the encoded genes and expressed
proteins of several selected clones.

MATERIALS AND METHODS
Bacterial Strains, Media and Antibiotics
Escherichia coli strains were grown on Luria-Bertani (LB) or NZY media at 37 °C
(Sambrook, et al. 1989). The E. coli strains XL1-Blue MRF' and XLOLR (Stratagene, Lajolla
California, USA) were maintained in LB media, and F’ episomes of both were maintained with
tetracycline (Tet,12.5 pg/ml; Sigma Chemical Co., St. Louis Missouri, USA) selection. The AZAP
Express™ phage (Stratagene) were grown in XL1-Blue MRF' on NZY agar plates with NZY top
agarose without antibiotic selection!' Excised pBK-CMV phagemid (Stratagene) were grown in
XLOLR on LB media with kanamycin (Kan, 50 pg/ml; Sigma) selection to maintain plasmids
derived from the pBK-CMV phagemid.
Blue-white screening was used to determine the ratio of recombinant to non-recombinant
plasmids by spreading 100 pi of 40 mM IPTG (isopropylthio-0-D-galactose; Amresco, Solon,
Ohio, USA) and 100 pi of 2% w/v X-gai (5-bromo-4-chloro-3-indolyl-(J-D-galactoside; Amrecso)
on LB plates. Fusion-protein expression was induced in XLOLR pBK-CMV clones by adding
IPTG to 2 hour LB broth cultures at a final concentration of 1 mM IPTG, followed by overnight
incubation at 37 °C. Edwardsiella ictaluri virulent strain 93-146 was grown on tryptic-soy agar
with sheep’s blood (T S A II) or in defined minimal media broth (MM19; Collins and Thune 1996)
at 25-28 °C.

Bacterial Cell Preparations
Edwardsiella ictaluri and E coli XL1-Blue MRF’cells were harvested by centrifugation at
3800 x gravity for 15 min at 4 °C and washed three times in phosphate buffered saline (PBS),
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pH 7 .3 .

Cells were resuspended in sterile distilled deionized (DDI) water to a standardized

volum e of 0.1 mL of cell pellet per mL and sonicated at 40 W at 50% duty cycle for approxi
mately 8 min, or until cell suspensions changed from milky to clear. A fter 1 hr at 4 °C, sonicated
whole cell lysate (WCL) was centrifuged at 12,000 xg for 30 min at 4 °C, and 10% sodium
ethylmercurithiosalicylate (thimerosal; Sigma) was added to the supernatant to achieve a final
concentration of 0.01% thimerosal. The supernatant was then divided into aliquots and stored
at -8 0 °C.
induced XLOLR pBK-CMV cells with E ictaluri inserts were treated in one of three ways.
For SDS-PAGE analysis, 500 pL (more if growth was poor) o f small-scale induced cultures were
aliquoted into sterile microfuge tubes and spun at 16,000 x gravity for 5 min at room tempera
ture. Supernatant was discarded and cell pellets were stored at -2 0 °C until use. For 2D-PAGE
and antiserum absorbtion, induced cultures were processed as described for E. ictaluri and XL1Blue M R P , but whole cell lysates (WCLs) were not centrifuged following sonication. Rather, 10%
thimerosal was added to the lysates to achieve a final concentration o f 0.01 % thimerosal and
WCLs were stored at -2 0 °C.
Uncentrifuged WCLs were used to absorb cross-reactive antibodies from antisera. Prior
to analysis by 2D-PAGE, WCLs were thawed, aliquoted into sterile microfuge tubes and spun at
16,000 x gravity for 10 min at room temperature. The pellet was discarded and the supernatant
was aliquoted into fresh tubes and either analyzed or frozen at -2 0 °C until analysis.

Edwardsiella ictaluri Antisera
Goat E. ictaluri Antiserum
Hyperimmune goat antiserum against E. ictaluri (GAI) was produced by vaccination of
a goat with E. ictaluri W CL in Freunds complete adjuvant, followed by three weakly booster
injections in Freund’s incomplete adjuvant.

Convalescent Catfish Anti-E. ictaluri Serum
Catfish anti-E. ictaluri serum was obtained from convalescent catfish recovered from
natural E ictaluri infections at five catfish farms in Louisiana. Pooled convalescent catfish serum
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(CCS) was made up of sera from 15 fish (3 from each farm) with high ELISA and agglutination
titers of E. ictaluri antibodies. Normal catfish serum (NCS), collected and pooled from catfish
hatched and reared in the Specific-Pathogen-Free Laboratory at the School of Veterinary
Medicine, LSU, was used as the negative antibody control.

Antibody Absorbtions
Antisera absorbtions to remove cross-reactive antibodies were accomplished by mixing
antiserum with WCLs or E. ictaluri lipopolysaccharide and incubating at room temperature for 2
h on a rocker. Absorbtion mixtures were allowed to sit overnight at 4 °C, then centrifuged at
16,000 x gravity for 5 min at room temperature. Supernatant was transferred to sterile microfuge
tubes, brought to .01% thimerosal with 10% stock and stored at 4 °C or -8 0 °C until use.
Preliminary sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
western blots of XL1-Blue M RF’ and XLOLR pBK-CMV W CLs probed with GAI showed a high
level of recognition of E. coli proteins by GAI serum due to either previous exposure to E. coli
or to cross-reactivity between E ictaluri and E. coli antigens. Band patterns of both E. coli W CLs
were sim ilar and absorbtion of GAI with either XL1-Blue M R F’ or XLOLR W C L appeared to
rem ove the same amount of cross-reactivity.

Since there was no apparent difference in

absorbtion, and a large amount of XL1-Blue MRF’ W CL had been prepared, GAI used for
screening the E ictaluri library was absorbed with WCL prepared from XL1-Blue M RF' cells. This
GAI XL1-Blue MRF' absorbed serum was designated GAI-XA.
The GAI-XA used to probe western blots of E ictaluri was absorbed with E. ictaluri LPS
purified from strain AL83189 (Baldwin, et al. 1997). The LPS -absorbed GAI-XA was designated
GAI-XL. For specific-done absorbtion studies, GAI-XL was further absorbed with induced XLOLR
pBK-CMV W C L or WCL from a particular induced done expressing an insert. The spedfic-done
absorbed GIA-XL was designated SAG.
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Screening o f E. ictaluri Genomic Library
Library Construction and Excision
An £ . ictaluri genomic library was created in the AZAP Express™ expression vector. The
library was constructed by partially digesting E. ictaluri genomic DNA with Sau3A I and cloning
it into the SamH I site of the vector. The AZAP Express™ phage were grown in XL1-Blue M RF’.

In vivo mass excision of the library was performed by co-infecting XL1-Blue MRF’ with the AZAP
Express™ phage library and ExAssist helper phage (Stratagene). Excised pBK-CMV phagemid,
packaged as filamentous particles, was used to infect XLOLR cells grown on LB-Kan plates.
Colonies appearing on the plates contained double-stranded pBK-CMV plasmid. On plates
spread with IPTG and X-gal, colonies containing plasmids with E. ictaluri inserts appeared white
and colonies containing plasmids without inserts appeared blue. The E. ictaluri plasmid library
in E. coli host cells was designated XLOLR pBK-ei.

Plating and Replica Plating the XLOLR pBK-ei Library
Immediately following transfection, XLOLR pBK-ei cells were plated and transferred
following the methods of Ausubel et al (1994). Briefly, dilutions containing approximately 2150
colony forming units (CFU) of transfected cells were suspended in LB broth and vacuum filtered
onto 110 mm, numbered, circular pieces of nitrocellulose membrane (Schleicher & Schuell,
Dassel, Germany). Eight membranes prepared in this manner were transferred, bacteria side-up,
to large LB-Kan plates (150 mm x 15 mm) and incubated inverted at 37 °C overnight.
Each membrane was replica plated onto several other membranes following the methods
o f Ausubel et al (1994). Replica membranes were transferred to LB-Kan plates spread with
IPTG , with or without X-gal to induce protein expression and screen for colonies with inserts.
These induced replica membranes were used in library screening with GAI-XA antiserum. The
original membranes and their replicas were stored on parafilm-wrapped LB-Kan plates at 4 °C
until colonies were picked or the membranes were antibody-screened.
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Mem brane Processing fo r Antibody Screening o f C olonies
Colony lysis was performed following the chloroform based lysis method of Sambrook
et al (1989). Indirect antibody screening was performed using enhanced chemiluminescent
(ECL; Amersham International pic, Buckinghamshire, England, UK) western blotting and
autoradiography film sensitive to blue light (Amersham) following the manufacturers protocol.
Prim ary antibody was GAI-XA, and secondary antibody was G T-34, a monoclonal anti
goat/sheep IgG (y-chain specific) horseradish peroxidase conjugate (Sigm a).
Rescreening o f Positive Colonies
Positive spots on autoradiography film were matched to corresponding viable colonies
on either an unprocessed replica membrane or the original membrane. Positive colonies were
picked and serially diluted in microfuge tubes containing 100 pL of LB broth. Fifty pL of each of
three dilutions o f each colony were spread-plated on LB-Kan plates (100 mm x 15 mm) and
incubated at 37 °C overnight.
For each positive colony, the spread-plate having the dilution with the highest number
of countable isolated colonies was replica plated onto nitrocellulose membrane following the
methods of Sambrook et al (1989). The replica membrane was transferred to an LB-Kan plate
spread with IPTG and X-gal and incubated overnight, then processed and re-screened with GAIXA antiserum. Positive colonies were picked, cultured, and re-screened until each positive pBKei clone was in pure culture in XLOLR host cells. Stocks of each clone in pure culture were
prepared and stored in 20% glycerol at -8 0 °C.
Plasm id Analysis o f pBK-ei Clones by R estriction Enzym e Digestion
Small scale (mini) preparations of pBK-CMV and the pBK-ei double-stranded plasmid
DNA of each clone were obtained by alkaline lysis (Sambrook, et al. 1989). Large scale plasmid
preparations were obtained by alkaline lysis using a Qiagen Plasmid Midi Kit (Qiagen Inc.,
Chatsworth California, USA). Plasmid preparations were restriction enzyme (New England
Biolabs, NEB; Beverly Massachusetts, USA) digested with Not I to linearize plasmids, and
double-digested with Not I and Pst I or Pst I and Eco Rl to cut the DNA insert DNA from the
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plasmids. Restriction digests were done under the manufacturer’s suggested conditions using
10 pL of plasmid DNA and 1 pL o f each enzyme in a 25 pL total volum e reaction mixture that
included the appropriate enzyme buffer and bovine serum albumin (BSA) as needed. Digested
plasmid DNA was resolved by agarose gel electrophoresis in 0.6% gels at a constant o f 45 volts.
Fragment sizes were estimated using a 1 Kb DNA ladder (Gibco BRL) as a size standard
(Sambrook, et al. 1989).

DNA Sequencing
Double-stranded phagemid DNA was isolated and purified from clones using the Qiagen
Plasmid Midi Kit (Qiagen Inc.). Purified phagemid DNA (500 ng) was mixed with prim er DNA (1
pm ) and the ABI PRISM™ Dye Term inateor Cycle Sequencing Ready Reaction Kit (Perkin
Elmer, Foster City California, USA), which contained AmpliTaq DNA polymerase FS, and each
of the fourdideoxy-NTP’s labeled with a different flourescent dye.
Cycle sequencing reactions were performed in a thermocycler with cycle conditions at
96 °C for 30 sec, 50 °C for 15 sec, 6 0 °C fo r4 m in for 25 cycles. Sequencing reactions of all four
dideoxy-NTP’s were performed in the same tube, with the growing chain being simultaneously
terminated and labeled with the dye that corresponded to the terminal base. Successive rounds
of denaturation, annealing and extension resulted in linear amplification of extension products.
Following cycle sequencing, excess unincorporated dye terminators were removed from the
extension products using Centri-Sep spin columns (Princeton Separations, Adelphia New Jersey,
USA). Column purified sequencing reactions were dried in a vacuum centrifuge and stored at
-20 °C until sequencing. Immediately before sequencing, dried sequencing reactions were
resuspended in Template Suppression Reagent (Perkin Elmer), then analyzed by capillary
electrophoresis using the ABI 310 Genetic Analyzer (Perkin Elmer). Three replicate injections
of each reaction were run through the analyzer. Partial sequence data was obtained using
primers to the T3 and T7 RNA polymerase sites flanking the insert in the pBK-CMV phagemid
vector. Complete double-strand DNA sequence data was obtained from the inserts, starting at
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the T 3 site on the positive strand and T7 site on the negative strand with subsequent primers
produced from the generated sequences.

DNA and Deduced Amino Acid Sequence Analysis
Sequence data was entered into the GCG Wisconsin Sequence Analysis Package™
(Genetics Computer Group, Inc., Madison, W l), where primers were selected and DNA
sequences were edited and analyzed. Plus and minus strand sequences obtained from each of
clone were assembled into one file using Gel Assemble to identify like and contiguous se
quences. Generated sequences were compared to other known sequences in the databases
maintained at the National Center for Biotechnology Information (NCBI) in Bethesda, Maryland
using the Basic Local Alignment Search Tool (BLAST) in G C G .

If BLAST failed to show

sim ilarities with known sequences in the data base then a WordSearch was performed.
Sequences of genes in the database identified by BLAST or WordSearch were compared with

E. ictaluri sequences using Gap to determine the percent identity and number o f gaps between
sequences.
To identify coding regions, double-strand sequence data was analyzed using Map to
search for open reading frames (ORFs) and

Terminator to search for rho-independent

termination sites. Deduced amino add sequences of ORFs were compared to other known
proteins using BLAST. The program PC/Gene (Inteliigenetics, Inc., Mountain View California,
USA) was used to analyze protein structures of deduced amino add sequences. Amino add
sequences of proteins in the Swiss Protein data base were analyzed using the Swiss-2D service
available through the ExPasy World Wide Web molecular biology server of the Geneva
University Hospital and the University of Geneva (http//www.expasy.hcuge.ch).

Analysis of Cloned Antigenic E. ictaluri Proteins
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
in 0.75 mm thick, 7 cm x 8 cm slab gels. Gels consisted of a separating gel (12% acrylamide,
.0375 M Tris-HCI, pH 8.8,0.1% SDS) and a stacking gel (4% acrylamide, 0.125 M Tris-HCi, pH
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6.8,0.1% SDS). Combs were used to create wells in the stacking gel. Samples were diluted 1:4
in SDS reducing buffer (.0625 M Tris-HCI, pH 6 .8 ,1 0 % glycerol, 2% SDS, 5% 2ME, 0.13 %
bromophenol blue) and heated to 95 °C for 5 min. For analysis of IPTG-induced and non
induced clone cell pellets, pellets were mixed with 250 pL of SDS reducing buffer and heated.
Sam ples and either broad molecular weight (BM W ) standards or pre-stained low molecular
weight (PS) standards (Bio-Rad Laboratories, Richmond, California, USA) were loaded into wells
of the stacking gel and run at 200 V constant for approximately 42 min. Electrophoresis was
stopped when the tracking dye was approximately 5 mm from the bottom of the gel. Following
SDS-PAGE, proteins were either stained or western blotted.
Tw o-Dim ensional Polyacrylam ide Gel Electrophoresis (2D-PAGE)
First dimension isoelectric focusing (IE F) was performed in non-heparinized microhematocrit tubes. The IEF tube gels were 6 cm long and consisted of 4% acrylamide with 9.2
M urea, 2.0% Triton* X -1 0 0 ,1.6% pH 5/7 ampholyte (Bio-Rad) and 0.4% pH 3/10 ampholyte
(Bio-Rad). Sonicated, centrifuged WCLs were diluted 1:10 in sterile DDI water then mixed with
an equal volume of IEF sample buffer containing 9.5 M urea, 2.0% Triton* X-100, 5% 2ME, 1.6%
pH 5/7 ampholyte and 0.4% pH 3/10 ampholyte. Tube gels were loaded with 25 pL of WCL in
IEF sample buffer, 5 pi 2D-PAGE standards (Bio-Rad), or both, then covered with 25 pL of
overlay buffer (9 M urea, 0.8% pH 5/7 ampholyte, 0.2% pH 3/10 ampholyte, 0.25% bromophenol
blue). First dimension IEF was run for 10 min at 500 V constant followed by either 3.5 h at 750
V constant or 16.5 h at 150 V consant.
Second dimension 2D-PAGE was the same as SDS-PAGE except slab gels were 1.0
mm thick. Tube gels were extruded from the micro-hematocrit tubes, laid in the trough of the
stacking gel, and overlaid with 100 pL SDS reducing buffer. The reference lane was loaded with
10 pL 1:10 W CL sample or 1:10 low molecular weight (LMW) silver stain standard (Bio-Rad)
diluted 1:4 in SDS reducing buffer and heated to 95 °C for 5 min. Following second dimension
PAGE, proteins were either silver stained or western blotted.
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Total Protein Staining
Total proteins in SDS-PAGE gels were stained with Coomassie blue (Sigma) following
the methods of Bollag and Edelstein (1991). Total proteins in 2D-PAGE gels were stained with
a rapid silver stain (ICN Radiochemicals, Irvine California, USA) following the ICN protocol,
except that gels were soaked in 3.5% sulfosalicylic add, 11.5% trichloroacetic add solution for
one hour and rinsed in DDI water to remove ampholytes before the standard staining procedures.
Following the final development step, gels were soaked in a 0.1 % acetic add solution for 10 min
and washed in DDI water to decrease background coloration.

Molecular Weight Estimates of Spots and Bands
Band molecular weights were determined from SDS-PAGE gels loaded with samples and
LMW standards in the sample lanes. Molecular weights of spots were determined from 213PAGE gels of WCLs with LMW standards in the sample lane.

Molecular weights were

approximated following the methods of Bollag and Edelstein (1991). Relative mobility factors
(Rf) were calculated for each molecular weight standard. The molecular weight of each unknown
was determined by fitting the unknown R f into a linear regression equation established using the
known log10 molecular weight and Rf values of the standards.

Identification of Cloned Antigenic Proteins by Western Blot Analysis
Proteins were electrophoretically transferred from unstained gels to 0.45 pm nitrocellu
lose membranes at 100 V constant for 1 h in 25 mM Tris, 192 mM glycine and 20% v/v
methanol, pH 8.3. Nitrocellulose blots were air-dried and stored in the dark until immuno
detection. Indirect antibody screening was performed using ECL with either GAI antiserum, as
described previously, or CCS. If CCS was the primary antibody, secondary antibody was monoclonal anti-catfish IgM (mAb 9E1;M iller et al. 1987) and tertiary antibody was affinity
isolated, antigen-specific goat anti-mouse IgG (y-chain specific) horseradish peroxidase
conjugate (Sigma). Antigenic spots and bands were detected following the ECL (Amersham)
protocol. To aid in spot and band identification, nitrocellulose membranes were stained with a
colloidal gold total protein stain (Bio-Rad) following immunodetection.
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Autoradiography films of antigenic proteins in W CLs separated by 2D-PAGE were
compared with total protein stained nitrocellulose membranes and total protein stained gels to
confirm identification of antigenic spots and determ ine their location among non-antigenic
proteins in total protein stained gels.

Antigenic spots ranged from light grey to black on

autoradiography films.

Protein Sequencing
Edwardsiella ictaluri WCL was separated by 2D -PA G E and western blotted as described
previously, except gels were transferred to Immobilon-P, polyvinylidene flouride membrane
(Millipore Corporation, Bedford Massachusetts, USA) rather than nitrocellulose. The ImmobilonP membranes were air-dried, then Coomassie stained to visualize protein spots. Spots of
interest were cut out of four replicate membranes with a scalpel, then transferred to individual
sterile microfuge tubes. A piece of blank membrane was also cut out of each membrane to serve
as a control for background signals. The samples and controls were submitted to the Louisiana
State University Protein Center for automated N-term inal amino add sequendng.

The four

replicate spot pieces were pooled as were control pieces to insure an adequate amount of protein
was analyzed.

Enzyme Assays
Aldolase Assay
Aldolase (fructose 1,6-bisphosphate aldolase) activity was measured in sonicated WCLs
of the control XLOLR pBK-CMV (pBK), and dones XLO LR pBK-ei1.4 (1.4), XLOLR pBK-ei5d2
(5d2) and XLOLR pBK-ei5d3 (5d3) using a commercially available aldolase diagnostic assay
(Sigm a) following the manufacturer’s protocol. The assay used a modification of colorimetric
procedures described by Sibley and Lehninger (1949). Enzyme activity was measured as Sigma
Units/mL. One Sigma unit of aldolase was defined as being able to split one nM of fructose 1,
6-diphosphate (FDP) per minute at 37 °C under the conditions of Sigma procedure 752. One
Sigm a unit of aldolase was also defined as being equivalent to 1.344 Sibley-Lehninger (S-L)
Units, with one S-L unit defined as being able to split 1 mm3 of FDP per hour at 37 °C.
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Differences in WCL protein concentrations were equalized by calculating the enzyme activity as
Units/mL/|jg of protein.

Ribose 5-Phosphate Isomerase Assay
Ribose phosphate isomerase activity was measured in sonicated, centrifuged WCLs of
control pBK, and clones 1 .4 , 5d2 and 5d3 following the colorimetric methods of Hove-Jensen and
Maigaard (1993). Each W C L was diluted 1:20 in extract buffer (50 mM potassium phosphate,
1 mM EDTA, 50 mM dithiothreitol, 0.1 mg/ml bovine serum albumin; pH 7.2). A 25 pi volume
of diluted W CL was mixed with 175 pi o f 37 °C reaction buffer to give final concentrations of 5
mM ribose 5-phosphate and 50 mM Tris-HCI (pH 7.5). A 25 pi volume of extract buffer without
WCL was mixed with 175 pi of reaction buffer served as a blank. After a 10 min incubation at
37°C, 2.0 ml of 66% vol/vol HjSO *, 70 pi of 0.12% carbazole dissolved in absolute ethanol, and
70 pi of 1.5% wt/vol L-cysteine were added and mixed by vortexing, and samples were incubated
for an additional 30 min at 37 °C.
Following incubation, color development was measured at A ^ . The amount of ribulose
5-phosphate (Ru-5-P) produced was estimated from a standard curve generated from known
amounts of Ru-5-P (Sigma). Five concentrations of Ru-5-P ranging from 0.464 to 0.0 pmol were
used to generate the standard curve. Optical densities (OD) of the standards at A ^ ranged from
.8714 to 0.0006. Any W C L samples with an OD outside the range of the standard curve were
diluted further with blank until they fell within range. The ribulose 5-phosphate isomerase activity
was expressed as micromoles of Ru-5-P formed per minute per microgram of W C L proteins
(pmol/min/pg).

Protein Assay
Proteins level in pBK, 1 .4 ,5d2 and 5d3 sonicated, centrifuged WCLs used in the enzyme
assays were determined using a commercially available protein assay (BioRad) following the
manufacturer’s protocol. Bovine serum albumin was used as the protein standard.
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RESULTS
Library Screening
Eight LB-Kan plates containing a total of approximately 17,200 CFU of XLOLR pBK-ei
were screened with GAI-XA resulting in the entire library being screened approximately 2.2 times.
A total of 99 potential positive colonies were picked, of these 73 grew and were rescreened.
Thirty-three of the 73 colonies were confirmed positive upon rescreening. Thirty-two confirmed
positive colonies were re-isolated and rescreened until they were in pure culture. Stock cultures
of each of the 32 isolated clones were prepared and stored at -8 0 °C. Plasmids of each isolated
clone were named and numbered based on the replicate number of the membrane the colony
was picked from originally.
Analysis o f Cloned pBK-ei Plasm ids by Restriction Enzym e Digestion
Clone insert sizes were determined by comparing sizes of the digested pBK-ei plasmids
with digested 4.5 Kb pBK-CMV plasmid without insert. Estimated sizes of DNA inserts in pBK-ei
isolated from the 32 positive clones ranged from 1.9 to 7.7 Kb (Table 3.1). From the agarose gel
results, clones were separated into groups by variations in insert size and restriction enzyme
cuts.
Based on combined results of insert sizes and restriction enzyme cutting patterns in DNA
agarose gels, and cloned protein band patterns in SDS-PAGE western blots, nine clones were
chosen for further analysis (Table 3.1). Large scale purified plasmid DNA preparations were
obtained for each selected clone, then digested with Not I, and double digested with either Not

UPst I or Pst MEco Rl to confirm the estimated insert sizes. The nine clones had an average
insert size of 4.6 Kb. Sizes of the plasmids of the selected clones and their insert sizes are
shown in Table 3.1.
Analysis o f Positive Clones by SDS-PAGE and W estern Blotting
Induced cells of each positive clone were analyzed SDS-PAGE and ECL western
blotting, western blots were screened with GAI-XA and with CCS. Cloned antigenic protein
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Table 3.1: Estimated sizes, in kilobases, of DNA inserts in plasmids of Escherichia coli
XLOLR pBK-ei clones expressing antigenic Edwardsieila ictaluri proteins. Clones are
grouped by band patterns of expressed antigenic proteins in SDS-PAGE western blots (*
Clone Name

Plasmid

Insert

Protein Group

*1.1

10.2

5.7

1

1.2

9.2

4.7

2

*1.4

8.3

3.8

3

3.7

9.3

4.8

3

2d1

12.2

7.7

4

2d3

12.2

7.7

4

2d4

12.2

7.7

4

5d5

10.5

6.0

4

*5d8

9.0

4.5

4

8.5

9.3

4.8

4

2d8

10.3

5.8

5

3d5

11.1

6.6

5

*4d6

10.4

5.9

5

3d1

12.2

7.7

6

3d2

9.7

5.2

6

*6d5

8.6

4.1

6

6d9

9.6

5.1

6

4.9

9.2

4.7

7

*5d2

8.3

3.8

7

*5d1

9.0

4.5

8

4d5

12.1

7.6

9

5d9

11.4

6.9

9

5d11

9.4

4.9

9

5d14

12.2

7.7

9

6d7

9.5

5.0

9

4d1

11.7

7.2

10

*5d3

9.0

4.5

10

*5d4

9.3

4.8

11

7d5

6.6

2.1

0

7d8

6.4

1.9

0

7d1

11.7

7.2

0

7d9

11.7

7.2

0
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bands were detected in 27 of 32 dones. Catfish antiserum was able to detect most of the same
western blot results with both catfish and goat antiserum. Protein band patterns of many of the
dones appeared to be expressing the same E. ictaluri proteins. Based on wester blot results with
both catfish and goat antiserum, the 32 dones were organized into 11 groups separated by
variations in doned antigenic protein band patterns (Table 3.1).

DNA Sequencing
Automated DNA sequendng was performed on the nine selected dones.

Partial

sequence data of each done was obtained using the T3 and T 7 primers, which yielded an
average of 360 bp of insert sequence after vector sequence was eliminated. Comparisons of T3
and T7 sequences using the Gel Assemble program of GCG showed several of the dones
contained the same, sim ilar or overlapping genomic inserts of E. ictaluri DNA. Clones 1.1, 4d6
and 5d4 contained unique E. ictaluri DNA inserts. Inserts of dones 5d1, 5d8 and 6d5 appeared
be the same except for slight differences in size, with all three inserts in the sam e orientation
behind the vedor promoter. Clones 1.4 and 5d2 appeared to contained the same insert except
that the insert in 1.4 was 207 bp longer on the T7 end, and the inserts were in opposite
orientations behind the vector's promoter. The insert of done 5d3 partially overlapped with
inserts of dones 1.4 and 5d2.
Analysis of T3 sequence data of each doned plasmid showed all but two E. ictaluri
inserts had a stop codon within the first 60 bp in the reading frame of the IPTG-indudble pBKCMV promoter. The first stop codon in inserts of pBK-ei5d4 and pBK-ei1.4 were at 451 and 300
bp respedively. Locations of stop codons are shown in Table 3.2.
Based on sequence data obtained from T3 and T7 primer reactions and doned antigenic
protein bands detected in SDS-PAGE western blots of induced dones, three dones were
selected for complete DNA sequendng.

Complete double-strand DNA sequence data was

obtained for inserts of dones 4d6,5d2 and 5d3 starting at the T3 site on the positive strand and
T7 site on the negative strand with subsequent primers produced from generated sequences.
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Table 3.2: Locations of the first stop codon in frame with the IPTG-inducible promoter of
pBK-CMV in £ Ictaluri inserts of each clone._______________
Clone

Number of
base pairs

Stop
Codon

1.1

49

TAA

1.4

300

TGA

4d6

24

TG A

5d1

39

TGA

5d2

54

TAA

5d3

56

TAA

5d4

451

TGA

5d8

39

TGA

6d5

39

TGA

Clone 1.1 T3 and T7 Sequence Data
Sequence data of the E. ictaluri genomic DNA insert obtained from T3 and T7 primers
for the plasmid of clone 1.1 is shown in Figure 3.1. A schematic diagram of the 1.1 insert in
relation to T3 and T7 sequence data is shown in Figure 3.2. The DNA sequences from T3 and
T7 primers yielded 402 and 338 bp of insert sequence respectively after vector sequence was
eliminated. Sequence comparison using BLAST and W ordSearch showed the T3 sequence had
sim ilarity with an ORF in E. coli K-12 identified as o128 (Blattner, et al. 1997; Accession
AE000142). Sequence comparison using WordSearch showed a large region of similarity with
the phoA gene of Bacillus subtilis (Hulett, et al. 1991; Accession BSU02550). Alignment of 1.1
T3 sequence with the E coB region encoding o128 showed 67% identity with 5 gaps between the
two sequences. Alignment of 1.1 T3 sequence with the phoA gene of B. subtilus showed 44%
identity with 5 gaps between the two sequences. The product encoded by £. coli ORF o128 is
unknown. The product of B. subtilus phoA is alkaline phosphatase A, an extracellular secreted
and cell-bound protein.
Sequence comparison using BLAST identified no sequences similar to the 1.1 T7
sequence. Sequence comparison using WordSearch showed the largest region of similarity with
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T3
1 TTGGGCAACATGCCCCGGGAGCGCCCGCCAGAGTGTGGTTTTACCCGGTAACGTGGCACA 60
61 GCCCTGAAAATTACGGGTATACTCTCCCGGATAACCTGACTGAGCCAGAAACCAAGATGA 120
121 CAAAACTTACCTTACAAGAGCAGATGCTAAAAGCGGGACTTGTGACCCATAAGAAGATGG 180
181 CCAAAGTCCAGAGAACGGCCAAGAAATCACGGGTTCAGGCCCGCGAGGCCCGCGAGGCCG 240
241 TAGAGGAAAAAAAGCAGGCACAGCTTGAGCGGGATAAGCAGCTGAGTGAACAGCAGAAGC 300
301 AGGCGACCATCGCCAAAGAGATCAAAGCCCAGGTTAAGCAGCTGATTGAAATGAACCGAA 360
361

TCAGCCTGAAAAGAGCGATGTCGATTTTACTTTACAGATGGC 402

T7
1 CCGACGCTCGAGATCGTTAAAGAGATCATAGAGCTCGGCAATTGTTCTGCGCATACGGGA 60
61 ACGTAGACCGTTTTCTGCATCTTCAAGGATAAGAGGAATAGTCCGGCGAGCTCTGGAGAC 120
121 AGCACTGCCAATGGGGATCCCCCGGTCAAGTAACAGCCCTCTTATTTGACAGACTGTAGC 180
181 AGTGCGGTGATTGACAATACGCTGCCTTGCCCGGTGTAAAGCCTGGATATCCTGCTGTTC 240
241 GGGGCTTTTTGGCGGCACGAACTGCATTGTCGGTTGCATCAGAGCCACTGCGATGGCCTG 300
301 TGCATCATTACCACTATTTTTTTGCCCGCGGACAAAGG 338

Figure 3.1: Sequence of the E. Ictaluri genomic DNA insert in clone 1.1 obtained from the
T3 and T7 primers.
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the sep1 gene in the plasmid DNA of Enterococcus faecalis ((Hirt, et al. 1996); Accession
X 96976). Alignment of the 1.1 T7 sequence with the sep1 gene of E. faecalis showed 44%
identity with 6 gaps between the two sequences. The product of E. faecalis sep1 gene is a
surface exclusion protein.

Clone 5d4 T3 and T7 Sequence Data
Sequence data of the E. ictaluri genomic DNA insert obtained from T3 and T7 primers for
the plasmid of clone 5d4 is shown in Figure 3.3. A schem atic diagram of the 5d4 insert in
relation to T3 and T7 sequence data is shown in Figure 3.4. The DNA sequences from T3 and
T7 primers yielded 451 and 351 bp of insert sequence respectively after vector sequence was
eliminated. Sequence comparison using BLAST showed the T3 sequence had similarity with an
O RF in £ . co// K-12 identified as yicE (Accession AE000443). Alignment of the 5d4 T3 sequence
with E. coli yicE showed 76% identity with 2 gaps between the two sequences. The product
encoded by yicE is a hypothetical 48.9 KD transmembrane, transport protein (Accession P27432)
in the xanthine/uracil permease family. The E. ictaluri yicE homolog was not in frame with the
pBK-CMV IPTG-indudble promoter since the first stop codon, 451 bp inside the insert, fell within
the coding region of the yicE homolog. Since the partial yicE homoiog did not have its own
promoter, the partial protein encoded by this gene would no be expected to be expressed by
clone 5d4.
Sequence comparison using BLAST identified no sequences similar to the T7 sequence.
Sequence comparison using WordSearch showed the largest regions of similarity were with an
O RF in Psuedomonas auruginosa identified as ORF6 (Arai, et al. 1994; Accession D38133), the

rpoN gene in Xanthomonas capestris pv. vesicatoria (Accession XCU67179) and the oac2 gene
of Azoriiizobium caulinodans ((Goethals, et al. 1994); AccessionACOACGNA). Alignment of 5d4
T7 sequence with ORF6 of P. auruginosa showed 44% identity with 4 gaps between the two
sequences. Alignment of T7 sequence with the rpoN gene ofX . capestris pv. vesicatoria showed
44% identity with 3 gaps. Alignment of T7 sequence with the oac2 gene of A. caulinodans
showed 43% identity with 5 gaps. The product of ORF6 of P. auruginosa is a hypothetical
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T3
1 AAAACCTGGGGACCTGTTGGCTCCGGTCTGCTGTCGATTCAGGGCACCAGCTTTAACTTT

60

61 GTCACGCCGCTGATTATGGGCGGCATGACGCTAAAGAACGGCGGCGTCGATATTCCTACC 120

121 ATGATGGCAACGCTGTTTGGCACCCTGATGCTGGCCTCCTGCACCGAAATTATCCTGTCA 180
181 CGCTTCCTACATCTGGCGCGCTGCATCATCACTCCGCTGGTCTCCGGCATCGTTGTGATG 240
241 ATCATCGGTCTGTCTCTGATCCAGGTCGGCCTGATCTCCATCGGTGGCGGCTATAGCGCA 300
301 ATGCACGATCACAGCTTCGGCGCGCCGCAAAAATCTGCTGCTGGCCGGGGCGGTGCTGCT 360
361 GGTGATCATCCTGCTCAATCGCCAGCGCAATCCCTACCTGCGCGTCGCTCTCTGGTGATC 420
421 GCGATGGCCGCCGGATATGGACTGGCCTGCTGATG 455

T7
1 TTTCTGAGGAGAATATTATGTATAGAGCAGCACGGATGTATGACTACCGCTGTTGATATG 60
61 CCCTGTCCACTGCGGCGACATATGCCGCCGCCCCTGGCCGATATCCAAACAATGATGGCG 120
121 CGGGTTGGGGCGGCCAACACGATTTTATCCATAAACTATCGCCAGCCGTTTGTGCTGCGC 180
181 CAGTGGAATGGATCGCGCCGACGCTATCCTGGCGACGTTTGGCGTTTCCGGCCATGCGTT 240
241 GATGGATGTTCCGCGACTGTTTTAATCCGCAGGGTCGCATCCCCTTTGTGCTGCCTAACC 300
360 GGGCGCAGGCGGCCGTCTACCTGTGTCCGGCGCGCTGGGTATTTCCCTGACTCCGCCTTT 400
401 TCGGGGTTTACGCTATGCTCTCCTTT 486

Figure 3.3: Sequence of the £ ictaluri genomic DNA insert in clone 5d4 obtained from the
T3 and T7 primers.
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protein with an unknown function. The product of the rpoN gene of X capestris pv. vesicatoria
is transcription factor sigma 54. The product of the oac2 gene of A caulinodans is a homolog
of dTDP-rhamose synthase.

Clone 5d1,5d8 and 6d5 T3 and T7 Sequence Data
The inserts of clones 5d1, 5d8 and 6d5 appeared to be the same except for slight
differences in size, with all three inserts in the same orientation behind the vector promoter.
Sequence data of the E. ictaluri genomic DNA inserts obtained from T3 and T7 primers for the
plasmids is shown in Figure 3.5. A schematic diagram of the 5d1,5d8 and 6d5 inserts in relation
to T3 and T7 sequence data is shown in Figure 3.6. The T3 primer yielded 351 bp of insert
sequence after vector sequence was eliminated and was identical for all three plasmids. The T7
primers yielded 551 bp o f insert sequence after vector sequence was eliminated. The 6d5 T7
sequence went from 1 to 345 bp, 5d1 T7 sequence went from 245 to 549 bp, and 5d8 T7
sequence went from 245 to 597 bp.
Sequence comparison using BLAST showed the T3 sequence had similarity with genes

orfZ8 of Salmonella enterica ((Jiang, et al. 1991); Accession X56793) and galU of E. coli
(Weissbom, et al. 1994; M98830) and Shigella flexneri (Sandlin, et al. 1995; Accession L32811).
Alignment of 5d1, 5d8 and 6d5 T3 sequence with the S. enterica region encoding orf2.8 showed
76% identity with no gaps between the two sequences. Alignment of T3 sequence with the E.

coGand S. flexneri regions encoding galU both showed 67% identity with no gaps. The product
encoded by S. enterica orfZ8 and E coGand S. flexneri galU genes is a-D-glucosyl-1-phosphate
uridylyltransferase. This 32.9 KD protein (Accession P26390) is responsible for O antigen
synthesis in the lipopolysaccharide biosynthesis pathway.
Sequence comparison using BLAST identified no sequences similar to 5d1, 5d8 and 6d5
T7 sequence. Sequence comparison using WordSearch showed the largest region of similarity
with the oriC region in the plP404 plasmid of Clostridium perfringens ((G am ier and Cole 1986);
Accession L02938). Alignment of 5d1, 5d8 and 6d5 T7 sequence with the oriC region of C.
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T3
1 TCTTTCACCCCGGCGGACAAACACTCATGGACAACTTTCTGAATCAGCGGCTTATCAACA 60
61 ATGGGCAGCATCTCTTTCGGGATGGCCTTGGTGGCCGGCAACA.TCTTCATCCCCAGTCCG 120
121

GCGACGGGGATAACGGCTTTAAGACTTGTCATCATGCTTCTCCAAAAACTCGTAACGAAC 180

181 CGTATTGGCGATACCCTGCTCTAACGTTACCGGCGCTTTAAATCCCGTTTGCGCGATATG 240
241

GTTTGACTTAAACTGAGTACGAGCACAAAACTTCTTCACACGAATGCTGCTTACGGGGAA 300

301

CTCTCGACCGGTAACCTTTGCCAGGATATCGAAGCAATAGCCACCTAACAGGCCAACCGC 360

361 ATAAGGAATACGAATATTGTTTTTATGGCGATGT 394

T7
1 CTTATTAACTGTGCTACTTATTTCTTTTGTATTTTCTGTGAGTAATAAGCTTAAAGTGTT 60
61 AGTTTTATTATTAATGCTTTTTGTTGTTTATTTGACAAAATCAAGAACGGCAATATTGGC 120
121 TTTGGCTGCATTTTTTCTATGTTGTAAGATTAAGCGGAAATTATTGTTGTTCTATTTTAT 180
181 ATTATTTGTGTCTATAGCCTCTCAGTATTTCTTTTCATACATATTCCCTTCAATACTGTC 240
241

TGATCTCGATTTCGGCCATAGCCGATTTTTTGATTTAAATGA.TGCCAGTAATATGGAAA.G 300

301

GATAACTATTTATAAGGAGGCCGTGGATTTTATATTATCCCATTTTACTCACTTTATTAT 360

361 TAATGGGGTGACTAATTATTTAGAAATAAACAAGTTGGCTACTAATATACCACATAATTG 420
421

GTTTATCCAGTTTATCTTGGGTTTGGGTTTTTATTTTCTATTTATTATTTGGCGGTGGTT 480

481

GTTTTTGTTGCAAAAATAGTTTCTGGTAAGTCTTATTATCTATTGGCTTTTATGTGTTTT 540

541

TTCTTTGTTTATGCATCATTTCTCAGTTATTATCCTTTAACAACTCCATTATTATTT 597

Figure 3.5: Sequence of the overlapping E. ictaluri genomic DNA inserts in the clones 5d1,
5d8 and 6d5 obtained from the T3 and T7 primers.
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perthhgensshowed 53% identity with 1 gap between the two sequences. The oriC region is the
origin of replication for the C. perfringens plP404 plasmid.

Clone 4d6 Double-Strand Sequence Data
The double-strand sequence data of the E. ictaluri genomic DNA insert of clone 4d6 is
shown in Figure 3.7. A schematic diagram of the 4d6 insert in relation to the double-strand
sequence data is shown in Figure 3.8. The insert size was determined to be 5727 bp after vector
sequence was eliminated. Sequence comparison using BLAST and WordSearch showed no
homology with other known DNA sequences. Map identified eleven potential ORFs in the six
different reading frames with deduced amino add sequences encoding proteins of 10 KD or
larger. Sequence comparison using BLAST showed no homology of the deduced amino add
sequences with other known proteins. PC/Gene was used to determine molecular weight and
pi of the putative protein encoded by each reading fram e. Results of the analysis of ORFs are
shown in table 3.3. The initial designation of the ORFs was ORF 1 through 11.
Based on combined results of DNA sequence data and antigenic protein expression data
of done 4d6, only four of the eleven putative ORFs encoded proteins with characteristics
comparable to the three antigenic proteins that were expressed by the clone. Those results are
presented below in the sedion entitled 'Putative Identification of Genes Encoding Antigenic E.

ictaluri Proteins'. Putative promoter regions, identified manually, could be found for nine o f the
eleven ORFs. The four ORFs were re-named based on the molecular weight of the putative
proteins they expressed. Putative transcriptional promoter regions of the four re-named ORFs
are shown in Table 3.4 compared to the E coli o70 promoter consensus sequence (Lewin 1990).
A promoter region could be identified for ORF eip18, but the region between the purine rich
Shine-Delgamo translational ribosome binding sequence and the transcription initiation site was
only 2 bp. The eip18 gene may be in an operon with the eip55 gene under control of the eip55
promoter since the genes are in the same reading frame 70 bp apart A putative rho-independent
terminator was also identified 106 bp after the eip55 stop codon.
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1 CCGGCGCTTCCCTGCTGTTGTACTGACAGGCTGGTTTGTCGCGCGGGGGAGAAGCAGGCA 60
GGCCGCGAAGGGACGACAACATGACTGTCCGACCAAACAGCGCGCCCCCTCTTCGTCCGT
61 TGGATGACTGACACCGGCCAAATTTCCACCGGGTAGGTGGTCCGGAACCGGCATGCCATG 120
ACCTACTGACTGTGGCCGGTTTAAAGGTGGCCCATCCACCAGGCCTTGGCCGTACGGTAC
121 CCATCCACCTGGCGGGATAGCAGGCTGGTATGTCGTGGCAGCCGCAGCGGGCCTGACAAG 180
GGTAGGTGGACCGCCCTATCGTCCGACCATACAGCACCGTCGGCGTCGCCCGGACTGTTC
181 TTGGTCTGTGCCGGATCGACCGAAAACTGGACCAGAGATATGGAGGGAATCGGGCGCAGG 240
AACCAGACACGGCCTAGCTGGCTTTTGACCTGGTCTCTATACCTCCCTTAGCCCGCGTCC
241 TAATGGGGATAGAGGATCCCCAGCAACGCATTGGTTATTTCGGGGAACTGCTCATCTATC 300
ATTACCCCTATCTCCTAGGGGTCGTTGCGTAACCAATAAAGCCCCTTGACGAGTAGATAG
301 TTGTGATGCACGCGGGCGCAGAGAAATGCCACGGCTTCGATCAGCCGCTCGACATGAGGA 360
AACACTACGTGCGCCCGCGTCTCTTTACGGTGCCGAAGCTAGTCGGCGAGCTGTACTCCT
361 TCTTCCGATACTCCCTCCTCCAGCAGAAGGCGGCCGGCTACCTTGGGATACTGGGAGGCG 420
AGAAGGCTATGAGGGAGGAGGTCGTCTTCCGCCGGCCGATGGAACCCTATGACCCTCCGC
421 AACTCACGTCCCAACTGGCGGAGGAACGCCAGTTCCCGGTTATAGTAGGGCAATAACTCG 480
TTGAGTGCAGGGTTGACCGCCTCCTTGCGGTCAAGGGCCAATATCATCCCGTTATTGAGC

e

481 GCCATGCATCACCTGTCTATTCGGTACAGCTGTGTTGAAACATCCAGAACGGCATCAAAT 540
CGGTACGTAGTGGACAGATAAGCCATGTCGACACAACTTTGTAGGTCTTGCCGTAGTTTA
‘
R D I R Y L Q T S V D L V A D F -

e

541 ACCACCGGCTCTGGAGAGGGCTCCACGTCCAGTAATGCCTCGATCCTGAATATCATCTGG 600
TGGTGGCCGAGACCTCTCCCGAGGTGCAGGTCATTACGGAGCTAGGACTTATAGTAGACC
V V P E P S P E V D L L A E I R F I M Q -

e

601 CTGATGCCGGTTTTCTCATCCAGATGGATTTGAACCCGGACCTGACGTAGCCGGGGTTCA 660
GACTACGGCCAAAAGAGTAGGTCTACCTAAACTTGGGCCTGGACTGCATCGGCCCCAAGT
S
I G T K E D L H I Q V R V Q R L R P E
-

e

661 AACAGGTCAATCACTCGTTCGATATGCTGGCGGATCCACTCCCGATCCTCGGCATTGGCG 720
TTGTCCAGTTAGTGAGCAAGCTATACGACCGCCTAGGTGAGGGCTAGGAGCCGTAACCGC
F L D I V R E I H Q R I W E R D E A N A -

e

721 GCACTCAGGTTTGAGCAGTCCGGCAGGCCGTAATTCAGGGGGGATTTTTCCAGCTCAGGC 780
CGTGAGTCCAAACTCGTCAGGCCGTCCGGCATTAAGTCCCCCCTAAAAAGGTCGAGTCCG
A S L N S C D P L G Y N L P S K E L E P -

e

781 CACTGGCTTATATCCAGTGCCAGCGCGGATCGCGAATTCAGAATATCTTCCACATCCCGT 840
GTGACCGAATATAGGTCACGGTCGCGCCTAGCGCTTAAGTCTTATAGAAGGTGTAGGGCA
W Q S I D L A L A S R S N L I D E V D R 841 CTGACGGTCCAGCGAAAATGGGCCAGTTCATACCGGCGATCTGATGTCCGTTCTGTTCCC 900
GACTGCCAGGTCGCTTTTACCCGGTCAAGTATGGCCGCTAGACTACAGGCAAGACAAGGG

e

e

R

V

T

W

R

F

H

A

L

E

Y

R

R

D

S

T

R

E

T

G

-

901 TCCTGCGGGAAATCATCGAACAAACGATCCAGCACGGAAGGGCGGAAGATACGAIGAAGG 960
AGGACGCCCTTTAGTAGCTTGTTTGCTAGGTCGTGCCTTCCCGCCTTCTATGCTACTTCC
E Q P F D D F L R D L V S P R F I R H L -

Figure 3.7: Double-strand sequence of the Edwardslella Ictaluri insert in clone 4d6 with
the deduced amino acid sequences of putative open reading frames encoding antigenic
proteins (d, e and f denote reading frames).
(Figure 3.7 con'd)
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e

961 ATCATGGCTCAACTCACGGGATTGTCTTTTTTAGGTTATCGACGCCGTCGGTCGACAGCA 1020
TAGTACCGAGTTGAGTGCCCTAACAGAAAAAATCCAATAGCTGCGGCAGCCAGCTGTCGT
I
M
1021 TGACTGCCAGCGTTTTCAGAIACCCGTCTTTGGTTCCGTGCTCTCCCATCAGCAGTGCGA 1080
ACTGACGGTCGCAAAAGTCTATGGGCAGAAACCAAGGCACGAGAGGGTAGTCGTCACGCT
1081 TGGTGGCGATGGCGGTCGGGCAGCCCGGAGTGGTGACCTGAAAGCCTGGCATACAGGGCT 1140
ACCACCGCTACCGCCAGCCCGTCGGGCCTCACCACTGGACTTTCGGACCGTATGTCCCGA
1141 TTCCGTTCAGCGGTGGCGCCCCGGGAGTTCCTTTCATCTGGGTTCCCCGGCTTCTGGCAG 1200
AAGGCAAGTCGCCACCGCGGGGCCCTCAAGGAAAGTAGACCCAAGGGGCCGAAGACCGTC
1201 CCTGAATCATCTGTAAACACATCTGGTGTTTGTGGGAGGCGGTGCCTTGCCTGTGGTGGT 1260
GGACTTAGTAGACATTTGTGTAGACCACAAACACCCTCCGCCACGGAACGGACACCACCA
1261 GCAGCTTGCGTATCCCCATCGCCATCATCGGGAGCAGTCCCACCATGATAAAGCCAGCGG 1320
CGTCGAACGCATAGGGGTAGCGGTAGTAGCCCTCGTCAGGGTGGTACTATTTCGGTCGCC
1321 CAAAGCCCACCGCTTTGGCCATATTGATTTGATCATAGCGGTCGATAATAAACTTGAGCC 1380
GTTTCGGGTGGCGAAACCGGTATAACTAAACTAGTATCGCCAGCTATTATTTGAACTCGG
1381 GTCCATCGCACTGACCGCAGGTACAGGGGTACAGATGCTGGCGCAGATCCCACAGCGTGC 1440
CAGGTAGCGTGACTGGCGTCCATGTCCCCATGTCTACGACCGCGTCTAGGGTGTCGCACG
1441 CATAAACATCCATGGTCGAGGCCACGCTGGCCGTGGTCACGGCCAGGTTCAGTATGACCC 1500
GTATTTGTAGGTACCAGCTCCGGTGCGACCGGCACCAGTGCCGGTCCAAGTGAIACTGGG
1501 CGACCGGAGTGGCGGCAGCCGACAGCGCCGTACCGACACCGCCGCCCACGGCCTGGCCAA 1560
GCTGGCCTCACCGCCGTCGGCTGTCGCGGCATGGCTGTGGCGGCGGGTGCCGGACCGGTT
1561 CGGTGCTCAGGAGCGCATTGCCACCGGCGGAGACACTCCCCTGGGTGGCATTGATAATCT 1620
GCCACGAGTCCTCGCGTAACGGTGGCCGCCTCTGTGAGGGGACCCACCGTAACTATTAGA
1621 GCTGGGTCAGCGCAACGTAGGGAGAGACCCCCTCCGCAATATTGTTCACCGCCGTCAGTG 1680
CGACCCAGTCGCGTTGCATCCCTCTCTGGGGGAGGCGTTATAACAAGTGGCGGCAGTCAC
1681 CCGTTTTGGCCGGTCTGGGTAATAGAGAACCGGCGGTGTTGATCAGCCCCACGGTACCCA 1740
GGCAAAACCGGCCAGACCCATTATCTCTTGGCCGCCACAACTAGTCGGGGTGCCATGGGT
1741 GCACATTGGATACCGTTGATGCAGAAAAGGATGCGATGCCCCGTGCGTCTATCGGTAACG 1800
CGTGTAACCTATGGCAACTACGTCTTTTCCTACGCTACGGGGCACGCAGATAGCCATTGC
1801 CCCCAGATGCCGACTTGATATAGCTGGCCAGTGAAGCCTCCTGGTTGGCTCTGTTGATCG 1860
GGGGTCTACGGCTGAACTATATCGACCGGTCACTTCGGAGGACCAACCGAGACAACTAGC
18 61 CTGTACCGATGTCGCCTATTATCTGCGGGACGTTGATACTATGTCCCCCCGCATCAGCAG 1920
GACATGGCTACAGCGGATAATAGACGCCCTGCAACTATGATACAGGGGGGCGTAGTCGTC

1921 GATGACTATCGATAGGCCACTGAGGCGGACGTAGCAATGAGGTGGATTTTTGCTTCATCA 1980
CTACTGATAGCTATCCGGTGACTCCGCCTGCATCGTTACTCCACCTAAAAACGAAGTAGT
1981 CATCATCTAGCGATTCCTGTAGCATCTTCAACAGCGCGCCAAAGGATGTTGAATCGAACT 2040
GTAGTAGATCGCTAAGGACATCGTAGAAGTTGTCGCGCGGTTTCCTACAACTTAGCTTGA
2041 TCAGCTCATGACTGATGACAACATCCGCCATGCGTAGTACCTCGATAGGCATCACCGCCG 2100
AGTCGAGTACTGACTACTGTTGTAGGCGGTACGCATCATGGAGCTATCCGTAGTGGCGGC
2101 CACTGTAAAACCCGGCTTGCCGCTTTGGCTTTGGGCCCAGTTGTTGCCACCGCTTGTCAT 2160
GTGACATTTTGGGCCGAACGGCGAAACCGAAACCCGGGTCAACAACGGTGGCGAACAGTA

(Figure 3.7 con’d)
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2161 CATCAGTGAGATCGTCAATATTCATTATGTGCTCCTGCCGATGTAGCCTATCTGTATAAA 2220
GTAGTCACTCTAGCAGTTATAAGTAATACACGAGGACGGCTACATCGGATAGACATATTT
2221 GCGGAAGGGGTATCGCCTATCTGTGTAAAGAGGGGAACGGTACAGGGTGACaTATTTGCG 2280
CGCCTTCCCCATAGCGGAIAGACACATTTCTCCCCTTGCCATGTCCCACTGtATAAACGC
2281 ACGCCACCTGTACCTGACCCCCAGCTTGATGGTTTTACTTCTTCTGGTTGGTAATAAGAC 2340
TGCGGTGGACATGGACTGGGGGTCGAACTACCAAAATGAAGAAGACCAACCATTATTCTG
* K K Q N T I L
2341 TCCAGCCCTCGGGCCCAAITTTACTGCCCGCCTTACCGCTCTGATCCTGGGGAATATATT 2400
AGGTCGGGAGCCCGGGTTAAAATGACGGGCGGAATGGCGAGACTAGGACCCCTTATATAA
S W G E P G I K S G A K G S
QD
Q P
I
Y
2401 CCCAAGTCACTTCCTTATAGGCGAAATCAATGGTTTCCTGCGGGCGGTCGCTTCCGCCAG 2460
GGGTTCAGTGAAGGAATATCCGCTTTAGTTACCAAAGGACGCCCGCCAGCGAAGGCGGTC
E W T V B K Y A F D I T E Q P R D S G G
2461 AGGCCCCGGAGCAGTCATAGCTGGAGATGGCTACATTAGTAAATTTATAGATACAGAAGG 2520
TCCGGGGCCTCGTCAGTATCGACCTCTACCGATGTAATCATTTAAATATCTATGTCTTCC
S A G S C D Y S S I A V N T
FK
Y I
C F
2521 CGAACTTATCGCCAGCCTGGGTACAAATCTCCACTTCCAGCGAGGGAAAGTTCTGGCCCT 2580
GCTTGAATAGCGGTCGGACCCATGTTTAGAGGTGAAGGTCGCTCCCTTTCAAGACCGGGA
A F K D G A Q T C I E V E L S
P F N Q G
2581 GAACGGCGGCCGAGGCCAGCTTGACACTGGCGCAGTCCATCCATTTGGTTATACGGAATA 2640
CTTGCCGCCGGCTCCGGTCGAACTGTGACCGCGTCAGGTAGGTAAACCAATATGCCTTAT
Q V A A S A L K V S A C D M W K T I R F
2641 CCGACATTGTGGCCTTACCGGTATTCAGACCCTGGGTACCGCTCTCCATTGAGCACTCAT 2700
GGCTGTAACACCGGAATGGCCATAAGTCTGGGACCCATGGCGAGAGGTAACTCGTGAGTA
V S M T A K G T N I i G Q T G S
E M S C E
2701 TGCCTGCTCCCCATGCAAAGCCCAGTACTTCAATCCATTTTTTGTGCTTAGCATCAGTAG 2706
ACGGACGAGGGGTACGTTTCGGGTCATGAAGTTAGGTAAAAAACACGAATCGTAGTCATC
N G A G W A F G L V E
I W K K H K A D T
2761 ATTCCCCATCAACCTTATCTAGTTTGATATAGGTATCAAAAGCGATAGCGGACCTCTCTT 2820
TAAGGGGTAGTTGGAATAGAXCAAACTATATCCAXAGTTTTCGGTATCGCCTGGAGAGAA
S E G D V K D L K I
Y T D F A M
2821 GTGACAAGATAAACTGTGTTTTAGATATATGTGATAGATAAATTCGGCTAAATAGTTAGC 2880
CACTGTTCTATTTGACACAAAATCTATATACACTATCTATTTAAGCCGATTTATCAATCG
*

_

2881 CTTGCGCCGGTGGCGGCAGATCGGCGACCAAACGTAAAGATGCGGTCAGCCCCTCCAGCT 2940
GAACGCGGCCACCGCCGTCTAGCCGCTGGTTTGCATTTCTACGCCAGTCGGGGAGGTCGA
G Q A P P
P L D A V L R L S A T L G E L
2941 GGAAATGGGGTTTTAAATAGGCCACTGCCTTATAGAACCCCGGTTTACCTGGAATATCGC 3000
CCTTTACCCCAAAATTTATCCGGTGACGGAATATCTTGGGGCCAAATGGACCTTATAGCG
Q F H P K L Y A V A K Y F G P K G P I D
3001 TGACATCAATACGGGCTTCCCGTAATGGGTATTTCGCCTTAATATCCTGGCCTGCATCAT 3060
ACTGTAGTTATGCCCGAAGGGCATTACCCATAAAGCGGAATTATAGGACCGGACGTAGTA
S V D I R A E R L P Y K A K I
D Q G A D
3061 CTGAACCGACCACATAATTACTGATCCACTGATTGAGAAAGTATTCACATTCGCTACGGC 3121
GACTTGGCTGGTGTATTAATGACTAGGTGACTAACTCTTTCATAAGTGTAAGCGATGCCG
D S G V V Y M S I W Q N L F Y E C E S R

(Figure 3.7 con’d)
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f

3121 TCATAAAGCTGCCGAGCTTGTCGCGGACCATCGATTTTAAATAATGGGCAAAGCGCGAGG 3180
AGTAITTCGACGGCTCGAACAGCGCCTGGTAGCTAAAAITTATTACCCGTTTCGCGCTCC
S M F S G L K D R V M S K L Y H A F R S

f

3181 TGGCCATAATATATTGCAGCTGGCAGGCGATCCTGGCGTTGGCATTAGCTGAGTCACTGT 3240
ACCGGTAITATATAACGTCGACCGTCCGCTAGGACCGCAACCGTAAXCGACTCAGTGACA
T A M I
Y Q L Q C A I R A N A N A S
D S

f

3241 CATATTCCTTGGGCTTTTGTGCCGACTGGGTCGAAAAGAATGCGGCATAGTCGGTACCCT 3300
GTATAAGGAACCCGAAAACACGGCTGACCCAGCTTTTCTTACGCCGTATCAGCCATGGGA
D Y E K P K Q A S Q T S F F A A Y D T G

f

3301 TACAGTGGGTCAGGGCGATAAATCCCAGGTCGGCCAACTCTTTCTCCCGGCGATCGGTAA 3360
ATGTCACCCAGTCCCGCTATTTAGGGTCCAGCCGGTTGAGAAAGAGGGCCGCTAGCCATT
K C H T L A I
F G L D A L E K E R R D T

f

3361 TGGCCACTTCGGTGGGACACTTGAGCTCTACTTCGCCATCATCGGTAGTAAAGGTGTGCG 3420
ACCGGTGAAGCCACCCTGTGAACTCGAGATGAAGCGGTAGTAGCCATCATTTCCACACGC
I A V E T
P C K L E V E G D D T T
F T H

f

3421 CCGGCAGTCCCTCCACCAGACCACCTCCTTCGACTCCCCGGATGGCGGCGCACCAGCCAT 3480
GGCCGTCAGGGAGGTGGTCTGGTGGAGGAAGCTGAGGGGCCTACCGCCGCGTGGTCGGTA
A P L G E V L G G G E V G R I A A C W G

f

3481 ATTTGGCATAGGCCTGAGTCAGGCGGGTACCCAGCGCATAGGCCGCATTCAGCCACAGAT 3540
TAAACCGTATCCGGACTCAGTCCGCCCATGGGTCGCGTATCCGGCGTAAGTCGGTGTCTA
Y K A Y A Q T L R T G L A Y A A N L W L

f

3541 ATTTGCCATGCTCCTTGCCGTTGACATCTTCCTCAAAATTGAATGCcTCTACCGGTACCG 3600
TAAACGGTACGAGGAACGGCAACTGTAGAAGGAGTTTTAACTTACGgAGATGGCCATGGC
Y K G H E
K G N V D E E
F N F A E V P V

f

3601 TCGCGGCACCGTAAGGCAGTCGGCCAAGCACGTGGGGCAGGGCCAGGGCGATATAGCGGG 3660
AGCGCCGTGGCATTCCGTCAGCCGGTTCGTGCACCCCGTCCCGGTCCCGCTATATCGCCC
T A A G Y P L R G L V H P L A L A I Y R

f

3361 CATCCTCCGACTGGCGCAGCGATTTCCACTTGGCATACTCAACCGTATCAAAGCCTTTGG 3720
GTAGGAGGCTGACCGCGTCGCTAAAGGTGAACCGTATGAGTTGGCATAGTTTCGGAAACC
A D E S Q R L S
K W K A Y E V T D
F G K

f

3721 CCAGATCCCTGGGGATCGACAGCTCTGTCAGGCTATCCAGTCCGAACATTCCTGCGCTGG 3780
GGTCTAGGGACCCCTAGCTGTCGAGACAGTCCGATAGGTCAGGCTTGTAAGGACGCGACC
A L D R P
I S L E T L S D L G F M G A S

f

3781 CGGCAGAGAGGAAGGGAGCATGGGCTGCCGCCGCAACGTGTGAGATCTCCTCCAGCAGAA 3840
GCCGTCTCTCCTTCCCTCGTACCCGACGGCGGCGTTGCACACTCTAGAGGAGGTCGTCTT
A A S L F P A H A A A A V H S I E E L L

f

3841 ACAGAXCCTCCGGGTGGTTGCTGAACTCATAAICCCCGATCATGGCTGCAAAGGGGGCAC 3900
TGTCTAGGAGGCCCACCAACGACTTGAGTATTAGGGGCTAGTACCGACGTTTCCCCCGTG
F L D E P H N S
F E Y D G X M A A F P A

f

3901 CACCAAAGGTGCCGTACTCCTCCTCATAGACTTTCTTGAACAGGGCGCTCTGATCAAACT 3960
GTGGTTTCCACGGCATGAGGAGGAGTATCTGAAAGAACTTGTCCCGCGAGACTAGTTTGA
G G F T G Y E E E Y V K K F L A S Q D F

f

3961 CGGCGGCACTCTTAAAGTCGCGGATCAGATCTTTTCGGCTGACATTCAGCATGCGGATTT 4020
GCCGCCGTGAGAATTTCAGCGCCTAGTCTAGAAAAGCCGACTGTAAGTCGTACGCCTAAA
E A A S K F D R I L D K R S V N L M R I

(Figure 3.7 con’d)
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f

4021 TCAGGCCGGTACCGGTTTCGCTTTGATGTACCAGGTAATGCAGTCCACGCCATGACCCTT 4080
AGTCCGGCCATGGCCAAAGCGAAACTACATGGTCCATTACGTCAGGTGCGGTACTGGGAA
K L G T G T B S Q H V L Y H L G R W S G

f

4081 CCAGCTTTTGGAAAGCCGGCTCATGCATAATGGTGGACAGCTGGGCGGAGAGCAGCGCAT 4140
GGTCGAAAACCTTTCGGCCGAGTACGTATTACCACCTGTCGACCCGCCTCTCGTCGCGTA
E L K Q F A P E H M I T S L Q A S L L A

f

4141 CGATCTGGGCAATACGTGCCTCAATACTGGCCAGTACGTCACCGGAAACTGTCACCGTTC 4200
GCTAGACCCGTTATGCACGGAGTTATGACCGGTCATGCAGTGGCCTTTGACAGTGGCAAG
D I Q A I R A E I S A L V D G S V T V T

f

4201 CCGACAGAACCTCACTTACCCATTCCCCCAACAGGTCCCGCGCCCGCTCTCTCTCCAGGT 4260
GGCTGTCTTGGAGTGAATGGGTAAGGGGGTTGTCCAGGGCGCGGGCGAGAGAGAGGTCCA
G S L V E S V W E G L L D R A R E R E L

f

4261 CACTGCGTGCCATCCGGGTTTCAGCAATGATGCTATCCAGCAGGCTGTCCTCTGGAGCCG 4320
GTGACGCACGGTAGGCCCAAAGTCGTTACTACGATAGGTCGTCCGACAGGAGACCTCGGC
D S R A M R T E A I
I S D L L S D E P A

fd

4321 CGCTCTCGACAGCGGCACTTTCTGGCAAGTTCTGTTCGCTCATTATTGCTGTTCCTCACT 4380
GCGAGAGCTGTCGCCGTGAAAGACCGTTCAAGACAAGCGAGTAATAACGACAAGGAGTGA
A S
E V A A S
E P L N Q E S
M*
Q Q E E
S

d

4381 AAAACCGGTCTCTTTACCCAGATTTTGCAGTTTTTCGGTATCTTCAATGAIGCCCTGCAA 4440
TTTTGGCCAGAGAAATGGGTCTAAAACGTCAAAAAGCCATAGAAGTTACTACGGGACGTT
F G T E K G L N Q L K E T D
E
I
I G Q L -

d

4441 TACCTCACCCAGGCGCTCGTTGCTGTACATCTTGTTTTTCAGATCGGAGAGTCGGCTGCG 4500
ATGGAGTGGGTCCGCGAGCAACGACATGTAGAACAAAAAGTCTAGCCTCTCAGCCGACGC
V E G L R E N S Y M K N K L D S L R S R -

d

4501 GATATTCATCAGCTTGCGTAGTGGTTCGACCTGTGCCGCTATTCGCTCAGGAGTGAAATC 4560
CTATAAGTAGTCGAACGCATCACCAAGCTGGACACGGCGATAAGCGAGTCCTCACTTTAG
I N M L K R L P E V Q A A I
R E P T F D -

d

4561 CGCCATACTTTGAAAATGCAGCTCCACCGACAGCTGGCTGTCATCTCCTGCCAGGGTATT 4620
GCGGTATGAAACTTTTACGTCGAGGTGGCTGTCGACCGACAGTAGAGGACGGTCCCATAA
A M S Q F H L E V S
L Q S
D D G A L T N -

d

4621 TTCAGTGCGGAATGACAGATGTGGATGTATCCCTTTGATAACATCGTTGAAGTTGTCACG 4 680
AAGTCACGCCTTACTGTCTACACCTACATAGGGAAACTATTGTAGCAACTTCAACAGTGC
E T R F S L H P H I G K I V D M F N D R -

d

4681 ATCAATCGAAACGAATTTGCGTTCTTTCAGCTTGGGAAGCGGGGTCGCCGGTTGCCCTGA 4740
TAGTTAGCTTTGCTTAAACGCAAGAAAGTCGAACCCTTCGCCCCAGCGGCCAACGGGACT
D
I
S V F K R E K L K P L
P T A P Q G S -

d

4741 ATAGTCACCGAGAACCCCCATGACAAATGGCAGCTCCTTCATCTCCTGCGCATCGCCAAT 4800
TATCAGTGGCTCTTGGGGGTACTGTTTACCGTCGAGGAAGTAGAGGACGCGTAGCGGTTA
Y D G L V G M V F P L E K M E Q A D G I -

d

4801 TTCAACATCATAGGTAATCTGCACTCTTGGCGAGCGGACCCGATCCAAAGTATGCTGCTT 4860
AAGTTGTAGTATCCATTAGACGTGAGAACCGCTCGCCTGGGCTAGGTTTCATACGACGAA
E V D Y T I Q V R P S R V R D L T H Q K -

d

4861 GCTTTCACTTGCCATGAATTCATCTCCGTAACATTTCTTACAACACCGTATAATGTTATA 4920
CGAAAGTGAACGGTACTTAAGTAGAGGCATTGTAAAGAATGTTGTGGCATATTACAATAT
S E S A M

(Figure 3.7 con’d)
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4921 GATGGGGATTATATGTGAATGAATTTGTCCATCTTTGTAAAAAATACATATTCATTTCAA 4980
CTACCCCTAATATACACTTACTTAAACAGGTAGAAACATTTTTTATGTATAAGTAAAGTT
4981 TATCGACGATCCGATAATCCCCCCGTATTCCACACTTTCCCTAGGGTAAAAACGGCGCAG 5040
ATAGCTGCTAGGCTATTAGGGGGGCATAAGGTGTGAAAGGGATCCCATTTTTGCCGCGTC
5041 ATGGCAGGCCGCTAAXGTCTGGGTGAGGATGACTGTAACCGGGGACAGCCCCCGAAAGGG 5100
TACCGTCCGGCGATTACAGACCCACTCCTACTGACAITGGCCCCTGTCGGGGGCTTTCCC
5101 GGATTATTTTTGAAGTAATTAGTGCTATTTCAATGCTGAAAAGTTGTACCTACTAATATG 5160
CCTAATAAAAACTTCATTAATCACGATAAAGTTACGACTTTTCAACATGGATGATTATAC
5161 CCAGACCGTCAGGTTCGGAAIGTAGAACTGTGTGGCTCCGCCAGGTAACATTGACCCCCT 5220
GGTCTGGCAGTCCAAGCCTTACATCTTGACACACCGAGGCGGTCCATTGTAACTGGGGGA
5221 ACTTTTTTTTCCAAGGCGGCATTTCGGCGAGAGGAAAAATCGGCATCAATACGCGGCATT 5280
TGAAAAAAAAGGTTCCGCCGTAAAGCCGCTCTCCTTTTTAGCCGTAGTTATGCGCCGTAA
5281 CCTTTAAATCCACCGAACCAGGCATAGACGGGAACCTTTAGGGTTATTTCAAGCAACCAG 5340
GGAAATTTAGGTGGCTTGGTCCGTAICTGCCCTTGGAAATCCCAATAAAGTTCGTTGGTC
5341 TCGAGAGAGTTCCAGTTTTCTTTGATAACGGAGGTGAGTCGTCCCCATTCCCTCATTGAT 5400
AGCTCTCTCAAGGTCAAAAGAAACTATTGCCTCCACTCAGCAGGGGTAAGGGAGTAACTA
5401 ACTCCGTTTTGCTTAGCTAATAGCATACGCTGCTGCAGGCCTCCATCATGCCGGAAGGGC 5460
TGAGGCAAAACGAATCGATTATCGTATGCGACGACGTCCGGAGGTAGTACGGCCTTCCCG
5461 TGGATGGGACTCCACCAGGGAGACAGCAGGGTAGCATCAGTGACTTGGCGTCTTGACAAT 5520
ACCTACCCTGAGGTGGTCCCTCTGTCGTCCCATCGTAGTCACTGAACCGCAGAACTGTTA
5521 GCATTCGAACCATTGAATTTATATAATCCTGTCCCTGCAGGAAGAAGCTCTTTAGTTGGC 5580
CGTAAGCTTGGTAACTTAAATATATTAGGACAGGGACGTCCTTCTTCGAGAAATCAACCG
5581 AAACCATACGATATTTTAAATGCATCGCAGACGGTGGTTCCTGGACCGGTAGAAATATTA 5640
TTTGGTATGCTATAAAATTTACGTAGCGTCTGCCACCAAGGACCTGGCCATCTTTATAAT
5641 CCGACATGGTTCCAGTCTAGATCAGAGTTCAAAATAGACATAATGCGCTATCCTTTTTCA 5700
GGCTGTACCAAGGTCAGATCTAGTCTCAAGTTTTATCTGTATTACGCGATAGGAAAAAGT
5701 GTAGATTTGAGCGTGCTATTAXAGAAG 5727
CATCTAAACTCGCACGATAATATCTTC
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ORF eip19: putative 19 KD protein, possibly antigenic
ORF elp18: putative 18 KD protein, possibly antigenic
ORF elp55: putative 55 KD antigenic protein
ORF eip20: putative 20 KD protein, possibly antigenic

Figure 3.8: Schematic diagram of the insert of E. Ictaluri genomic DNA in clone 4d6 double-strand sequenced starting from the T3 and
T7 primers. Sequenced portions are donoted by arrows on top of the insert and putative ORF regions encoding antigenic proteins are
denoted by arrows in the direction they are encoded.
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Table 3.3: Analysis of possible open reading frames (ORF) encoded by the Edwardsiella
ictaluri insert of clone 4d6. Estimated isoelectric points (pi) and molecular weights (MW)
are shown with MW in kilodaltons. Partial ORFs and promoters are denoted with (p).
Sequence locations of ORFs encoded in the reverse direction are denoted parenthetically.
Reading
Frame

ORF

Location in
Sequence

# of Amino
Acids

MW

Pi

Promoter

f

1(P)

(271-1)

90

10.3

9.92

no

f

2

(2185-974)

403

42.3

8.98

yes

f

3*

(2806-2315)

163

17.8

4.96

yes

f

4*

(4363-2876)

495

54.5

4.85

yes

e

5(P)

(485-1)

161

18.2

7.32

no

e

6*

(965-489)

159

18.8

4.78

yes

e

7

(5681-5169)

171

19.1

9.83

yes (p)

d

8*

(4875-4363)

171

19.5

5.09

yes

b

9

113-589

159

17.2

11.13

yes

b

10

2309-2692

128

13.4

9.33

yes

b

11

4103-4573

157

17.4

9.79

yes

Table 3.4: Comparison of the Escherichia coll o70 promoter consensus sequence (Lewin
1990) to the putative promoter regions of the open reading frames (ORF) encoding
putative antigenic proteins in the E. ictaluri insert of clone 4d6. The N designates an
Re-named
(Original)
ORF

-35

#
bases
between

-10

*
bases
between

+1
start
site

#
bases
between

ShineDelgarno

E. coB

TTGACA

16-19

TATAAT

5-9

A/G

N

A/G rich

eip55 (4)

TTGAAG

14

CAAAAT

7

A

16

GAGGAA

eip20 (8)

TTACCA

22

TATAAT

8

A

31

GGAGA

eip19 (6)

TCGACC

16

TAAAAA

5

A

6

GAG

eip18 (3)

ATCACA

18

TATCTT

5

A

2

AGAGG
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Clone 1 .4 ,5d2 and 5d3 Sequence Data
The dones 1.4 and 5d2 contained the same inserts except that the insert in 1.4 was 207
bp larger at the T7 end, and the inserts were in opposite orientations behind the pBK-CMV
promoter. The double-strand sequence data o f the overlapping inserts of 5d2 and 5d3, and the
T3 and T7 sequence data of the 1.4 insert are shown in Figure 3.9. A schematic diagram o f the
1 .4 ,5d2 and 5d3 inserts is shown in Figure 3.10. The length of the entire region encoded by the
three inserts was 6362 bp long after the vector sequence was eliminated, this sequence was
designated 5d23.
The sequence data showed that the insert of 5d3 overlapped with the inserts of 1.4 and
5d2 by 2027 bp. The insert in 1.4, though not double-strand sequenced, was determined to be
4151 bp long by alignment of the T3 and T7 sequence data with the double-strand sequence of
5d2 and 5d3. The 1.4 insert encoded base pairs 1 to 4151 of the 6362 region. The insert in 5d2
was determined to be 3943 bp long and encoded base pairs 208 to 4152 of the 6362 region. The
insert in 5d3 was determined to be 4238 bp long and encoded base pairs 2124 to 6362 bp of
6362 region (Figure 3.10).
Sequence comparison using BLAST showed a large region of homology with the £ . coli
genome in the 65 to 68 minute region (Accession U28377). The 6362 bp sequence of £ . ictaluri
had homology with a 15,443 bp region of £ coli which encoded the genes and O RF’s serA, rpiA,

iciA, sbm, ygfD, ORF_o275, ORF_o492, O RF_f303, yggE, yggA, yggB, fda, and pgk. Map
identified nineteen potential ORFs in the six different reading frames of 5d23 sequence, many
of which were overlapping. Comparison with Blast results showed that five complete ORFs and
two partial ORFs of 5d23 had high identities with seven of the genes encoded by E.coli. The
5d23 sequence included partial sequences of the serA and pgk genes, and complete sequences
of rpiA, iciA, yggE, yggB and ft/a. The regions encoding E. coli genes sbm, ygfD, ORF_o275,
ORF_o492, ORF_f303 and yggA were not present in the 6362 bp 5d23 sequence. Gap was used
to compare regions encoding the E. coli genes with the putative E. ictaluri genes, results are
shown in Table 3.5.
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d

1 TCTCCCAGCACCATCTCCGCCACCGAGCGGGTGTTGGAAAACGGCGCGTTGAACACCGGG 60
AGAGGGTCGTGGTAGAGGCGGTGGCTCGCCCACAACCTTTTGCCGCGCAACTTGTGGCCC
G L V M E A V S
R T
N
S F
P A N
F V
P -

d

61 ACACCGCGGCGCTGCGCCGCAGCCAGATCGACCTGATTGGTCCCGAIACAAAAGCAGCCC 120
TGTGGCGCCGCGACGCGGCGTCGGTCTAGCTGGACTAACCAGGGCTATGTTTTCGTCGGG
V G R R Q A A A L D V Q N T G I C F C G -

d

121 ACCGCCACCAGCTTTTCCGCCGCGGAAAACATCGCCTCACTCAGTTGGGTGCGCGAGCGC 180
TGGCGGTGGTCGAAAAGGCGGCGCCTTTTGTAGCGGAGTGAGTCAACCCACGCGCTCGCG
V A V L K E A A S F M A E S L Q T R S R -

d

181 AGACCGATAAAATGGGCATCGCGGATCGCCTCGCGCAGCGCATcGTCATCCAACGCTCCC 240
TCTGGCTATTTTACCCGTAGCGCCTAGCGGAGCGCGTCGCGTAgCAGTAGGTTGCGAGGG
L G I F H A D R I A E R L A D D D L A G -

d

241 TTATGGTATTCAATATTGTTATAACCGGCGGCGCGCAACGTAICGACGGCGCTTTGATGC 300
AAXACCATAAGTTATAACAATATTGGCCGCCGCGCGTTGCATAGCTGCCGCGAAACTACG
K H Y E
I
H N Y G A A R L T
D V A S
Q H -

d

301 ACCCCCTCCACCAGCAAAAACTTAATTCTGTCCTTGTCCAAAGAAACTTTTGCCATGATC 360
TGGGGGAGGTGGTCGTTTTTGAATTAAGACAGGAACAGGTTTCTTTGAAAACGGTACTAG
V G E V L L F K I
R D K D L S V K A M
361 TGCCCTACTGTCCGAAAGGAAATGGTGTGCAAATGTGCGGTTCCTGTGCACCAGCTACGG 420
ACGGGATGACAGGCTTTCCTTTACCACACGTTTACACGCCAAGGACACGTGGTCGATGCC
421 CATTGAGCGTCCACCACTGCGCAACGCCGCTTTATCAACATAACAAAAATTACACTCGCG 480
GTAACTCGCAGGTGGTGACGCGTTGCGGCGAAATAGTTGTATTGTTTTTAATGTGAGCGC
481 ACAAGCGATGGGCGGGCGATAAACATCGTCACGCCGATAGCGCAATAGGCATAAACTGGT 541
TGTTCGCTACCCGCCCGCTATTTGTAGCAGTGCGGCTATCGCGTTATCCGTATTTGACCA
541 AAAAAATATTAATAAGACGGAATGTATCAGCGGGAAAAATTGAATCGGCTAAACTCTGTG 600

TTTTTTMAATTATTCTGCCTTACATAGTCGCCCTTTTTAACTTAGCCGATTTGAGACAC

601 ATAGATGTCACCGAATTTCACCACAGCAGAAAAAAATGTCCGCCGCAGGCACAGCGCCCC 660
TATCTACAGTGGCTTAAAGTGGTGTCGTCTTTTTTTACAGGCGGCGTCCGTGTCGCGGGG

e

661 GCAACGGCGGGGCACCCAGAGGCGATTATAGGGTCAGCGTTTTGACGCCATCCGCGCAGC 720
CGTTGCCGCCCCGTGGGTCTCCGCTAATATCCCAGTCGCAAAACTGCGGTAGGCGCGTCG
* L T L T K V G D A C -

e

721 CGACCAGCGCAACGTCGGCACCGCGGTTGGCAAACAGCCCCACCGTCACGACGCCGGCGA 780
GCTGGTCGCGTTGCAGCCGTGGCGCCAACCGTTTGTCGGGGTGGCAGTGCTGCGGCCGCT
G V L A V D A G R N A F L G V T V V G A

e

781 TGGCGTTAATGGCGTTCTCCAGTTTGCACGGCTCCATGATCTGCAGGTTGTGTACATCCA 840
ACCGCAATTACCGCAAGAGGTCAAACGTGCCGAGGTACTAGACGTCCAACACATGTAGGT
I A N I A N E L K C P E M I
Q L N H V D

e

841 GGATCACGTTGCCATTGTCGGTCAGTACGCCCTGACGATACACCGGCTGCCCGCCCAGCT 900
CCTAGTGCAACGGTAACAGCCAGTCATGCGGGACTGCTATGTGGCCGACGGGCGGGTCGA
L I V M G N D X L V G Q R Y V P Q G G L

Figure 3.9: Double-strand sequence of Edwardsiella ictaluri overlapping inserts in clones
1.4, 5d2 and 5d3 with the deduced amino acid sequences of open reading frames
encoding proteins homologous to Escherichia coli proteins, some of which are antigenic
(d, e and f denote reading frames).
(Figure 3.9 con’d)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

159
901 TCACCAGCTCACGGGCAACATAGGCGCGCGCCATCGGGATCACCTCGACCGGTAGCGGGA 960
AGTGGTCGAGTGCCCGTTGTATCCGCGCGCGGTAGCCCTAGTGGAGCTGGCCATCGCCCT
K V L E R A V Y A R A M P
I V E V P
L
P
961 AGCTACCCAGAAIATCGACCTGTTTAGAGGCATCGACGATACAGACGAACTTCTTGGCCA 1020
TCGATGGGTCTTATAGCTGGACAAATCTCCGTAGCTGCTATGTCTGCTTGAAGAACCGGT
F
S G L
I
D V Q K S A D V I C V F K K A
1021 CCGCCGCCACGATCTTCTCACGTGTCAGCGCGGCGCCGCCGCCCTTGATCATCTGCATGG 1080
GGCGGCGGTGCTAGAAGAGTGCACAGTCGCGCCGCGGCGGCGGGAACTAGTAGACGTACC
V A A V I K E R T L A A G G G K I M Q M
1081 CGCCGTTGATCTCATCGGCCCCATCCACATAGATATCCAGCGAATCCACCTCATTGAGGT 1140
GCGGCAACTAGAGTAGCCGGGGTAGGTGTATCTATAGGTCGCTTAGGTGGAGTAACTCCA
A G N I E D A G D V Y I D L S D V E N L
1141 CAAAGACCGGGATCCCCAGGCTTTTCAGCCTGGCGGTGGAGGCATCAGAGCTGGAGACCG 1200
GTTTCTGGCCCTAGGGGTCCGAAAAGTCGGACCGCCACCTCCGTAGTCTCGACCTCTGGC
D F V P I G L S K L R A T S A D S S S V
1201 CACCCTCGATCTGGCCCTTCATGGTCGCCAGCGCATCAATAAAGTGTGAGGCGGTGGAGC 1260
GTGGGAGCTAGACCGGGAAGTACCAGCGGTCGCGTAGTTATTTCACACTCCGCCACCTCG
A G E
I Q G K M T A L A D
I
F H S A T S
1261 CGGTGCCTACCCCGACAATGGTCCCAGGGCGCACATACTTCAGCGCTGCCCAGCCCACTG 1320
GCCACGGATGGGGCTGTTACCAGGGTCCCGCGTGTATGAAGTCGCGACGGGTCGGGTGAC
G T G V G V I
T G P
R V Y K L A A W G V
1321 CTTTTTTCAATTCATCCTGCGTCATACCGTATCCTATGGACTTTGCTACGAAAACGTGTG 1380
GAAAAAAGTTAAGTAGGACGCAGTATGGCATAGGATACCTGAAACGATGCTTTTGCACAC
A K K L E D Q T M
1381 CGTTATTATAGAGCAGCGCGCATAAATACCCCACAACAGCGGCGTAAATTTACGCCTGCT 1440
GCAATAATATCTCGTCGCGCGTAXTTATGGGGTGTTGTCGCCGCATTTAAATGCGGACGA
1441 CTCTGTTTTTTTCCCGTTTCACCCGCGTATTTTCTCCGCGACGCCCGCCAAAATGTGGCA 1500
GAGACAAAAAAAGGGCAAAGTGGGCGCATAAAAGAGGCGCTGCGGGCGGTTTTACACCGT
1501 TATTGCGGTAGCGCCTCCAGCCGCCATGCGGAGCCTGAATAGGGCCCTCCGCCTAGGGCG 1560
ATAACGCCATCGCGGAGGTCGGCGGTACGCCTCGGACTTATCCCGGGAGGCGGATCCCGC
1561 GACCATGCGCGCCGTATTCCCGACGTGAGCAATAACGTTTATACATAACAAAAATGGAAC 1620
CTGGTACGCGCGGCATAAGGGCTGCACTCGTTATTGCAAATATGTATTGTTTTTACCTTG
1621 CAAGGGGACAGATACCATAATGAAACGCCCGGACTACCGGACCTTGCAGGCACTGGACGC 1680
GTTCCCCTGTCTATGGTATTACTTTGCGGGCCTGATGGCCTGGAACGTCCGTGACCTGCG
M K R P D Y R T L Q A L D A 1681 CGTCAXCCGCGAACGTGGTTTTGAGCGCGCTGCTCAAAAACTTTGCATCACGCAGTCGGC 1740
GCAGTAGGCGCTTGCACCAAAACTCGCGCGACGAGTTTTTGAAACGTAGTGCGTCAGCCG
V I
R E R G F E R A A Q K L C
I
T
Q S A 1741 GGTCTCCCAACGCATCAAGCAACTGGAAAACCTGTTTGGCCAGCCGCTGCTGGTACGTAC 1800
CCAGAGGGTTGCGTAGTTCGTTGACCTTTTGGACAAACCGGTCGGCGACGACCATGCATG
V S Q R I
K Q L E N L F G Q P L L V R T 1861 ACTGCTGGAGGAGGAGTGGCTGGGTAATGACAACAGCAGCGATGGTCCGCTGCTACTGTC 1920
TGACGACCTCCTCCTCACCGACCCATTACTGTTGTCGTCGCTACCAGGCGACGATGACAG
L L E E E W L G N D N S S D G P L L L S -

(Figure 3.9 con'd)
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b

1981 GGCCGACTCACCGCTGCGCCTGAATCTGCAGGTCGAAGACGAAAGCCGCACCCAGGAGCG 2040
CCGGCTGAGTGGCGACGCGGACTTAGACGTCCAGCTTCTGCTTTCGGCGTGGGTCCTCGC
L A V N A D S L A T W L L P A L K P V L -

b

1921 GCTGGCAGTCAACGCCGACAGTCTGGCGACCTGGCTGCTGCCGGCCCTGAAGCCAGTGCT 1980
CGACCGTCAGTTGCGGCTGTCAGACCGCTGGACCGACGACGGCCGGGACTTCGGTCACGA
A D S P L R L N L Q V E D E S R T Q E R -

b

2041 CCTGCGCCGCGGTGAAGTGGTCGGCGCAGTGAGTCTGCAGCCCCAGCCGCTGCCGAGCTG 2100
GGACGCGGCGCCACTTCACCAGCCGCGTCACTCAGACGTCGGGGTCGGCGACGGCTCGAC
L R R G E V V G A V S L Q P Q P L P S C -

b

2101 CCTGGTGGATCGTCTGGGCGCGCTGGACTATCTGTTCTGCGCCTCCCCCGCCTTTGCCGC 2160
GGACCACCTAGCAGACCCGCGCGACCTGATAGACAAGACGCGGAGGGGGCGGAAACGGCG
L V D R L G A L D Y L F C A S
P A
F A A -

b

2161 CCGCTACTTCCCCAACGGGGTAACGCGCTCATCGTTACTGAAAGCGCCAGCGGTCGCCTT 2220
GGCGATGAAGGGGTTGCCCCATTGCGCGAGTAGCAATGACTTTCGCGGTCGCCAGCGGAA
R Y F P N G V T R S S L L K A P A V A F -

b

2221 TGACCACCTGGACGACATGCATCAGGCTTTCCTACAGCAAAACTTCGAACTGCCGCCGGG 2280
ACTGGTGGACCTGCTGTACGTAGTCCGAAAGGATGTCGTTTTGAAGCTTGACGGCGGCCC
D H L D D M H Q A F L Q Q N F E L P P G -

b

2281 CAGCGTACCCTGTCATATCGTTAACTCATCCGAAGCGTTTGTACAGCTGGCGCTGCAGGG 2340
GTCGCATGGGACAGTATAGCAATTGAGTAGGCTTCGCAAACATGTCGACCGCGACGTCCC
S V P C H I V N S
S E A F V Q L A L Q G -

b

2341 CACTACCTGCTGTATGCTGCCGCACCTGCAGGTTGAGCGCGAGCTGCGCAAAGGAGTACT 2400
GTGATGGACGACATACGACGGCGTGGACGTCCAACTCGCGCTCGACGCGTTTCCTCATGA
T T C C M L P H L Q V E R E L R K G V L -

b

2401 GATCGATCTGACGCCGGGCATGGTCCAGCGCCGAATGCTGTACTGGCACCGTTTTGCCCC 2460
CTAGCTAGACTGCGGCCCGTACCAGGTCGCGGCTTACGACATGACCGTGGCAAAACGGGG
I
D L T P G M V Q R R M L Y W H R F A P -

b

2461 GGAGAGCCGCCTGATGCGGCGGGTCACCGATGCGCTGATAAGCCACGGCCGCGACGTGCT 2520
CCTCTCGGCGGACTACGCCGCCCAGTGGCTACGCGACTATTCGGTGCCGGCGCTGCACGA
E S R L M R R V T
D A L
I
S H G R D V L -

b

2521 GCGCCAGGACTAGACACTGGAGCTGCGCGCGGCAACGCGGGATCGGCAATCGATCCCGCC 2580
CGCGGTCCTGATCTGTGACCTCGACGCGCGCCGTTGCGCCCTAGCCGTTAGCTAGGGCGG
R Q D *

e

2581 CACTATCGGCCCGTTATTTACTCAGGTTAAACACCACCTCAACCCGATCGTCGAAGTGAA 2640
GTGATAGCCGGGCAATAAATGAGTCCAATTTGTGGTGGAGTTGGGCTAGCAGCTTCACTT
* K S L N F V V E V R D D F H -

e

2641 TCGTCTGCTGCTCATAGGTTTGTGCCGCCGAGGTTTGATTGGCGGACGGCGCCGCCGCGT 2700
AGCAGACGACGAGTATCCAAACACGGCGGCTCCAAACTAACCGCCTGCCGCGGCGGCGCA
I
T
Q Q E Y T Q A A S T Q N A S
P A A A

e

2701 ACATGCGTGTCTCCGGCTCCGGCTGGAAGTTGGAGACGTGATAACGGACGCTATAGACCG 2760
TGTACGCACAGAGGCCGAGGCCGACCTTGAACCTCTGCACTATTGCCTGCGATATCTGGC
Y M R T E P E P Q F N S V H Y R V S Y V

e

2761 GcCCCAACGTTACCCCAAACCCCTGCGCCAGGGACTCCGCCTGGGATATCGCGTTCCTGA 2820
CgGGGTTGCAATGGGGTTTGGGGACGCGGTCCCTGAGGCGGACCCTATAGCGCAAGGACT
P G L T V G F G Q A L S E A Q S
I A N R

(Figure 3.9 con’d)
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e

2821 TCGCCATCTGGCGCGCCTTATCGCGGTACACCTCAGGCTTGGCAACGCCCAGCTCGACAG 2880
AGCGGTAGACCGCGCGGAATAGCGCCATGTGGAGTCCGAACCGTTGCGGGTCGAGCTGTC
I A M Q R A K D R Y V E P
K A V G L
E V

e

2881 AGCGGATCTCAITAAGGTTGGCCTTCAGCGCCCCGTCCAACAGACTGTTAAGCTTATCCA 2940
TCGCCTAGAGTAATTCCAACCGGAAGTCGCGGGGCAGGTTGTCTGACAAXTCGAATAGGT
S R I E N L N A K L A G D L L S N L K D

e

2941 GCTGACGCAACGTCACCTGTACGGTACGCACGGCACGGTAXCCCTTCAGCTGGCTTTTCC 3000
CGACTGCGTTGCAGTGGACATGCCATGCGTGCCGTGCCATAGGGAAGTCGACCGAAAAGG
L Q R L T V Q V T R V A R Y G K L Q S K

e

3001 CATCTTTCTGATACTCATACTCTGGCATGGTATACAGATTGGCGGCGCTGATATCCTGCG 3060
GTAGAAAGACTAXGAGTAIGAGACCGTACCATAXGTCTAACCGCCGCGACTATAGGACGC
G D K Q Y E Y E P M T Y L N A A S I D Q

e

3061 GGTCGATGCCGTTACGCTTCAAAAAGTCAAAATATTTGGCTACCCGCTGATCGACCTGAG 3120
CCAGCTACGGCAATGCGAAGTTTTTCAGTTTTATAAACCGATGGGCGACTAGCTGGACTC
P D I G N R K L F D F Y K A V R Q D V Q

e

3121 ACTTGGCAACGGCGGCATCTTTAGCGCTGGCGTTAACCTGAAAGGTCAGGGTAGCCATGT 3180
TGAACCGTTGCCGCCGTAGAAATCGCGACCGCAATTGGACTTTCCAGTCCCATCGGTACA
S K A V A A D K A S A N V Q F T L T A M

e

3181 CGGGAACGGCATCCACGCTGGCGGTACCCGATGTCACTACGTGCGGCCCCTCTGGGACCT 3240
GCCCTTGCCGTAGGTGCGACCGCCATGGGCTACAGTGATGCACGCCGGGGAGACCCTGGA
D P V A D V S A T G S T V V H P G E
P V

e

3241 CCGCCGCCTGAACACTGGCGGCCATGCCACCGACACCCATCATTGCAGCCAAGGCCAAXA 3300
GGCGGCGGACTTGTGACCGCCGGTACGGTGGCTGTGGGTAGTAACGTCGGTTCCGGTTAX
E A A Q V
S A A M G G V G M M A A L A
L

e

3301 CTGTTAATTTCATGGTTATCCTCCGGTTCACTACTACGTTGCCAGGGGCTTCCCCTCTGT 3360
GACAATTAAAGTACCAATAGGAGGCCAAGTGATGATGCAACGGTCCCCGAAGGGGAGACA
V T
L
K M
3361 CATGCGCCAGACCCTAAGGTCCAACCCTATCCCGCCGACCGATCGCCGACGAATGTGCTG 3420
GTACGCGGTCTGGGATTCCAGGTTGGGATAGGGCGGCTGGCTAGCGGCTGCTTACACGAC
3421 TTAGCATAGCGCGCCTATGGCGCGACGTGAATCGGATATTCCCTACATAGCCGGTCATTG 3480
AATCGTATCGCGCGGATACCGCGCTGCACTTAGCCTATAAGGGATGTATCGGCCAGTAAC
3481 ACGCACCAACGATCGCGCAATAAACCACATAACTCCGCCGACAGCCATATTGATCGACCG 3540
TGCGTGGTTGCTAGCGCGTTATTTGGTGTATTGAGGCGGCTGTCGGTATAACTAGCTGGC
3541 CTGGGCGCGCAAATGGCTCAGCCAGGCCACCTGCAGCGCCAGACCCTACCGAGGcTATTC 3600
GACCCGCGCGTTTACCGAGTCGGTCCGGTGGACGTCGCGGTCTGGGATGGCTCCgATAAG
3601 AGACCGCCCCAGATCACCAGCTTCAACGCGCGGCCGTCGAAGGTCCCGGCGCAGATCAGC 3660
TCTGGCGGGGTCTAGTGGTCGAAGTTGCGCGCCGGCAGCTTCCAGGGCCGCGTCTAGTCG
3661 GCCGTACTCAGGATGAATCGCTGCACAAATGCAGAAAATATAACGATGCCCCTTCAGAAG 3720
CGGCATGAGTCCTACTTAGCGACGTGTTTACGTCTTTTAIATTGCTACGGGGAAGTCTTC
3721 AGGAGGAGCGGACGGTTAATARAGAGAATCATAAACAGCCGGGCAGCGACGGGGGAAATA 3780
TCCTCCTCGCCTGCCAATTATTTCTCTTAGTATTTGTCGGCCCGTCGCTGCCCCCTTTAT
3781 GCGATTTCTTATCGCAGATTAGACGGGCTCATGGTGTCTGGCCGGGGCGTCGGCCAGACG 3840
CGCTAAAGAATAGCGTCTAATCTGCCCGAGTACCACAGACCGGCCCCGCAGCCGGTCTGC

(Figure 3.9 con'd)
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d

3841 GGAGGAGATCACTCGGCACGGGCTTTGACAGCCTGATACAGATGCACGTCCATCTGTGGG 3900
CCTCCTCTAGTGAGCCGTGCCCGAAACTGTCGGACTATGTCTACGTGCAGGTAGACACCC
* E A R A K V A Q
Y L H V D M Q
P
-

d

3901 AACGGAATGCCAATATTAITGGCATCCAGCGCGCGTTTGAAATTCTCCATCAGAICAAAA 3960
TTGCCTTACGGTTATAATAACCGTAGGTCGCGCGCAAACTTTAAGAGGTAGTCTAGTTTT
F P I G I N N A D L A R K F N E M L D F -

d

3961 TAGATGGCCCAATAGTCGGCGTTGTTGCCCCAGACACGCACCACAAAATTGAGCGACGAG 4020
ATCTACCGGGTTATCAGCCGCAACAACGGGGTCTGTGCGTGGTGTTTTAACTCGCTGCTC
Y I A W Y D A N N G W V R V V F N L S S

d

4021 GCCGCCATTTCGTTCAGGCGAATGGTAACGCCATCATCGTGCAGAATGCGCGTATCGGCC 4080
CGGCGGTAAAGCAAGTCCGCTTACCATTGCGGTAGTAGCACGTCTTACGCGCATAGCCGG
A A M E N ' L R I T V G D
D H L
I
R T D A -

d

4081 GCCACCACATCGCCCAGCACCCGCTTGACCACGTCGATAICGGCGTCGTAGGCCACACCC 4140
CGGTGGTGTAGCGGGTCGTGGGCGAACTGGTGCAGCTATAGCCGCAGCATCCGGTGTGGG
A V V D G L V R K V V D
I D A D Y A V G -

d

4141 ACGATAATATCGATCCGGCGCTTCGGCTCGCGGGAGAAGTTGATGATGTTGCCGGCAATG 4200
TGCTATTATAGCTAGGCCGCGAAGCCGAGCGCCCTCTTCAACTACTACAACGGCCGTTAC
V I
I D I R R K P E R S
F N I
I N G A I
-

d

4201 ATCTTGCCATTGGGCACCACAATCACTTTATTGTCAGCTGTGGCCAGCGTGGTAGAGAAA 4260
TAGAACGGTAACCCGTGGTGTTAGTGAAATAACAGTCGACACCGGTCGCACCATCTCTTT
I K G N P V V I V K N D A T A L T T S F -

d

4261 ATCTGCACCTCGCGTACCGTGCCGGTGACGCCGCCCAGATCCACGACCTCTCCCGCGCGG 4320
TAGACGTGGAGCGCATGGCACGGCCACTGCGGCGGGTCTAGGTGCTGGAGAGGGCGCGCC
I Q V E R V T G T V G G L D V V E G A R -

d

4321 AACGGGCGGAACAGCACCAGCAGCACGCCGGCGGCAAAGTTGGACAACGACCCCTGTAGC 4380
TTGCCCGCCTTGTCGTGGTCGTCGTGCGGCCGCCGTTTCAACCTGTTGCTGGGGACATCG
F P R F L V L L V G A A F N S
L S
G Q L -

d

4381 GCCAGACCGACCGCCAAACCGGCGGCACCCAGCACAGCGATCACCGAGGTGGTCTGCACC 4440
CGGTCTGGCTGGCGGTTTGGCCGCCGTGGGTCGTGTCGCTAGTGGCTCCACCAGACGTGG
A L G V A L G A A G L V A I V
S T
T Q V
-

d

4441 CCAAGCCGCCCCAGCGCGGCGATAATGGTAAAGGCCAGAATGGCATAACGTACCATCGCC 4500
GGTTCGGCGGGGTCGCGCCGCTATTACCATTTCCGGTCTTACCGTATTGCATGGTAGCGG
G L R G L A A I
I T F A L I A Y R V M A -

d

4501 GCCAGGAAATGCACTACCGTCACATCCAGACCACGCGCCTTCAGCAGGCGAATCAGCGTC 4560
CGGTCCTTTACGTGATGGCAGTGTAGGTCTGGTGCGCGGAAGTCGTCCGCTTAGTCGCAG
A L F H V V T V D L G R A K L L R I L T -

d

45 61 GTCGAAATGCCGCGGGCGATCAGGGAACCGATGATCAGGATCACTACCGCCGCCACCAGA 4620
CAGCTTTACGGCGCCCGCTAGTCCCTTGGCTACTAGTCCTAGTGATGGCGGCGGTGGTCT
T
S
I
G R A I L S G I
I
L I V V A A V L
—

d

4621 TTGACGGCATAGCCCAGCAGCAAATCCTGGTTACGGACGATCCAACCGCCGGCGCTCTGT 4680
AACTGCCGTATCGGGTCGTCGTTTAGGACCAATGCCTGCTAGGTTGGCGGCCGCGAGACA
M V A Y G L L L D Q N R V I W G G A S Q -

d

4 681 ATGCCGTCAACTACATCCAATTCTTTCATCTTATTTTTTACCCTCTGATTTCATTACCTG 4740
TACGGCAGTTGATGTAGGTTAAGAAAGTAGAATAAAAAATGGGAGACTAAAGTAATGGAC
I
G D V V D L E K M

(Figure 3.9 con'd)
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4741 ACTCCGTCACCGTAACCCCGATAACACGGGCAAAACAGGCCGCAGATCGCAGCCCAATGA 4800
tgaggcagtggcattggggctattgtgcccgttttgtccggcgtctagcgtcgggttact

4801 TTATAAGGGTAACCCAACTACGGCGATGAACTCCACATTTCATTAACGCTAACAATCTGA 4860
AATATTCCCATTGGGTTGATGCCGCTACTTGAGGTGTAAAGTAATTGCGATTGTTAGACT
4861 AAATTAAAACCATATAACACAACGTATTGATATGGCCGCTCGCGATGATATTTCCCTTTC 4920
TTTAATTTTGGTATATTGTGTTGCATAACTATACCGGCGAGCGCTACTATAAAGGGAAAG
4921 CCGGCGATCTCCCGGCAIAAAAAAACCCCGCAACGCGGGGTTTCTCCAGCCGATTGACGA 4980
GGCCGCTAGAGGGCCGTATTTTTTTGGGGCGTTGCGCCCCAAAGAGGTCGGCTAACTGCT
4981 CGATTACAGCACGTCGATACAGTTCAGCTCTTTGAACGCCTGCTCCAGACGCTCGATCAT 5040
GCTAATGTCGTGCAGCTATGTCAAGTCGAGAAACTTGCGGACGAGGTCTGCGAGCTAGTA
♦ L V D I C N L E K F A Q E L R E I M 5041 GCCAGTCTGAGCGGCACGCAGCCATACGCGTGGA1CGTAGTACTTCTTGTTCGGCTTGTC 5100
CGGTCAGACTCGCCGTGCGTCGGTATGCGCACCTAGCATCAXGAAGAACAAGCCGAACAG
G T Q A A R L W V R P D Y Y K K N P K D 5101 GTCGCCTTCCGGATTACCCAGCTGGCCCTGCAGATAACCTTCGTTCTTCTTGTAGTACTT 5160
CAGCGGAAGGCCTAATGGGTCGACCGGGACGTCTATTGGAAGCAAGAAGAACAXCATGAA
D G E P N G L Q G Q L Y G E N K K Y Y K CAGCACACCTTCCCAGGTTGCCCACTGGGTATCGGTGTCGATGTTCATCTTCACCACACC
5161 ----------------------+----------------------+----------------------+--------------------- +----------------------+----------------------+ 5220
GTCGTGTGGAAGGGTCCAACGGGTGACCCATAGCCACAGCTACAAGTAGAAGTGGTGTGG
L V G E W T A W Q T D T D
I
N M K V V G 5221 GTAGCTGA.CCGCTTCTTTGATCTCTGCCGCGGTAGAGCCGGAGCCACCGTGGAAGACAAA 5280
CATCGACTGGCGAAGAAACTAGAGACGGCGCCATCTCGGCCTCGGTGGCACCTTCTGTTT
Y S V A E K I
E A A T S G S G G H F V F 5281 GTTCAGGCTGTTATGCGGCAGGTTATGCTTCTTGGAGACATACTCCTGAGAGTTTTTCAG 5340
CAAGTCCGACAATACGCCGTCCAATACGAAGAACCTCTGTATGAGGACTCTCAAAAAGTC
N L S N H P L N H K K S V Y E Q S N K L 5341 GATCACCGGCGTCAGCTGCACGTTACCCGGCTTGTACACGCCGTGCACGTTGCCGAAGGA 5400
CTAGTGGCCGCAGTCGACGTGCAATGGGCCGAACATGTGCGGCACGTGCAACGGCTTCCT
I V P T L Q V N G P K Y V G H V N G F S 5401 GGCAGCGATGGTGAAACGCGGGCTGATGGCGCTCAGCTTGGTGAACGCGTAGTCCACGTC 5460
CCGTCGCTACCACTTTGCGCCCGACTACCGCGAGTCGAACCACTTGCGCATCAGGTGCAG
A A I
T
F R P
S
I A S L K T
F A Y D V D 54 61 CTCCGGCTGGGTGTACAGCGCGGAGTTGTCCAGGTGACTGTTGTCCACACCGTCTTCTTC 5520
GAGGCCGACCCACATGTCGCGCCTCAACAGGTCCACTGACAACAGGTGTGGCAGAAGAAG
E P Q T Y L A S K D L H S N D V G D E E 5521 ACCACCGGTGCAACCCAGCTCCAGCTCCAGGGTCATACCGATCTTGGACATGCGGGCCAG 5580
TGGTGGCCACGTTGGGTCGAGGTCGAGGTCCCAGTATGGCTAGAACCTGTACGCCCGGTC
G G T C G L E
L E L T M G I
K S
M R A L 5581 GTACTGAGAGCAGATTTCAATGTTCTCTTCCAGAGACTCTTCGGAAAGATCGATCATGTG 5640
CATGACTCTCGTCTAAAGTTACAAGAGAAGGTCTCTGAGAAGCCTTTCTAGCTAGTACAC
S S F L P K G T A A F H K E G A D L L G 5701 GTCCAGCCACGGCAGCAGCTTCTTGGCGCAGTGGTCGGTATGCAGGATGACCGGAACACC 5760
CAGGTCGGTGCCGTCGTCGAAGAACCGCGTCACCAGCCATACGTCCTAGTGGCCTTGTGG
D L W P L L K K A C H D T H L
I V P V G -

(Figure 3.9 con’d)
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5761 GTAGTATTCGGCCATCTGATGCACGTGGTGCGCACCGGCGATCGCGCCGAGGATGGCCCC 5820
CATCATAAGCCGGTAGACTACGTGCACCACGCGTGGCCGCTAGCGCGGCTCCTACCGGGG
Y Y E A M Q H V H H A G A I A G L
I
A G 5821 CTGCTGGCCCTCCAGCTTCAGTCCTTTACCGGCGATGAAGGCAGCACCGCCGTTGGAGAA 5880
GACGACCGGGAGGTCGAAGTCAGGAAATGGCCGCTACTTCCGTCGTGGCGGCAACCTCTT
Q Q G E L K L G K G A I
F A A G G N S F 5881 CTGAACGATGATCGGCGCGCGTACCTTGGCTGCAGCCTCCATCACCGCGTTGATGGAGTC 5940
GACTTGCTACTAGCCGCGCGCATGGAACCGACGTCGGAGGTAGTGGCGCAACTACCTCAG
Q V
I
I P A R V K A A A E M V A N
I
S D 5941 CGTACCGACGCAGTTAACGGCCGGCAGAGCGAATTTGTTCTCTTTCGCAACCTGGAATAC 6000
GCATGGCTGCGTCAATCGCCGGCCGTCTCGCTTAAACAAGAGAAAGCGTTGGACCTTATG
T G V C N V A P
L A F K N E
K A V Q
F V 6001 TTCTTGAACGTCATCGCCAAAGATGACACCCGGTTTAACAAAGTCAAAGATTTTAGACAT 6060
AAGAACTTGCAGTAGCGGTTTCTACTGTGGGCCAAATTGTTTCAGTTTCTAAAATCTGTT
E Q V D D G F I V G P K V F D F I
K S M 6061 GTCTAATCGTCCTGTTTCGTGGGCGTGAGTGTTTTCCAATCGGATCAACATTACCGCGCC 6120
CAGATTAGCAGGACAAAGCACCCGCACTCACAAAGGGTTAGCCTAGTTGTAATGGCGCGG
6121 aAGGCGCGATAAAACaACgGGAgGcaTGATgGCCTCCCGTAICGGGCATTActGCTTGGC 6180
tTCCGCGCTATTTTGtTGcCCTcCgtACTAcCGGAGGGCATAGCCCGTAATgaCGAACCG
*
Q K A 6181 GCGCTCTTCGAGCATCACCACAGCCGGCAGTTTCTTGCCTTCCACAAACTCCAGGAAGGC 6240
CGCGAGAAGCTCGTAGTGGTGTCGGCCGTCAAAGAACGGAAGGTGTTTGAGGTCCTTCCG
R E E L M V V A P L K K G E V F E L F A 6241 ACCGCCGCCGGTGGAGATGTAGGAGAICTTGTCGGCGATGCCGAACAGATCGAXGGCCGC 6300
TGGCGGCGGCCACCTCTACATCCTCTAGAACAGCCGCTACGGCTTGTCTAGCTACCGGCG
G G G T S
I
Y S
I
K D A I
G F L D
I
A A 6301 CAGGGTATCGCCGCCGCCGGCGATGGAGAAGGCGTCGCTGTTGGCGATAGCATTGGCCAC 6360
GTCCCATAGCGGCGGCGGCCGCTACCTCTTCCGCAGCGACAACCGCTATCGTAACCGGTG
L T D G G G A I
S F A D S
N A I A N A V 6361 GA 6362
CT
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Figure 3.10: Schematic diagram of the overlapping inserts and contiguous sequence of E. Ictaluri genomic DNA in clones 1.4 ,5d2 and
5d3 sequenced from the T3 and T7 primers. The double-strand sequence starting from the T3 and T7 primers was obtained from the
5d2 and 5d3 inserts. Sequenced portions are donoted by arrows on top of the insert and the open reading frames of putative gene
regions based on homologous sequence data with Echerichla coll is denoted by arrows in the direction they are encoded with the gene
names and percent identity under the inserts.
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The protein encoded by serA is D-3-phosphoglycerate dehydrogenase (PDGH; Accession
P 08328).

This enzyme is a homotetramer responsible for the first committed step in the

phosphoryiated pathway of L-serine biosyntheses (Tobey and Grant 1986). The protein encoded
by rpiA is ribose 5-phosphate isomerase A (RPIA; Accession P27252).

This enzyme is a

homodimer and part of the nonoxidative branch of the pentose phosphate pathway. The RPIA
catalyzes the reversible conversion of D-ribose 5-phosphate to D-ribulose 5-phosphate (HoveJensen and Maigaaid 1993). The protein encoded by ia'A is ICIA (Accession P24194), which is
a specific inhibitor of chromosomal initiation of replication in vitro. The ICIA is a homodimer that
binds to three 13-mers in the origin(oriC) of E. coli to block initiation of replication (Thony, et al.
1991). The proteins encoded by yggE and yggB are hypothetical integral membrane proteins,
with YGGE (Accession P1168) being 26.6 KD and YGGB being 30.9 KD (Accession P11666).
The fda gene encodes fructose 1,6-bisphosphate aldolase (aldolase. Accession P11604). This
enzyme catalyzes the sixth step in the glycolosis pathway which is the reversible conversion of
D-fiructose 1,6 bisphosphate to dihydroxyacetone phosphate and D-glyceraldehyde 3-phosphate
(Stryer 1988; Alefounder, et al. 1989). The gene pgk encodes phosphoglycerate kinase (PGK,
Accession P11665). This enzyme is a homodimer which catalyzes the second step in the second
phase of the glycolosis pathway. Phosphoglycerate kinase catalyzes the reversible conversion
of 1,3-bisphosphoglycerate and ADP into 3-phophoglycerate and ATP (Stryer 1988).
The BLAST results also showed E. ictaluri encoded fda was also homologous with
aldolase genes of a number of other bacteria and yeast including Haemophilus influenza
(Accession U32734; Fleischmann, et al. 1995), Euglena gracilus (Accession X89769),

Neurospora crassa (Accession L42380), Schizosacchammyces pombe (Accession D17415;
Mutoh and Hayashi 1994) and Saccharomyces cerevisiae (Accession X15003; Schwelberger, et
al. 1989). The E. ictaluri encoded iciA was also homologous with the ia'A gene of Aeromonas

salmonocida (Accession ASU65741). The sequence identities are shown below in Table 3.6.
Putative promoter regions, identified manually, could be found for seven of the eight
ORFs in the E. ictaluri 5d23 sequence. Putative transcriptional promoter regions of the seven
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Table 3.5: Sequence gaps and nucleic acid (NA) and amino acid (AA) percent sequence
identity and similarity between Escherichia coll genes and their £ Ictaluri homologs

Gena

% NA
Iden
tity

Gaps

% AA
Iden
tity

% AA
Similar
ity

Gaps

serA

71.9

0

78.6

88.0

0

rpiA

75.0

0

83.6

88.6

0

iciA

76.8

0

85.8

91.2

0

yggE

63.2

4

63.0

76.0

3

yggB

66.8

0

64.0

66.8

0

Ida

82.1

1

87.7

91.3

1

PQk

80.0

0

92.1

93.7

0

Table 3.6: Sequence gaps and nucleic acid (NA) percent sequence identity between fda
and iciA of other prokaryotes and yeast and their E. ictaluri homologs encoded by the

Gene

Organism

% NA
Identity

Gaps

fda

Escherichia coli

82.1

0

Haemophilus influenza

63.0

1

Euglena gracilus

59.9

3

Schizosaccharomyces pombe

59.2

1

Saccharomyces cerevisiae

56.1

3

Neurospora crassa

40.6

7

E. coli

76.8

0

Aeromonas salmonicida

61.0

1

iciA

ORFs are shown in Table 3.7 compared to the E. coli a70 promoter consensus sequence (Lewin
1990). The promoter region for the pgk gene homolog, as well as most of the 5' end of the gene
were upsteam of the start of the E ictaluri insert. A promoter region could be identified for serA,
but most of the 3' end of the gene was downstream of where the E. ictaluri insert ended.
PC/Gene was used to determine molecular weight and pi of the putative protein encoded
by each putative £ ictaluri gene. These results were compared to estimated molecular weights
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Table 3.7: Comparison of the Escherichia coli o70 promoter consensus sequence (Lewin
1990) to the putative promoter regions of cloned Edwardsiella ictaluri ORFs homologous
to E. coll genes serA, rpiA, iciA, yggE, yggA, fda, and pgk in the 5d23 sequence. Regions
that were not present are denoted by n.p. The N designates an unspecified number of any
bases.
# bases
between

# bases
between

+1 start

-1 0

site

# bases
between

ShineDelgamo

TTGACA

16-19

TATAAT

5-9

A/G

N

A/G rich

serA

TTGTCG

16

TATGTT

7

G

83

AGGG

rpiA

TTGTGG

20

TATAAT

7

A

21

AGGA

iciA

GTGAGC

18

AAAAAT

7

A

6

AGA

yggE

TTCACG

17

TATGCT

6

A

90

GGAGG

yggB

TTCATC

19

TATAAT

7

G

72

AAAAAA

fda

TTG TTT

18

TAATGT

7

G

27

AGGA

pgk

n.p.

n.p.

n.p.

n.p.

n.p.

n.p.

n.p.

ORF
E.

35

coli

reported for proteins encoded by E. coli genes obtained from the Swiss Protein data base. The
pi values of proteins in the data base were determined using the Swiss 2D-Service. Theoretical
pi values were computed and reported for ICIA, YG G E, and YG GB.

Both the computed

theoretical pi values, and actual values determined experimentally were reported for RPIA and
aldolase. Comparisons of gene sizes, deduced protein sizes and estimated pi values are shown
in Table 3.8. The actual values obtained for RPIA and aldolase are reported below.
The DNA sequence data of individual clones showed inserts of both 1.4 and 5.2 encoded
partial ORFs of serA and yggB and complete ORFs of rpiA, iciA and yggE. The 5d3 insert
encoded partial ORFs of idA and pgk, and complete ORFs of yggE, yggB and fda (Figure 3.10).
The partial ORF o f serA in the pBK-ei1.4 and 5d2 inserts encoded a partial protein that was
considered to be too small (6.4 KD) for further consideration. The partial O RF of yggB in the 5d2
insert could not be transcribed since it was missing the promoter and 5' region of the gene. The
partial yggB of the 1.4 insert was in frame with the pBK-CMV promoter, with the first stop codon
encountered being the yggB stop codon. The fusion protein encoded by the 302 bp, partial yggB
gene of the 1.4 insert was estimated to be 11.2 KD, with a pi value of 4.23. The partial ORF of
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T able 3.8: Com parison o f Escherichia coti genes w ith th e ir Edwardsiella ictaluri hom o
logs. The num ber o f base pairs (B .P ) and deduced am ino acids (A. A .) are given, as w ell
as estim ated m olecular w eight (M W ) in kilodaltons and isoelectric points (pi). P artial

Edwardsiella Ictaluri ORFs

Escherichia coli genes

Gene

# B.P.

# AA.

MW

P>

# B.P.

#A A .

MW

Pi

serA

356 (p)

118

12.8

7.25

851

409

44.0

ne

rpiA

659

219

22.8

5.20

659

219

22.9

5.20

iciA

892

296

33.3

7.69

893

297

33.5

6.40

yggE

719

239

26.0

7.65

740

246

26.6

6.10

yggB

860

286

30.6

9.04

860

286

30.9

7.90

fda

1079

358

39.2

5.35

1079

358

39.0

5.52

pgk

193 (p)

63

6.4

4.20

1193

387

41.0

5.08

ioA encoded by the 5d3 insert could not be transcribed since it was missing the promoter region
and 5' region of the gene and it was out of frame with the pBK-CMV promoter. Proteins that each
of the three inserts could theoretically express based on whether the genes could be transcribed
are shown in Table 3.9. These results are considered together with protein expression results
in the section below entitled "Putative Identification of Genes Encoding Antigenic E. ictaluri
Proteins".
Table 3.9: Proteins th a t E. ictaluri clones 1.4, 5d2 and 5d3 could theoretically express
based on whether th e genes could be transcribed. Partial proteins are denoted w ith (p ).
Clone

RPIA

IC IA

YGGE

YGGB

Aldolase

1.4

22.8

33.3

26.0

11.2 (p)

ne

5d2

22.8

33.3

26.0

ne

ne

5d3

ne

ne

26.0

30.6

39.2

Expression of E. ictaluri Proteins by Nine Selected Clones Analyzed by SDS-PAGE, 2 0 PAGE and W estern Blotting
Cloned antigenic proteins were visualized in SDS-PAGE gels Coomassie stained for total
proteins, and in SDS-PAGE western blots probed with GAI-XA and CCS (Figures 3.11 and 3.12).
Control lanes in SDS-PAG E gels and blots were loaded with XLOLR pBK-CMV (pBK) W CL.
Protein expression of clone WCLs that were not IPTG-induced was evaluated in SDS-PAGE
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western blots probed with GAI-XA. Results showed no difference in antigenic protein expression
between induced and non-induced clones, indicating the proteins were under control of their own
promoters (not shown).
The W CLs of the clones were also analyzed in 20-PA G E gels silver stained for total
proteins, and in 2D-PAGE western blots probed with GAI-XA and CCS. Control 2D-PAG E gels
of pBK W CL were silver stained and western blotted with GAI-XA, CCS (Figure 3.13) and NCS.
Results of SDS and 2D-PAGE western blots showed the CCS was highly cross-reactive with E.

coli proteins. Absorbtion with E. ictaluri LPS did not remove any discemable cross-reactivity.
A control 20-P A G E western blot of pBK W CL probed with NCS was negative.
Preliminary 2D-PAGE silver stained gels run with SDS-PAGE silver stain standards in
the sample lane and 20-PA G E standards in the IEF tube gels showed bands and spots of like
molecular weights lined up with each other in the gel. The 2D-PAGE standards also showed the
pH gradient of the IEF tube gels ranged from pH 4.5 to 6.6. The molecular weights of antigenic
proteins expressed by each clone were determined using molecular weight standards in SDSPAGE gels and in the sample lane of 2D-PAGE gels. The pi values given for each cloned protein
are subjective approximations reported for comparative purposes only. The molecular weight
results are summarized in Table 3.10. Results of SDS and 2D-PAGE analysis of each clone are
reported below.

Expression of Cloned Antigenic Proteins by Clone 1.1
In total protein, Coomassie stained SDS-PAGE gels, two cloned proteins were seen as
bands with estimated molecular weights of 23 and 18 KD (Figure 3.12A). Cloned antigenic
protein bands were not detected in SDS-PAGE western blots probed with GAI-XA (Figure 3.12B).
In SDS-PAG E western blots probed with CCS, cloned protein bands of 23 and 18 KD were
detected, though the 18 KD band was not always recognized (Figure 3.12C).
In a total protein, silver stained 2D-PAGE gel of clone 1.1 W CL, the 18 KD protein was
not seen. The 23 KD protein was visualized as an elongated black spot with an approximated
pi of 5.9 (Figure 3.14A). The 23 KD protein spot was detected faintly in a 2D-PAGE western blot
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probed with GAI-XA, and it was detected strongly in a 2D-PAGE western blot probed with CCS
(Figures 3.14B and 3.14C). In the western blot probed with CCS, three spots with molecular
weights of approximately 23 KD were strongly detected with approximated pi values ranging from
5.0 to 5.9 (Figure 3.14C). Two proteins were also visualized and faintly detected in control gels
of pBK WCL (Figure 3.13A), and only the spot running at a pi of 5.9 was unique to the 1.1 W CL.
Since preliminary 2D-PAGE gels run with 2D standards showed many of the proteins used as
standards ran as elongated spots with long tails sometimes extending along the whole pH
gradient, it is likely recognition of the other two spots in the 1.1 WCL was due to a tail of the pi
5.9 spot running through the other two proteins.

Expression of Cloned Antigenic Proteins by Clone 5d4
In total protein, Coommassie stained SDS-PAGE gels, one cloned protein band of with
an estimated molecular weight of 18 KD could be visualized (Figure 3.12A). The cloned protein
band was detected in SDS-PAGE western blots probed with GAI-XA (Figures 3.12B) and CCS
(Figure 3.12C). In a total protein, silver stained 213-PAGE gel of clone 5d4 W CL, the 18 KD
protein was visualized as a slightly elongated black spot with an approximated pi of 5.5 (Figure
3.15A). The 18 KD cloned protein spot was detected in 2D-PAGE western blots probed with GAIXA and CCS (Figures 3.15B and 3.15C).

Expression of Cloned Antigenic Proteins by Clones 5d1, 5d8 and 6d5
In total protein, Coomassie stained SDS-PAGE gels, a unique protein band with an
estimated molecular weight of 38 KD could be visualized in WCLs of clones 5d1, 5d8 and 6d5
(Figure 3.12A). A diffuse, broad band with an estimated molecular weight of 12 KD was detected
detected in SDS-PAGE western blots in all three clone WCLs probed with GAI-XA (Figure
3.12B). In SDS-PAGE western blots probed with CCS, the 38 KD cloned protein band was
detected in all three clone WCLs (Figure 3.12C).
Since clones 5d1, 5d8 and 6d5 all contained identical inserts and expressed the same
cloned protein bands in SDS-PAGE western blots, only clone 6d5 was analyzed by 2D-PAGE.
In a total protein, silver stained 2D-PAGE gel of 6d5 W CL, the 38 KD cloned protein was
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visualized as a black oval spot with an approximated pi of 6.0 (Figure 3.16A). The 38 KD cloned
protein spot was not detected in a 2D-PAGE western blot probed with GAI-XA, and it was
detected faintly in a 2D-PAGE western blot probed with CCS (Figure 3.16B).

Expression of Cloned Antigenic Proteins by Clone 4d6
In total protein, Coomassie stained SDS-PAGE gels, three unique protein bands with
estimated molecular weights of 63, 20 and 18 KD could be visualized (Figure 3.11 A). Multiple
protein bands were detected in SDS-PAGE western blots probed with GAI-XA, with the 63, 20
and 18 KD bands recognized the most strongly (Figure 3.11B). In SDS-PAGE western blots
probed with CCS, unique antigenic protein bands of 6 3 ,2 0 and 18 KD were detected, though the
faintly detected 63 and 20 KD bands were not always recognized (Figure 3.11C).
In a total protein, silver stained 2D-PAGE gel of clone 4d6 W CL, the 6 3 ,2 0 and 18 KD
unique cloned proteins could all be visualized (Figure 3.17A). The 63 KD protein was seen as
a small, elongated, dark brown spot with an approximated pi of 5 .5. The unique 63 KD protein
was difficult to discern because it ran almost on top of a spot that was present in both the pBK
and 4d6 WCLs. The 20 KD protein was visualized as two small, translucent yellow spots that ran
as a vertical doublet with an approximated pi of near 5.5. The 18 KD protein was visualized as
a large, translucent orange elongated band that appeared as two to three running together
horizontally, with long tails extending across the pH range, as well as a center tail extending up
vertically so the spot ran as a large inverted T . The main part of the protein had an approxi
mated pi ranging from 5.0 to 5.5.
The 63, 20 and 18 KD unique protein spots were all detected strongly in a 2D-PAGE
western blot probed with GAI-XA, with the inverted T

pattern of the 18 KD protein being

apparent (Figure 3.17B). It is likely recognition of multiple bands in the SDS-PAGE western blot
probed with GAI-XA is due to the vertical tail of the 18 KD protein running through multiple other
proteins. All three cloned proteins were also detected in 2D-PAGE western blots probed with
CCS (Figure 3.17C).
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Expression of Cloned Antigenic Proteins by Clones 1.4 and 5d2
In total protein, Coommassie stained SDS-PAGE gels, two unique bands with estimated
m olecular weights of 35 and 33 KD could be visualized in WCLs o f both 1.4 and 5d2 (Figure
3.11A). An additional protein band with an estimated molecular weight of 16 KD could only be
visualize in the 5d2 W C L The 35 and 33 KD bands were detected strongly in both W CLs and
the 16 KD band was detected strongly in the 5d2 W CL in SDS-PAGE western blots probed with
GAI-XA and CCS (Figures 3.11B and 3.11C).
In a total protein, silver stained 2D-PAGE gels of 1.4 and 5d2 WCLs, unique proteins of
35, 33 and 27 KD could be visualized (Figure 3.18A). The 27 KD protein was seen as large,
black, elongated spot with an approximated pi of 5.2. The 35 KD protein was seen as an
elongated black spot and the 33 KD protein was seen as an elongated, clear yellow spot. Both
the 35 and 33 KD spots ran at the edge of the gel where the pH gradient was approximately 6.6.
The proteins appeared to have not entered, or only partially had entered into the IEF tube gel.
The 16 KD protein seen in SDS-PAGE gels of 5d2 W CL could not be detected in the 2D-PAGE
gel. The locations of the 35 and 33 KD proteins and the absence of the 16 KD protein may
indicate that their pi values are outside the range of the pH gradient used in the IEF tube gels.
In 2D-PAGE western blots probed with GAI-XA, the 27 KD protein was not detected, but both the
35 and 33 KD protein spots were detected strongly (Figure 3.18B). All three proteins were
detected faintly in 213-PAGE western blots probed with CCS. (Figure 3.18C).

Expression of Cloned Antigenic Proteins by Clone 5d3
In total protein, Coomassie stained SDS-PAGE gels, three unique protein bands with
estimated molecular weights of 45, 33 and 19 KD could be visualized in the WCL of clone 5d3
(Figure 3.11 A). The 45 KD band was detected faintly and the 33 and 19 KD bands were detected
strongly in SDS-PAGE western blots probed with GAI-XA (Figure 3.11B). All three proteins were
detected in SDS-PAGE western blots probed with CCS with only the 19 KD band being detected
strongly (Figure 3.11C).
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In a total protein, silver stained 20-PAGE gel o f the 5d3 W CL, unique proteins o f 4 5 ,4 5
and 33 KD could be visualized (Figure 3.19A). One of the 45 KD cloned proteins was visualized
as a black, round spot with an approximated pi of 5.9. The second 45 KD protein was seen as
an elongated dark spot, and the 33 KD protein was seen as an elongated, clear yellow spot, with
both proteins located at the edge of the gel where the pH gradient was approximately 6.6. The
19 KD protein seen in SDS-PAGE gels of 5d2 WCL could not be detected in the 2D-PAGE gel.
In 2D-PAG E western blots probed with GAI-XA, both 45 KD proteins were detected faintly and
the 33 KD protein was detected strongly (Figure 3.19B). All three proteins were detected in 2DPAG E western blots probed with CCS. (Figure 3.19C ). The two 45 KD proteins are likely the
same protein with the spot on the edge of the gel being protein that did not migrate into the tube
gel during the first dimension IEF.

SAG Analysis of Antigenic Proteins Expressed by Clones 1.4, 5d2 and 5d3
Sequencing data had shown the DNA inserts o f clones 1.4 and 5d2 were the same but
inverted, with the insert of 1.4 being 207 bp longer at the T7 end, which corresponded with the
T3 end of the 5d2 insert. Additionally, inserts of both clones overlapped with 2027 bp of the T3
end of the insert of 5d3, which was oriented in the same direction as the 5d2 insert (Figure 3.11).
Specific-done absort)ed goat anti-E. ictaluri (SAG) serum was used in an effort to determine the
relationships between the proteins expressed by these three dones, since SDS and 2D-PAGE
gel and western blot results indicated some of the proteins expressed by the clones were the
same proteins (Figures 3.11, 3.18 and 3.19).
Identical western blots, with WCLs of dones 1-4, 5d2 and 5d3 loaded in the sample
lanes, were probed with GAI-XL that was further absorbed with induced WCLs of each specific
clone. Specific done absorbed antisera were designated SAG(pBK), SAG(1.4), SAG(5d2) and
SA G (5d3). Results are summarized in Table 3.11. In the blot probed with SAG(pBK) results
were the same as in blots probed with GAI-XA, with two antigenic bands with approximate
molecular weights of 35 and 33 KD identified in the lane loaded with 1.4, three antigenic bands
of 3 5 ,3 3 and 16 KD identified in the lane loaded with 5d2 W CL, and three antigenic bands of 45,
33 and 19 KD identified in the lane loaded with 5d3 W CL.
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Table 3.10: Estimated molecular weights in kilodaltons (KD) and isoelectric points (pi) of
antigenic Edwardsiella Ictaluri proteins expressed by Escherichia coll XLOLR pBK-ei
clones. Protein recognition by goat anti-Elctaluri (GAI) and/or convalescent catfish antiEl Ictarull serum (CCS) is indicated.__________________________________
Band/Spot
molecular
weights (KD)

Spot pl

Recognition by
GAI or CCS

23

5.9

both

18

-

CCS only

63

5.5

both

2 0

5.5

both

18

5.5

both

5d4

18

5.0-5.5

both

1.4

35

2 6 . 6

both

33

2 6 . 6

both

Clone

1 .1

4d6

27
5d2

2 6 . 6

both

33

2 6 . 6

both

-

45

5.9;

19

5d8

6d5

5.2

16

33

5d1

CCS only

35

27

5d3

5.2

38

CCS only
both

6 . 6

2 6 . 6

-

both
both
both

6 . 0

CCS only

1 2

-

GAI only

38

6 . 0

CCS only

1 2

-

GAI only

38

6 . 0

CCS only

1 2

-

GAI only
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Table 3.11: Recognition of antigenic proteins expressed by clones 1.4, 5d2 and 5d3 in
SDS-PAGE western blots probed with specific-clone absorbed goat anti-E. ictaluri (SAG)

Clone

Protein
(KD)

SAG(PBK)

SAG(1.4)

1.4

33

++

-

-

+

35

++

-

-

+

33

++

-

-

+

35

++

-

-

16

++

++

+

++

45

++

++

++

-

33

++

-

-

-

19

++

++

++

+

5d2

5d3

SAG(5d2)

SAG(5d3)

In the SAG(1.4), specific antibodies against the 35 and 33 KD cloned proteins expressed
by the 1.4 clone should have been absorbed out of the serum. In the blot probed with SAG (1.4),
the 33 and 35 KD proteins were no longer detected in any of the clones. These results appeared
to indicate the 35 KD protein was the same in both 1.4 and 5d2, and the 33 KD protein was the
same for all three clones.
In the SAG(5d2), specific antibodies against the 35, 33 and 16 KD cloned proteins
expressed by the 5d2 done should have been absorbed out of the serum. In the blot probed with
SAG(5d2) the 16 KD protein of done 5d2 was still recognized, but at a slightly lower level of
detedion, indicating not all antibodies against this protein had not been removed. The 33 and
35 KD proteins were no longer detected in any of the dones.
In the SAG(5d3) spedfic antibodies against the 45, 33 and 19 KD doned proteins
expressed by done 5d2 should have been absorbed out of the serum. In the blot probed with
SAG (5d3), the 19 KD protein of done 5d2 was still recognized, but at a slightly lower level of
detection, indicating not all of the antibodies against this protein had been removed. The 45 and
33 KD proteins of the 5d3 WCL were no longer detected, and the detection level of both the 33
and 35 KD proteins in 1.4 and 5d2 WCLs appeared to be decreased. These results again
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appeared to indicate the 35 KD protein was the same in both 1.4 and 5d2, and the 33 KD protein
was the same for all three clones.

Comparisons of Cloned Efcta/urf Proteins with Proteins in an E Ictaluri WCL Using SAG
Specific-done absorbed goat anti-E. ictaluri (SAG) serum was used in an effort to
indirectly associate antigenic E ictaluri proteins expressed by the nine clones with antigenic
proteins expressed by E ictaluri cells. Identical 2D-PAGE western blots of E. ictaluri W C L were
probed with GAI-XL that was further specifically absorbed with induced WCLs o f each of the nine
clones with SAG(pBK) used as the control. There were no discemable differences between the
E. ictaluri blot probed with SAG(pBK) and any of the other SAG with the exception of the blot
probed with SAG(4d6).
In the SAG(4d6), specific antibodies against the 63, 20 and 18 KD cloned proteins
expressed by the 4d6 done were absorbed out of the serum (Figure 3.20). Results showed that
three bands and four corresponding spots which were strongly recognized in the control blot
probed with SAG(pBK) were not detected in the blot probed with the SAG(4d6). The bands and
spots no longer detected were a 63 KD band and a corresponding 63 KD spot, a 20 KD band and
a corresponding 20 KD spot and an 18 KD band and two corresponding 18 KD spots. The pi
values of the spots were all around 5.5 and their locations in the 2D-PAG E gel corresponded
directly with molecular weights, pi values and migration patterns of cloned antigenic proteins
expressed by clone 4d6 (Figure 3.17B).

Protein Sequencing
In an effort to confirm if antigenic proteins expressed by clone 4d6 were the same as
those expressed by E ictaluri cells, the 63 and 18 KD spots of the E.ictaluri W C L were cut from
2D-PAGE immobilon blots and submitted for automated N-terminal amino acid sequencing to
see if their amino add sequences matched those translated from DMA sequences of the doned
proteins. The automated N-terminal amino add sequendng of both the 63 and 18 KD E. ictaluri
spots was unsuccessful. The failure was most likely due to N-terminal blockage of the proteins,
since proteins blocked at the N-terminal cannot be sequenced directly.
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Figure 3.11: Whole cell lysates of induced pBK and clones 4d6, 1.4, 5d2 and 5d3
separated by SDS-PAGE (A) Total proteins in Coomassie Blue stained gel, (B) Antigenic
proteins in western blot probed with GAI-XA and (C) Antigenic proteins in western blot
probed with CCS. Molecular weight reference points (in kilodaltons) are shown. Lines
point to cloned antigenic Edwardsiella ictaluri proteins expressed by each clone.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

180

Figure 3.12: Whole cell lysates of induced pBK and clones 1.1, 5d1, 5d8 and 6d5
separated by SDS-PAGE (A) Total proteins in Coomassie Blue stained gel, (B) Antigenic
proteins in western blot probed with GAI-XA and (C) Antigenic proteins in western blot
probed with CCS. Molecular weight reference points (in kilodaltons) are shown. Lines
point to cloned antigenic Edwardsiella ictaluri proteins expressed by each clone.
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Figure 3.13: Whole cell lysate of induced pBK separated by 2D-PAGE (A) Total proteins
in silver stained gel, (B) Antigenic proteins in western blot probed with GAI-XA and (C)
Antigenic proteins in western blot probed with CCS.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

184

Figure 3.14: Whole cell lysate of induced clone 1.1 separated by 2D-PAGE (A) Total
proteins in silver stained gel, (B) Antigenic proteins in western blot probed with GAI-XA
and (C) Antigenic proteins in western blot probed with CCS. The 23 kilodalton cloned
antigenic Edwardsiella ictaluri protein expressed by this clone is marked by its molecular
weight
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Figure 3.15: Whole cell lysate of induced clone 5d4 separated by 20-PAGE (A) Total
proteins in silver stained gel, (B) Antigenic proteins in western blot probed with GAI-XA
and (C) Antigenic proteins in western blot probed with CCS. The 18 kilodalton cloned
antigenic Edwardsiella ictaluri protein expressed by this clone is marked by its molecular
weight.
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Figure 3.16: Whole cell lysate of induced clone 6d5 separated by 2D-PAGE (A) Total
proteins in silver stained gel, (B) Antigenic proteins in western blot probed with CCS. The
38 kilodalton cloned antigenic Edwardsiella ictaluri protein expressed by this clone is
marked by its molecular weight.
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Figure 3.17: Whole cell lysate of induced clone 4d6 separated by 2D-PAGE (A) Total
proteins in silver stained gel, (B) Antigenic proteins in western blot probed with GAI-XA
and (C) Antigenic proteins in western blot probed with CCS. The 63, 20 and 18 kilodalton
cloned antigenic Edwardsiella ictaluri proteins expressed by this clone are marked by
their molecular weights.
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Figure 3.18: Whole cell lysate of induced clone 5d2 separated by 2D-PAGE (A) Total
proteins in silver stained gel, (B) Antigenic proteins in western blot probed with GAI-XA
and (C) Antigenic proteins in western blot probed with CCS. The 27, 33 and 35 kilodalton
cloned antigenic Edwardsiella ictaluri proteins expressed by this clone are marked by
their molecular weights.
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Figure 3.19: Whole cell lysate of induced clone 5d3 separated by 20-PAGE (A) Total
proteins in silver stained gel, (B) Antigenic proteins in western blot probed with GAI-XA
and (C) Antigenic proteins in western blot probed with CCS. The 45,45 and 33 kilodalton
cloned antigenic Edwardsiella ictaluri proteins expressed by this clone are marked by
their molecular weights.
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Figure 3.20: Whole cell lysate of Edwardsiealla ictaluri separated by 2D-PAGE (A)
Antigenic proteins in western blot probe with SAG(pBK) and (B) Antigenic proteins in
western blot probed with SAG(4d6). The 63, 20 and 18 kilodalton bands and proteins
recognized by antibodies in SAG(pBK) and no longer recognized by SAG (4d6) are marked
by their molecular weights.
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Enzyme Assays
Aldolase Assay
Aldolase activity measured in the WCLS of pBK and induced clones 1.4, 5d2 and 5d3
is shown in Units/mL/pg in Table 3.12. Results showed that compared to the aldolase activity
in control pBK W CL, the 1.4 W CL and 5d2 WCL both had lower aldolase activity, and the 5d3
W CL had higher aldolase activity. The 5d3 WCL had 111 % higher aldolase activity than pBK
W CL, 590.6% higher aldolase activity than 1.4 W CL and 195.8% higher aldolase activity than
5d2 W C L These results suggests the cloned fda gene in the 5d3 insert is being expressed.

Table 3.12: Aldolase enzyme activity in clone whole cell lysates (WCL) expressed as
Clone

Unfts/mLpg

pBK

9.193

1.4

2.801

5d2

6.540

5d3

19.346

Ribose 5-Phosphate Isomerase Assay
Ribose 5-phosphate isomerase (RPI) activity measured in W CLS of pBK and induced
clones 1.4, 5d2 and 5d3 is shown in pmol/min/pg in Table 3.13. Results showed the 1.4 WCL
and 5d2 W CLs had higher RPIA activity than the control, and the 5d3 W CL had lower RPIA
activity compared to RPIA activity in the control pBK W CL. The RPIA activity was 58.7 and 41.2
% higher in 1.4 and 5d2 WCLs respectively compared to RPIA activity in the 5d3 WCL.

Table 3.13: Ribose 5-phosphate isomerase enzyme activity in clone whole cell lysates
(WCL) expressed as micromoles of ribulose 5-phosphate formed per minute per
Clone

Units/mUpg

pBK

1.490

1.4

1.797

5d2

1.599

5d3

1.132
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Putative Identification Genes Encoding Antigenic £ Ictaluri Proteins
Based on combined results of DNA sequence analysis and protein expression and
western blotting analysis of clones 4d6,5d2 and 5d3, some antigenic E. ictaluri proteins could
be putatively identified.

Antigenic Proteins Encoded and Expressed by Clone 4d6
Protein expression analysis of done 4d6 showed that three antigenic proteins were being
expressed by the £ ictaluri insert. The DNA sequence data showed that of the eleven possible
ORFs identified, only eight expressed proteins with the same estimated molecular weights as the
expressed proteins, and of the eight only four had pi values in the same range as the expressed
proteins (Table 3.3). The O R F 4 encoded a putative 54.5 KD £ ictaluri protein and was re
designated as the gene eip55. The ORFs 3 ,

6

and

8

encoded a putative 17.8,18.8 and 19.5 KD

protein respectively. These ORFs were re-designated as the genes eip18, eip19 and eip20. The

eip55 gene was the only O RF that encoded a putative protein large enough to compare to the
63 KD expressed antigenic protein.

The eip18, eip19 and eip20 genes all encoded putative

proteins with molecular weights and pi values comparable to the 18 and 20 KD expressed
antigenic proteins.
The PC/Gene analyses of deduced amino acid sequences of eip18, eip19, eip20 and

eip55 characterized all four putative proteins as peripheral. The predicted folding type of the
eip55 putative protein was alpha helical (a ), eip18 putative protein was beta pleated sheet ((3)
and eip19 and eip20 putative proteins were both a mix of alpha and beta folding (ot/p). Amino
add sequences were analyzed fo ra variety of motifs using PC/Gene and GCG, with none being
identified.
Comparisons of cloned E.ictaluri proteins of 4d6 with proteins in an £ ictaluri W CL using
SAG(4d6) showed the expressed 63, 20 and 18 KD doned proteins appeared to be the same
proteins as a 63, 20 and 18 KD antigenic protein in the £ icataluri W CL. A comparison of
encoded and expressed antigenic £ ictaluri proteins is shown in Table 3.14. Results suggest
both the doned 4d6 63 KD antigenic protein and the £ ictaluri 63 KD antigenic protein are the
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same and they may be expressed by the putative eipS5 gene. Results also suggest the cloned
4d6 20 KD antigenic protein and the E. ictaluri 20 KD antigenic protein are the same proteins,
and the cloned 4d6 18 KD antigenic protein and the E. ictaluri 18 KD antigenic protein are the
sam e proteins, and these two proteins may be expressed by two of the three putative genes

eip18, eip19 or eip20. It could not be determined which of the three genes were expressing
which proteins.

Table 3.14: Estimated molecular weights (MW) in kilodaltons and approximated
isoelectric points (pi) of putative genes expressing antigenic proteins in the Edwardsiella
ictaluri insert of clone 4d6 compared with antigenic proteins expressed by clone 4d6 and
the corresponding proteins expressec bjr_E Ictaluri.
Encoded
4d6

Expressed
4d6

Expressed
E. ictaluri

Gene

MW

Pi

MW

Pi

mi

Pi

eip55

54.5

4.85

63.0

5.5

63.0

5.5

eip20

19.5

5.09

2 0 . 0

5.5

2 0 .0

5.5

eip19

18.8

4.78

18.0

5.5

18.0

5.5

eip19

17.8

4.96

Antigenic Proteins Encoded and Expressed by Clones 1.4,5d2 and 5d3
Estimated molecular weights and pi values calculated, using PC/Gene, from deduced
amino add sequences of the putative proteins encoded by 1.4, 5d2, and 5d3 inserts were
compared with estimated molecular weights and approximated pi values of antigenic proteins
that were expressed by dones 1.4, 5d2 and 5d3. These were also compared with estimated
m olecular weights and pi values calculated from deduced amino add sequences of the
homologous genes encoded in £. coll, using the Swiss 2D-service, and, if available, with actual
molecular weights and pi values of £ . coli proteins determined experimentally and reported by
the Swiss 2D-service or in the literature. These results are summarized in Table 3.15.
The PC/Gene analysis of deduced amino add sequences of RPIA and ICIA character
ized both proteins as peripheral, with a /p folding. The YGGE protein was charaderized as an
integral membrane protein, with one transmembrane domain, a secretory signal and a /p folding.
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The YGGB protein was characterized as an integral membrane protein, with three transmem
brane domains and a /p folding. Aldolase was characterized as an integral membrane protein
with a /p folding, though no transmembrane domains were identified.
The IC IA protein and aldolase both have characteristic signatures in their amino add
sequences. The Motifs program of GCG was used to identify and describe these signatures in
am ino acid sequences deduced from the genes encoded by the 5d23 sequence. The ICIA
protein is in the family of bacterial transcriptional regulatory proteins. These proteins bind DNA
through a ‘helix-tum-helix1 m otif in their N-terminal section. The ICIA protein is in the subfamily
LysR. The LysR signature was identified in the amino add sequence of E. ictaluri ICIA from
residues 15 to 51. The dass-ll aldolases found primarily in bacteria and fungi require a divalent
metal ion, usually zinc, for their activity. The signature for these proteins indude the region
containing two histidine residues involved in zinc binding, and a duster of addic residues and
glydne located in the C-terminal section of the protein. The zinc binding signature was identified
in the amino add sequence of £ ictaluri aldolase from residues 94 to 116, with histidine residues
located at positions 107 and 110. The addic signature was located from residues 166 to 187.
The expressed antigenic proteins were putatively identified based on estimated
molecular weights and pi values of encoded and expressed proteins of the E. ictaluri inserts of
clones 1.4, 5d2 and 5d3 and E. coli (Table 3.15), together with results of the enzyme assays
(Tables 3.12 and 3.13) and SAG western blots (Table 3.11). Results suggest the 27 KD antigenic
protein expressed by dones 1.4 and 5d2 is the RPIA protein, the 35 KD antigenic protein
expressed by dones 1.4 and 5d2 is the ICIA protein, and the 33 KD protein expressed by dones
1.4, 5d2 and 5d3 is the Y G G E protein. The results suggest the 45.0 KD antigenic protein
expressed by done 5d3 is aldolase since the same separation pattern into two spots was seen
in 2D-PAGE gels with both 5d3 and E. coli, and because aldolase adivity of the 5d3 done was
more than two times higher than pBK or 5d2. The hypothetical YGGB protein did not appear to
be expressed by done 5d3. It could not be determined what genes were expressing the 16 and
6d5 had the same insert, with slight differences in size, in the same orientation behind the
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Table 3.15: Estimated molecular weights (MW) in kilodaltons and approximated isoelectric points (pi) of the putative genes encoding
antigenic proteins in Edwardsiella Ictaluri inserts of clones 1.4,5d2 and 5d3 compared with antigenic proteins expressed by clones
1.4,5d2 and 5d3, and corresponding proteins encoded and expressed by Escherichia coll. Values reported for E. coll were obtained
using the Swiss 2D-service, unless denoted with a numerical superscript and corresponding reference. No values are given for proteins
that were not encoded or expressed. Values that were not determined are denoted with nd.___________________________
Expressed
1.4

Encoded 1.4
Gene

MW

Pi

MW

Pi
5.7

Encoded
5d2
MW

Expressed
5d2

Encoded
5d3

Pi

MW

Pi

MW

2 2 .8

5.20

27.0

5.7

-

Expressed
5d3

MW

Pi

MW

Pi

-

-

-

22.9

5.20

25.9
27.01

5.06

-

33.5

6.40

nd

nd

26.6

6 . 1 0

nd

nd

30.9

7.90

nd

nd

39.0

5.52

39.8
40.7
42.02

5.55
5.43

-

-

5.20

27.0

IcIA

33.3

7.69

35.0

*6

. 6

33.3

7.69

35.0

*6

. 6

-

-

-

yggE

26.0

7.65

33.0

*6

. 6

26.0

7.65

33.0

*6

. 6

26.0

7.65

33.0

4.23

-

-

-

-

-

-

30.6

9.04

-

-

-

-

39.2

5.35

45.0
45.0

5.9
6.6

-

-

19.0

nd

(p)

Ida

-

-

-

-

-

-

-

-

-

-

-

-

-

16.0

nd

Expressed
E. coll

Pi

2 2 .8

1 1 .2

E. coll

MW

Pi

rplA

yggB

Encoded

*6

. 6

-

-

’(Hove-Jensen and Maigaard 1993)
2(Baldwin, et al. 1978)
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vector's promoter. Further analysis of expression o f the cloned antigenic E. ictaluri proteins
showed these three dones all expressed two proteins o f 38 and 12 KD. KD antigenic protein of
clone 5d2, and the 19 KD antigenic protein of done 5d3.

No ORFs were identified that

corresponded to deduced proteins of this size, and the difference in protein expression between
dones 1.4 and 5d2 could not be explained. In the SAG western blots, antibody recognition of
these two proteins was not eliminated by absorbtion.

DISCUSSION
A pool of dones expressing antigenic proteins of E. ictaluri was successfully generated
by antibody screening of an E. ictaluri genomic library in the E. coli expression ved o r XLOLR
pBK-CM V (Stratagene). The library was originally screened with GAI-XA, but subsequent
screening of WCLs of each individual done showed most of the doned antigenic proteins could
be identified by E. ictaluri antisera generated in either a goat or in catfish.
Restriction enzyme digestion of plasmid DNA o f each done showed the E. ictaluri insert
sizes ranged from 1.9 to 7.7 Kb. Cloned antigenic £ . ictaluri proteins could be deteded in WCLs
of 27 of the 32 positive dones by SDS-PAGE western blotting with GAI-XA and CCS.

Based

on protein band patterns in SDS-PAGE western blots, the 32 dones were subdivided into eleven
groups. Nine dones representing different protein groups were seleded for further analysis
(Table 3.1).
The antigenic £ . ictaluri proteins expressed by the nine dones had the same levels of
expression both with and without IPTG induction. Partial DNA sequence obtained from each
done showed all but two dones had stop codons located within the first 60 bp of the insert which
were in frame with the pBK-CMV IPTG-indudble promoter (Table 3.2). These results indicated
that the doned antigenic proteins being expressed by the dones had their own transcriptional
promoters which were recognized by E. coli RNA polymerase.
Although the nine dones were selected because they all appeared to represent different
patterns of doned antigenic protein expression, partial DNA sequence results showed several
of the dones had the same, similar or overlapping inserts. Clones 1.1, 4d6 and 5d4 all had
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unique inserts. Clone 1.1 expressed two proteins of 23.0 and 18.0 KD, clone 5d4 expressed an
18.0 KD protein and clone 4d6 expressed three proteins of 63, 20 and 18 KD. Clones 5d1, 5d8
The partial sequences obtained from inserts o f 1.4 and 5d2 indicated these clones had
the same insert in opposite orientations, with the 1.4 insert being 207 bp longer at its T7 end than
the 5d2 insert Partial DNA sequences also showed the 1.4 and 5d2 inserts overlapped with the
insert of 5d3 (figure 3.10). These three clones all expressed a 33 KD cloned antigenic E. ictaluri
protein. In addition to the 33 KD protein, clones 1.4 and 5d2 expressed two proteins of 27 and
35 KD. Although done 5d2 had the same insert as done 1.4, this done also expressed a 16 KD
antigenic protein that was not expressed by 1.4. In addition to the 33 KD protein, done 5d3
expressed two proteins of 45 and 19 KD.
Expression of doned antigenic E. ictaluri proteins in the selected dones was further
evaluated in 2D-PAG E gels and western blots probed with both GAI-XA and CCS. The SD SPAGE and 2D-PAGE gel and western blot results are shown in Table 3.10. Not all of the doned
antigenic proteins seen in SDS-PAGE gels and western blots could be seen by 2D-PAGE. The
proteins that could not be seen in 2D-PAGE gels may have had pi values outside of the 4 .5 to
6 . 6

pH range of the first dimension IEF gels. Since the IEF tube gels were open-ended, proteins

outside of the pH range of the gel might not have run into the gel, or may have run through the
gel and out the other end.
Comparisons of SDS-PAGE and 2D-PAGE western blots of each clone probed with G AIXA and CCS showed some differences in recognition o f doned antigenic proteins between the
two antisera (Figures 3.11 and 3.12; Table 3.10). For the dones 4d6, 5d4 and 5d3 recognition
was the same with both GAI-XA and CCS. Although done 1.1 was originally isolated with G AIXA, antigenic E ictaluri protein bands could only be deteded with CCS. In dones 1.4 and 5d2,
the 27 KD protein could only be deteded with CCS. In dones 5d1, 5d8 and 6d5, which all had
the same insert, the 38 KD protein was only recognized by CCS and the 12 KD protein, which
appeared to run as a diffuse smear rather than a band, was only recognized by GAI-XA.
The reason the 12 KD band in dones 5d1, 5d8 and 6d5 was only recognized by GAI is
not known. Recognition of some proteins by CCS and not GAI-XA is probably due to the fa d that
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the GAI-XA was heavily absorbed with £ coli W CL to remove £ coli antibodies. Although CCS
had strong cross-reactivity with E. coli proteins, it was not absorbed with E. coli W C L because
the cross-reactivity did not appear to interfere with identification of cloned antigenic £ ictaluri
proteins. The apparent high level o f antigenic cross-reactivity between £ coli and £ ictaluri
suggests the reactivity of goat antiserum to some of the cloned antigenic £ ictaluri proteins may
have been removed by absorbtion with £ coli W CL.
Partial and complete DNA sequences obtained for each of the nine clones showed
homologous gene regions with sequence identities above 50% in inserts of all o f the clones
except 4d6. Homologous gene regions with sequence identities below 50% were also reported,
but may not be biologically relevant Partial sequences of overlapping inserts of clones 1 .4 ,5d2
and 5d3 indicated a high level of sequence homology with a contiguous region o f the £ coli
chromosome. Since these three clones appeared to express some cloned proteins that were the
sam e and some that were different, inserts of clones 5d2 and 5d3 were chosen for complete
double-strand DNA sequencing. Clone 5d2 was selected over 1.4 because it expressed an
estimated 16 KD antigenic protein that clone 1.4 did not. Although the partial DNA sequences
obtained from the insert of clone 4d6 did not have sequence homology with any other known
sequences, this insert was also chosen for double strand sequencing because it appeared to
express three highly antigenic cloned £ ictaluri proteins, and it was the only clone that expressed
cloned £ ictaluri proteins that could be correlated with proteins expressed by £ ictaluri cells.
The DNA sequence showed the £ ictaluri insert of clone 4d6 was 5727 bp long.
Although a total eleven potential O RFs could be identified in the sequence, many of them
overlapped and only four ORFs encoded proteins whose deduced amino acid sequences had
computed molecular weights and pi values close to antigenic E. ictaluri proteins expressed by
the done (Table 3.3). Putative promoter regions could be identified in all four ORFs (Table 3.4).
The 4d6 done expressed three doned antigenic £ ictaluri proteins of 63, 20 and 18 KD with pi
values around 5.5. The ORF identified as eip55 was the only ORF that encoded a protein large
enough to compare with the expressed 63 KD protein. This putative gene encoded a protein
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whose deduced amino add sequence had a molecular weight of 54.5 KD and a pi o f 4.85. The
O RFs eip20, eip19 and eip18 encoded proteins whose deduced amino add sequences had
molecular weights of 1 9.5 ,18 .8, and 17.8, and pi values of 5.09, 4.78 and 4.96 respectively.
These three ORFs all encoded proteins comparable to the 20 and 18 KD protein expressed by
the clone. It could not be determined which of these ORFs expressed either the 20 or 18 KD
proteins.
Analysis of 2D-PAGE western blots of E. ictaluri WCLs probed with SAG showed the
three cloned antigenic E. ictaluri proteins expressed by clone ei4d6 corresponded with three
antigenic proteins expressed by E ictaluri cells (Figure 3.20). The proteins expressed by E

ictaluri cells had the same molecular weights, pi values and running patterns as the doned
proteins expressed by 4d6 (Figure 3.17B). These results suggested the 63 KD antigenic proteins
expressed by E. ictaluri and done 4d6 were the same, and they were encoded by the putative

eip55 gene. Results also suggested the 20 and 18 KD proteins expressed by E. ictaluri were the
sam e as the 20 and 18 KD proteins expressed by clone 4d6, and these three proteins were
expressed by two of the three putative genes, eip20, eip19 and eip18.
The functions of proteins encoded by the putative genes in the insert of done 4d6 are
not known. None of the putative genes had DNA or deduced amino add sequence homology
with other known genes. Analysis of deduced amino add sequences of the four putative genes
showed no motifs or patterns and none of the proteins were characterized as integral membrane
proteins. The only thing that can be said with certainty about the proteins expressed by done
4d6 is they are antigenic to channel catfish.
The double-strand 6362 bp DNA sequence spanning the region encoded by both 5d2 and
5d3 showed strong homology with a 15,443 bp region of E. coli. The E. coli region (Accession
U28377) encoded the genes and ORFs serA, rpiA, iciA, sbm, ygfD, ORF_o275, ORF_o492,
O RF_f303, yggE, yggA, yggB, fda, and pgk. The E. ictaluri sequence encoded the apparent
gene homologs of E coSgenes serA (partial), rpiA, iciA, yggE, yggB, fda, and pgk (partial). The
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E. coli genes between iciA and yggE were missing in the E. ictaluri sequence, as well as gene
yggA.
The protein encoded by serA is D-3-phosphoglycerate dehydrogenase (PDGH; Accession
P08328), responsible for the first committed step in the phosphorylated pathway of L-serine
biosyntheses (Tobey and Grant 1986). The protein encoded by rpiA is ribose 5-phosphate
isomerase A (RPIA; Accession P27252), part o f the nonoxidative branch of the pentose
phosphate pathway (Hove-Jensen and Maigaard 1993). The protein encoded by iciA is ICIA
(Accession P24194), which is a specific inhibitor of chromosomal initiation of replication in vitro
(Thony, et al. 1991).

The proteins encoded by yggE and yggB are hypothetical integral

membrane proteins, with YGGE (Accession P1168) being 26.6 KD and YGGB being a 30.9 KD
(Accession P11666). The fda gene encodes fructose 1,6 -bisphosphate aldolase (aldolase.
Accession P11604) which catalyzes the sixth step in the glycolosis pathway (Alefounder, et al.
1989).

The gene pgk encodes phosphoglycerate kinase (PGK, Accession P11665), which

catalyzes the second step in the second phase of the glycolosis pathway. (Stryer 1988).
The close proximity of rpiA, fda, and pgk in the genome may be related to the functional
roles of the enzymes that they encode. Glycolosis is the breakdown of glucose to generate
metabolic energy in the form of ATP. Aldolase and PGK are both enzymes in the glycolosis
pathway, which occurs in the cell cytosol.

Aldolase catalyzes the reversible conversion of D-

fructose 1 , 6 bisphosphate to dihydroxyacetone phosphate and D-glyceraldehyde 3-phosphate
(Stryer 1988).

Phosphoglycerate kinase catalyzes the reversible conversion of 1,3-

bisphosphoglycerate and ADP into 3-phophoglycerate and ATP. In the non-oxidative branch of
the pentose phosphate pathway, which is also cytosolic, RPIA catalyzes the reversible
conversion of D-ribose 5-phosphate to D-ribulose 5-phosphate. This is the first reaction in the
path that ultimately converts Ribose 5-phosphate to fructose 6 -phosphate and glyceraldehyde
3-phosphate, both of which are intermediates in the gycolosis pathway (Stryer 1988).
The double-stranded DNA sequences of dones 5d2 and 5d3, as well as T3 and T7 partial
sequence obtained from done 1.4, showed which gene homologs each insert could theoretically
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express based on whether or not the genes could be transcribed O'able 3.9).

Estimated

m olecular weights and pi values were computed from deduced amino add sequences o f each
gene homolog and compared to £ ictaluri protein expression data obtained from SDS-PAGE and
2D -P A G E western blots of each of the three dones. The values obtained for encoded and
expressed doned £ ictaluri proteins were compared to computed values o f deduced amino add
sequences of encoded £ coli genes. Experimentally derived molecular weight and pi values
were also available for expressed £ coli proteins in some cases (Table 3.15).
The yggE gene was the only gene encoded in the inserts o f all three dones. Protein
expression analysis showed that a 33.0 KD doned antigenic protein was the only protein
expressed by all three dones. To determine if the 33 KD proteins expressed by the three dones
were the same protein, or different proteins with the same molecular weights, antibody absorption
studies were performed using SAG. Results showed the antibodies that recognized the 33 KD
protein were the same for all three dones, indicating the 33 KD protein was the same.

Since

the 33 KD protein was the only one expressed by all three dones, and the yggE gene homoiog
was the only gene encoded by all three dones, the 33 KD protein was putatively identified as
YG G E. The molecular weight computed from the deduced amino add sequence encoded by the

yggE gene is 26.0 KD for £ ictaluri and 26.6 KD for £ coli. The molecular weight of the adual
expressed £ coli YGGE has not been determined because the protein is hypothetical, based only
on identification of the ORF. The computed pi value of encoded YG G E is 7.65 for £ ictaluri and
6.1 fo r £ coB. The expressed £ ictaluri YG G E ran at the edge of the 2D-PAG E gel, suggesting
the pi value of the protein was dose to the upper range of the pH gradient of the first-dimension
IEF gel. The pi value of this protein was therefore approximated to be

2

6

.6 . The putative YG G E

protein of £ ictaluri was characterized as an integral membrane protein with one transmembrane
domain, a secretory signal and a / 3 folding that was antigenic to channel catfish.
The rpiA and iciA genes were only encoded in the inserts of dones 1.4 and 5d2. Protein
expression analysis showed these dones expressed two proteins of 35.0 and 27 KD that were
not expressed by done 5d3. The 27 KD protein could only be detected in 2D-PAGE western
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blots probed with CCS. Antibody absorbtion studies using SAG showed the antibodies that
recognized the 35 and 27 KD proteins were the same for both clones, indicating the proteins were
the same (Table 3.11). The molecular weight and pi values computed from the deduced amino
add sequence encoded by the rpiA gene were 22.8 KD, pi 5 .2 for E ictaluri and 22.9 KD, pi 5.2
for E coi. The molecular weight of expressed E. coli RPIA was reported to be 25.9 to 27.0 KD,
pi 5.06. The molecular weight and pi values computed from the deduced amino add sequence
encoded by the iciA gene were 33.3 KD, pi 7.69 for E ictaluri and 33.5 KD, pi 6.4 fo r E. coli. The
pi value of expressed 27 KD protein was approximated to be 5.2. Since the expressed 35 KD
protein ran right at the edge of the 2D-PAGE gel, its pi value was approximated to be

2 6

.6 .

Based on the molecular weights and pi values of expressed and encoded E. ictaluri proteins of
clones 1.4 and 5d2, and expressed and encoded E. coli proteins, the 27 KD doned E. ictaluri
protein was putatively identified as RPIA and the 35 KD protein was putatively identified as ICIA.
The putative E ictaluri RPIA and ICIA are characterized as being peripheral with a /p folding. In
other organisms, the RPIA is located in the cytosol (Stryer 1988). Since the ICIA is a DNA
binding protein, it is probably also located in the cytosol.
In an effort to confirm RPIA was being expressed by dones 1.4 and 5d2, an enzyme
assay was performed which measured the conversion of ribose 5-phosphate to ribulose 5phophate (Hove-Jensen and Maigaard 1993). The RPIA activity was measured in WCLs of
dones 1 .4 ,5d2,5d3 with pBK measured as a control. The results showed that RPIA activity was
higher in both 1.4 and 5d2 WCLs than in 5d3 and the control, with the lowest activity seen in the
5d3 W CL (Table 3.13). This is further evidence that RPIA was expressed by dones 1.4 and 5d2,
though the differences in levels of expression were not great as might be expected. This may
be due to the fad that, although multiple copies of the rpiA gene were present in the 1.4 and 5d2
dones, expression of the gene was regulated because it was transcribed from its own promoter,
rather than the IPTG-indudble pBK-CMV promoter. Since the 1.4 and 5d2 dones were grown
in LB broth, which contains glucose, products of the non-oxidative pentose phosphate pathway
would not have been needed. Glucose 6 -phosphate, the first breakdown product of glucose in
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the glycolosis pathway (Stryer 1988), has been shown to have an inhibitory effect on RPIA
concentrations produced by E. coli K-12 cells (Essenberg and Cooper 1975).
The ICIA protein is a homodimer that binds to three 13-mers in the origin (oriC) of E. coli
to block initiation of replication by the DnaA initiator protein. The ICIA protein belongs to the
LysR family of prokaryotic regulators which act as transcriptional activators. These proteins can
also regulate their own expression and are identified by a potential helix-tum-helix signature m otif
located in their N-terminal domain (Thony, et al. 1991). A gel shift assay was used to demon
strate over-expression of a DNA binding protein in vitro for cloned E. coli ICIA (Thony, et al.
1991). The gel shift assay was not employed in this study, however the helix-tum helix m otif was
identified in the deduced amino acid sequence of ICIA encoded by the 1.4 and 5d2 inserts. The
1.4 and 5d2 clones did not exhibit any discemable difference in growth from the pBK or any of
the other clones. This is consistent with what was observed with the cloned E. coli ICIA, which
reached the same culture densities as the cloning vector without ICIA, although a considerable
lag in growth was was observed (Thony, et al. 1991).
The complete yggB gene was only encoded in the insert of pBK-ei5d3. The inserts of
pBKeil .4 and 5d2 had a partial ORF of the yggB gene.

Protein expression analysis showed

clone 5d3 expressed two proteins of 33 and 45 KD. The 33 KD protein had been putatively
identified as YG G E based on its expression in all three clones. The molecular weight and pi
values computed from the deduced amino add sequence encoded by the complete yggB gene
were 30.6 KD, pi 9.04 for E. ktaluh and 30.9 KD, pi 7.90 for E. coli The molecular weight of the
actual expressed E. coli YGGB has not been determined because the protein is hypothetical,
based only on identification of the O RF. The partial yggB could not be transcribed in done 5d2
because the promoter region and N-terminal region of the gene were missing. The partial yggB
gene was in fram e with the pBK-CMV IPTG-indudble promotor of done 1.4.

The molecular

weight and pi value of the partial fusion protein were computed from the deduced amino add
sequence encoded by the partial yggB gene to be 11.2 KD with a pi of 4.23. In the fusionprotein, an 8

8

bp region of the P-galactosidase gene would be fused with the partial yggB gene
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resulting in a protein of 14.4 KD, the pi value of the fusion protein was not determined. Protein
expression analysis showed the encoded 30.6 KD protein of clone 5d3 was either not expressed
or was not antigenic. The protein was not detected in SDS-PAGE and 2D-PAG E gels and
western blots. Since the computed pi value was out of range of the first-dimension IE F tube gels,
the protein may not have run in the 2D-PAGE gel. A 14.4 KD protein corresponding to the
encoded fusion protein of done 1.4 also did not appear to be expressed. These results indicate
the hypothetical yggB gene may not be an actual expressed gene.
The Ida gene was only encoded by done 5d3. Protein expression analysis showed this
done expressed a 45 KD protein that was not expressed by dones 1.4 or 5d2. The molecular
weight and pi values computed from the deduced amino add sequence encoded by the fda gene
w ere 39.2 KD, pi 5.35 for E. ictaluri and 39.0 KD, pi 5.52 for E. coli, pi 5.43 to 5.55. The
molecular weight of expressed E. coli aldolase was reported to be 39.8 to 42.0 KD. The 2 0 PAGE results reported for expressed E. coli aldolase show the protein separates into two spots
with pi values of 5.43 and 5.55 (Swiss 2D-Service). The doned 45 KD protein expressed by
done 5d3 separated into two spots in 2D-PAGE gels with approximated pi values of 5.9 and

6

.6 .

Based on molecular weights and pi values of the expressed and encoded doned E. ictaluri
protein of done 5d3 and the expressed and encoded E. coli protein, the 45 KD cloned E. ictaluri
protein was putatively identified as aldolase. The putative E. ictaluri aldolase was charaderized
as an integral membrane protein with a/p folding, although no transmembrane domains were
identified. Since glycolosis occurs in the cell cytoplasm, and there were no transmembrane
regions identified in the protein, the characterization as an integral membrane protein is probably
in error.
The frudose 1,6 -bisphosphate aldolases are divided into two dasses based on their
m olecular and catalytic properties. Class I aldolases are found in animals, plants and green
algae. Class II aldolases occur in eukaryotic fungi and green algae and prokaryotic bacteria and
blue-green algae (Baldwin, et al. 1978). Certain photosynthetic organisms induding E. gracilis,

Chlamydomonas mundana and C. rheinhardii can produce either dass I or dass II aldolase
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depending on growth conditions (Stribling and Pertiam 1973). Class I aldolases are typically
hom otetram ers with a subunit molecular weight of 40 KD. Class II aldolases are normally
homodimers with a subunit molecular weight of 30 to 40 KD. Class II aldolases are strongly
inhibited by metal chelating agents such as EDTA. A divalent m etal ion is required for the
formation of the active metalloprotein complex. The metal ion used by the class II aldolases is
usually zinc, but may also be cobalt, iron, nickel or manganese (Stribling and Perham 1973).
The E. coBdass II aldolase contains two zinc ions per enzyme dim er (Berry and Marshall 1993).
Class II aldolases are identified by a signature motif consisting o f two conserved regions.
The signature indudes the region containing the two histidine residues which are involved in zinc
binding, and a duster of addic residues and glydne located in the C-terminal region of the
protein. In £. coB, site direded mutagenesis has shown that histidine residues His-108 and His111 are diredly responsible for the tight binding of zinc (Berry and Marshall 1993). The zinc
binding region was identified in the deduced amino add sequence encoded by doned E. ictaluri

fda. The region spans the residues 94 to 116, and indudes histidine residues His-107 and His110. The addic signature was located from residues 166 to 187.
To confirm that aldolase was being expressed by done 5d3, a commercially available
enzyme assay (Sigma 752) was performed which measured conversion o f fructose 1 ,6 -bisphosphate to hydrazone. Aldolase activity was measured in WCLs of dones 1.4, 5d2, 5d3 with pBK
measured as a control. Results showed aldolase was 2-7 fold higher in the 5d3 than in 1.4, 5d2
and the control (Table 3.12). This is further evidence aldolase was expressed in 5d3, though the
differences in the levels of expression were not great as might be expeded. As with RPIA, this
m ay be due to the fa d that, although multiple copies of the fda gene were present in the 5d3
done, expression of the gene was regulated because it was transcribed from its own promoter,
rather than an indudble promoter.
Alternatively, the lower than expeded levels may be due to the nature of the aldolase
assay, which was designed for use on serum. With this assay, aldolase converts fructose 1,6 bisphophate into dihydroxyacetone phosphate and glyceraldehyde 3-phosphate.
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phosphate isomerase (TPi) present in serum then catalyzes almost complete conversion of
glyceraldehyde 3-phosphate to dihydroxyacetone phosphate.

Further reactions irreversibly

convert dihydroxyacetone phosphate into hydrazone which produces a color reaction that is
proportional to aldolase activity. Unlike serum, bacterial WCLs may not contain TPI, or levels
o f TPI sufficient for complete conversion of the glyceraldehyde 3-phosphate into dihydroxy
acetone phosphate. The color reaction which measures aldolase activity is based solely on the
amount of dihydroxyacetone phophate formed; therefore, if the glyceraldehyde 3-phophate is not
completely converted, the assay will measure a lower level of aldolase activity than may actually
be present.
Class II aldolase appears to be highly conserved among prokaryotes, fungi and bluegreen algae (Alefounder, et al. 1989). Although the highest percent sequence identity (82.1% )
was seen with fda of E. coli (Table 3.6), cloned E. ictaluri fda also had sequence identities with
a number of other organisms. These included the bacteria H. influenza, the blue-green algae E.

gracilus, and the fungi N. crassa, Sc. pombe, and Sa. cerevisiae (Table 3.7). Cloned E. ictaluri
rpiA, in addition to sequence homology with E. coli (75% ), also had homology with rpiA of A.
salmonicida (Table 3.7). It is interesting to note that A. salmonicida is also a fish pathogen.
Two antigenic proteins that were expressed by clones 5d2 and 5d3 could not be identified
with encoded genes. It could not be determined what genes were expressing the 16 KD antigenic
protein of clone 5d2, and the 19 KD antigenic protein of clone 5d3. In SAG western blots,
antibody recognition of these two proteins was not eliminated by absorbtion. No ORFs were
identified that corresponded to deduced proteins of this size, and the difference in protein
expression between the 1.4 and 5d2 clones could not be explained. Clone 1.4 could have
theoretically expressed a partial YGGB fusion protein that was in frame with the IPTG-inducible
pBK-CM V promoter, but this was not observed. This could not occur in clone 5d2 due to the
opposite orientation of the insert. Since there was no evidence that the hypothetical 30.6 KD
YG GB protein was expressed, the possibility that the start codon of yggB was mis-identified,
resulting in a smaller protein, was investigated. The calculated molecular weights of proteins
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encoded from the first two methionine residues located downstream from the methionine start
codon of E. ictaluri yggB were too large and too small to account fo r 19.0 KD antigenic protein
expressed by clone 5d3.
This study has resulted in the putative identification of a number of antigenic E. ictaluri
proteins. One is a 63 KD protein encoded by the £ ictaluri gene eip55. Two other proteins of
20 and 18 KD were determined to be encoded by two of three genes named eip20, eip19 and

eip18. The functions of these putative antigenic proteins are unknown since the nucleic acid and
amino add sequences of these genes and encoded proteins had no sequence homologies with
any other known sequences in the database. The enzymes RPIA and aldolase, the transcrip
tional regulator ICIA, as well as the putative YGGE integral membrane protein, which has an
unknown function, were also identified as putative antigenic E. ictaluri proteins.
Identification of these antigenic proteins was based on DNA sequence analysis and
characterization of encoded and expressed proteins of each done. When it was possible,
enzyme assays were utilized to demonstrate expression of encoded proteins. These identifica
tions are putative however, because most of the evidence used to identify the proteins was
indirect. Since the dones all contained E. ictaluri inserts that were large enough to encode and
express more than one protein, much of the identification was by the process of elimination. The
antigenic protein expression would need to be evaluated for each individual, subdoned gene in
order to determine with certainty that the antigenic proteins are encoded by genes they are
putatively identified with.
Using 2D-PAGE western blotting, this study also showed anti-E. ictaluri antibodies in
CCS cross-reacted with a very high number of E. coli proteins (Figure 3.13C). Control normal
catfish serum, which had no antibodies against E. ictaluri, was shown to have no cross-reactivity
with E cot. Cross-reactivity between E ictaluri and E coB has been reported previously and was
assumed to be due to cross-reactivity between a conserved LPS core antigen (Tyler and Klesius
1994c; Tyler and Klesius 1994b). In this study, there was no discemable difference in the level
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of antibody recognition after absortation of CCS with E ictaluri LPS. This indicates the antibodies
were primarily against proteins rather than a conserved LPS core antigen.
To my knowledge, this study represents the first attempt to identify antigenic E.

ictaluri antigens by more than their molecular weight or location in the cell. The antigenic E
ictaluri proteins that were putatively identified were enzymes and transcriptional regulators.
These are structural proteins with housekeeping functions, as opposed to virulence factors. It
should not be assumed, however, that this precludes them from being protective antigens.
Protective T cell responses against cross-reactive bacterial antigens have been frequently
observed. These cross-reactive antigens are conserved proteins shared by a number of bacteria
(Kaufmann 1993). The high antibody cross-reactivity and conservation of the proteins between
E. coli and E. ictaluri, as well as other bacteria, leaves open the possibility that the putatively
identified cloned E ictaluri proteins are T cell antigens. The identification of potential protective
T cell antigens may be required for the development of a successful ESC vaccine since vaccines
made up of killed E ictaluri bacterins have been unsuccessful. The failure of these vaccines is
likely due to the fact that killed bacterins generally only elicit a humoral immune response unless
they are administered with an adjuvant. This suggests that a cell-mediated immune response
is a necessary component of the protective immune response of channel catfish.
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CHAPTER 4: VACCINATION OF CHANNEL CATFISH WITH CLONED ANTIGENIC
PROTEINS OF EDWARDSIELLA ICTALURI IN AN ESCHERICHIA C O U EXPRESSION
VECTOR AND E. ICTALURI GROWN IN RICH AND MINIMAL MEDIA
The protective capabilities of 14 doned antigenic Edwardsiella ictaluri proteins expressed
by six Escherichia coi dones and E. ictaluri grown in rich and minimal m edia were evaluated in
vacdnation trials measuring protection from challenge. Results showed the percent mortality
was significantly lower in all of the vacdne treatments compared to the unvacdnated control.
Levels o f protedion, measured as relative percent survival (RPS) w ere higher for E. ictaluri
grown in minimal media (RPS 78.3) than for E. ictaluri grown in rich m edia (RPS 57.9), though
no statistical difference was deteded due to variation between replicate tanks.

Surprisingly, one

o f the highest RPS values was seen with the control treatment of the E. coli host strain of the
doning vedor without an E ictaluri insert. Since protedive capabilities of the E. coli alone were
so high, protedive capabilities of the dones expressing antigenic E. ictaluri proteins could not
be ascertained. Protedive capabilities of E. coli suggest cross-readive vacdnation may be an
additional vacdne strategy to investigate in terms of developing a successful ESC vacdne.

INTRODUCTION
Edwardsiella ictaluri, causative agent of enteric septicemia o f catfish (ESC), is the
primary baderial pathogen of commercially produced channel catfish (Ictalurus punctatus) in the
Southeastern United States. Mortality losses and treatment costs are estim ated to be 19 million
dollars annually (Thune, et al. 1997b). Current treatment is with antibiotics, however, increases
in the number of antibiotic-resistant E. ictaluri strains are redudng the effediveness of these
drugs (Thune and Johnson 1992).
It is generally assumed that fish surviving an E. ictaluri infection are resistant to ESC
if they recover (Klesius and Horst 1991). Edwardsiella ictaluri is considered a good candidate
for vacdne development because it has a very high serologic homogeneity (Plumb 1988; Plumb
and Vinitnantharat 1989; Bertolini, et al. 1990). Like other fish pathogens, vacdnes against E.

ictaluri initially focused on using inactivated baderial preparations without any understanding of
fad o rs important in eliciting a protedive immune response against ESC . Unfortunately, this
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approach has not been successful, and efforts are now being made to identify important antigens.
In addition, more recent efforts have recognized the need to stimulate a cell-mediated immune
response.
Since specific antibodies, activated macrophages and helper T cells may all be
components of the protective immune response against E. ictaluri (Scott, et al. 1985; Sheldon
and Blazer 1991; Waterstrat, et al. 1991; Vinitnantharat and Plumb 1993; W ise, et al. 1993;
Shoemaker, et al. 1997), a vacdne designed to elicit these responses should provide protective
immunity against ESC.
One approach to developing a vacdne of this type is to identify antigens of E. ictaluri that
elicit the protective humoral and cellular responses. An approach to identifying protective
antigens is to first identify candidate bacterial proteins antigenic to the host, that is, proteins
reacting with host antibodies following recovery from infection. Although an antibody response
does not necessarily correspond with protedive immunity, identification of antigenic proteins may
narrow the field of possible protective antigens for further studies. The next step is to charaderize some of these candidate proteins in order to determine what types of proteins are antigenic
to channel catfish. The final step is to ascertain the protedive capabilities of the antigens.
Success of this depends on presenting antigens in the appropriate manner.
The first two steps of this process have been completed. A pool of dones expressing
antigenic E ictaluri proteins was generated by antibody screening of an E. ictaluri genomic library
in the Escherichia coli expression vedorXLO LR pBK-CMV (Stratagene, Lajolla California, USA).
Representative dones from this pool were charaderized by DNA sequendng and protein
expression analysis. Those results are reported and discussed in Chapter 3. The final step in
the process of charaderizing these dones is to ascertain protedive capabilities of doned
antigenic £ ictaluri proteins. This can be done in vacdne trials by vaccinating fish with individual
doned proteins in the form of subunit vacdnes. Subunit vaccines can be produced in E. coli or
yeast vedors designed to express large amounts of doned proteins. Expressed cloned proteins
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can then be used as vaccines either in cell lysates of the recombinant expression system or as
purified proteins (Munn 1994).
Previous research (Chapter 1) showed expression o f antigenic E. ictaluri proteins was
effected by culture medium, with an additional protein being expressed in a defined minimal
media broth (MM19; Collins and Thune 1996)) but not in a rich brain-heart infusion broth (BHI).
This protein was recognized by antibodies in sera of catfish recovered from ESC infections,
demonstrating it was expressed during an E. ictaluri infection. Since proteins that are only
expressed in MM 19 may be protective antigens, vaccine preparations of E. ictalur cells grown
in MM19 may be better at eliciting a protective immune response than cells grown in rich media.
The purposes of this research were two-fold.

The first purpose was to evaluate

protective capabilities of cloned antigenic proteins of £. ictaluri described and characterized
previously using subunit vaccines of cloned proteins in whole cell lysates (W CLs) of the E. coli
expression vector XLOLR pBK-CMV. The second goal was to determine if there were differ
ences in protective capabilities of E. ictaluri WCLs prepared from cells grown in BHI orMM 19
media.

MATERIALS AND METHODS
Bacterial Strains, Media and Antibiotics
Escherichia coli strain XLOLR pBK-CMV was grown at 37 °C on Luria-Bertani (LB) media
with kanamycin (Kan, 50 pg/ml; Sigma Chemical Co., St. Louis, Missouri, USA) selection to
m aintain the pBK-CMV plasmid (Sambrook, et al. 1989). Fusion protein expression was in
induced in XLOLR pBK-CMV clones containing inserts of E. ictaluri genomic DIMA (XLOLR pBKei) by adding IPTG (isopropylthio-P-D-galactose; Amresco, Solon, Ohio, USA) to 2 hour LB broth
cultures for a final concentration of 1 mM IPTG, then growing overnight. Edwardsiella ictaluri
virulent strain 93-146 was grown on tryptic-soy agar with 5% sheep blood (T S A II) plates, or in
BHI or MM19 broth at 25-28 °C.
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E. coll XLOLR pBK-ei C lones Expressing Antigenic E. Ictaluri Proteins
The E coli clones XLOLR pBK-ei1.1(1.1). XLOLR pBK-ei1.4 (1.4), XLOLR pBK-ei5d1
(5d1), XLOLR pBK-ei5d2 (5d2), XLOLR pBK-ei5d3 (5d3), XLOLR pBK-ei5d4 (5d4), XLOLR pBKei5d8 (5d8), and XLOLR pBK-ei6d5 (6d5) were described previously in Chapter 3. These six
clones all expressed cloned E. ictaluri proteins recognized by E. ictaluri antiserum generated in
both a goat and in catfish.
B acterial Cell Preparations

Edwardsiella ictaluri and induced E. coli XLOLR pBK-CMV (pBK) and clones with E.
ictaluri inserts were harvested by centrifugation at 3800 x gravity for 15 min at 4 °C and washed
three times in phosphate buffered saline, pH 7.3. The supernatant was discarded and cell pellets
were either processed immediately, or stored at -2 0 °C until processing. To process, cells were
resuspended in sterile distilled deionized (DDI) water to a standardized volume of 0.1 mL of cell
pellet per mL and sonicated at 40 W at 50% duty cycle for approximately

8

min, or until cell

suspensions changed from milky to clear. Sonicated whole cell lysate (W CL) was allowed to sit
for 1 hr at 4 °C and 10% sodium ethylmercurithiosalicylate (thimerosal; Sigma) was added to the
supernatant to achieve a final concentration of 0.01% thimerosal. The supernatant was then
stored at -2 0 °C until use.
In the second vacdne trial, W CLs were thawed four days prior to use, brought to a final
concentration of 0.03% formalin and rocked on an aliquot mixer at 4 °C overnight. To confirm
sterility, thioglycolate broth tubes were inoculated with each formalized W C L and incubated at
28 °C for E. icaturi WCLs and 37 °C for E. coli WCLs. Formalized E. ictaluri WCLs were also
streaked onto plates. Cultures were checked for growth after 24 and 48 hours. Formalized
WCLs were stored at 4 °C until use.
Specific Pathogen free (SPF) Channel Catfish
Channel catfish egg masses were obtained from commercial producers with no history
of ESC outbreaks and disinfected with 100 ppm free iodine. The eggs were hatched in closed
redrculating systems in the spedfic pathogen free (SPF) laboratory at the School of Veterinary
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Medicine, LSU, and maintained to the juvenile stage. Experimental S P F fish were transferred
to a separate laboratory into 20 L flow-through tanks supplied with dechlorinated municipal water
maintained at 25 ± 1 °C at a flow-rate of 300-400 mL per minute. Fish were fed commercial
catfish feed ad libidum every other day during acclimation and through-out experiments.

Vaccination Trial One (VT1)
Acclimation
Experimental SPF fish were transferred into 20 L flow-through tanks stocked at a density
of 30 fish per tank. Fish were acclimated to the flow-through system for 24 days, then impartially
redistributed into 18 tanks with 12 fish per tank and allowed to acclimate for 40 more days before
being vaccinated.

Vaccination and Boost
On the day of vaccination, tanks were randomly divided into six treatment groups with
three tanks per treatment Fish (10.2 ± 0.60 g) were anesthetized with tricaine methanesultonate
(MS-222; Argent Chemical Laboratories, Redmond Washington, USA), and individually injected
intramuscularly (!M) with 0.1 mL of the assigned vaccine treatm ent. The six vacdne treatments
induded two saline controls, WCLs of E. ictaluri grown in BHI and MM 19, W CL of induced pBK,
and a mixture containing equal volumes of WCLs of each o f the six induced dones. The WCLs
used were not formalized. Booster injections of the same treatm ents were administered 27 days
after initial vacdnation.

Challenge by Experimental infection
Thirty days following booster injections, fish in all treatments except a control were
challenged by experimental infection with £. ictaluri using immersion exposure. For experimental
infections 5.0 ml cultures of BHI were inoculated with E. ictaluri strain 93-146 from stock cultures
stored at -8 0 °C, then incubated overnight at 28 °C on a tissue culture rotator. Two mL of
overnight culture was added to 2 L Erienmeyer flasks containing 750 mL sterile BHI with a drop
of antifoam 289 (Sigma), and incubated on a shaker overnight at 28 °C and 200 revolutions per
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minute. Overnight flask cultures were combined, then streaked on plates to confirm purity. Cell
density of the combined culture was measured on a spectrophotometer at O D ^ .
For immersion exposure, water flow was stopped and 200 mL of the combined E. ictaluri
culture was added to each treatment tank along with three drops of antifoam. As a control, a
saline injected treatment group was exposed to 200 mL sterile BHI broth with three drops
antifoam. W ater flow was resumed following a 15 minute exposure. Mortalities were recorded
every 24 hours post-exposure for 6

8

days. To confirm E. ictaluri infections, a necropsy was

performed on each mortality and tissue samples aseptically collected from the trunk kidney and
head lesions were plated and incubated overnight at 30 °C.

Vaccination Trial Two (VT2)
Acclimation
Experimental SPF fish previously acclimated to a flow-through system in the SPF
laboratory were transferred into 45,20 L flow-through tanks stocked at a density of 10-11 fish per
tank. Fish were acclimated for 32 days, then impartially redistributed so 36 of the 45 tanks held
11 fish each. Fish were vaccinated 2 days following redistribution.

Vaccination and Boost
On the day of vaccination, the 36 tanks were randomly divided into twelve treatm ent
groups with three tanks per treatment. Fish (31.5 ± 3.49 g) were anesthetized with M S-222 and
individually injected IM with 0.1 mL of the assigned vaccine treatment. The twelve vaccine
treatments included two saline controls, WCLs of E. ictaluri grown in BHI and MM19, W CLs of
induced pBK and clones 1.1, 4d6, 5d2, 5d3, 5d4 and 6d5, and a mixture containing equal
volumes of WCLs of each of the six induced clones. The W CLs used had been formalized and
confirmed sterile. Booster injections of the same treatments were administered 28 days after
initial vaccination.

Challenge by Experimental Infection
Twenty-eight days following booster injections, fish in all treatments except a saline
injected control were challenged by experimental infection with E. ictaluri using immersion
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exposure. For experimental infections, E. ictaluri cultures were grown in the same manner as
described for VT1, with the exception that the 5.0 ml cultures of BHI were inoculated with single
colonies from a plate of E. ictaluri strain 93-146 that had been passed twice through fish to
confirm virulence. Overnight flask cultures were combined, then streaked on plates to confirm
purity. Cell density of the combined culture was measured on a spectrophotometer at O D ^ .
C eil numbers of the combined culture were also quantified by serially diluting in triplicate in
sterile saline, and dropping 20 pL o f each dilution onto plates. Plates were allowed to dry, then
inverted and incubated at 28 °C for 48 hours.
For immersion exposure of each treatment tank, water flow was stopped, tank volumes
w ere lowered to 10 L and 200 mL o f combined E. ictaluri culture was added. As a control, a
saline injected treatment group was exposed to 200 mL sterile BHI broth. W ater flow was
resumed immediately after the culture was added. Mortalities were recorded every 24 hours
post-exposure until there were no mortalities for seven consecutive days. Edwardsiella ictaluri
infections were confirmed as described for V T1.

Statistical Analyses
Cumulative daily mortality for each tank was normalized with an arcsine squareroot
transformation (Neter, et al. 1990), and analyzed by analysis of variance (ANOVA) followed by
Tukey*s multiple comparison at a significance level of a = 0.05 using the General Linear Models
Procedure in SAS Version 6.12 (SAS, Cary North Carolina, USA). Relative percent survival
(R P S ) was calculated using the formula RPS = (100 x [%mortality treatment + %mortality
controls]) as described by Amend (1981).

RESULTS
Vaccine Trial One
Due to shortages in the amount of vaccine prepared, there was not enough to inject all
12 fish in each tank of a treatment. As many fish as possible were vaccinated which resulted in
a variable number of fish per tank, with numbers ranging from 11 to 12.

Feeding activity

remained normal and there were no mortalities following vaccination with saline or £ . coli WCLs,
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Mortal'rtes did occur in treatment tanks vaccinated with E. ictaluri W CLs, with all of the fish dying
in the E. ictaluri BHI treatm ent group, and all but three fish dying in the E. ictaluri MM19
treatment group. As a result, these treatment groups were eliminated from the experiment. No
mortalities occurred in the remaining treatment groups following booster injections.
Fish were challenged with 2.9 x 10” E. ictaluri cells per treatm ent tank. Mortalities that
occurred following challenge all cultured positive for E ictaluri and had internal or external
lesions consistent with either acute or chronic ESC. Mortality results are shown in Table 4.1.
Mortalities occurred from day 7 post-challenge through day 6 8 , with the highest mortalities on day
10 and day 40 post-challenge with 3 mortalities both days. Mortalities occurring from day 16 post
challenge had'hole-in-the-head* lesions characteristic of chronic ESC. Results showed that,
compared to the challenged saline control treatm ent the percent mortality was significantly lower
only in the unchallenged saline control treatment. Although RPS values were 80.0 and 79.1 and
the percent mortality was lower in vaccination treatments they were not significantly different
from the unvaccinated control treatment (0.05>P>0.10).

Vaccine Trial Two
Due to shortages in the amount of vaccine prepared, there was not enough to inject all
11 fish in each tank of a treatment. As many fish as possible were vaccinated which resulted in
a variable number of fish per tank, with numbers ranging from 9 to 11. Feeding activity remained
normal and there were no mortalities following vaccination or booster injections.
Fish were challenged with 1 x 101 2 cells per treatment tank. Mortalities that occurred
following challenge all cultured positive for E. ictaluri and had internal or external lesions
consistent with acute ESC. Mortality results are shown in Table 4.2. Mortalities occurred from
day

6

to day 18 post-challenge, peaking at day 11 with 21 mortalities. Results showed that,

compared to the challenged saline control treatm ent, the percent mortality was significantly
lower in the unchallenged saline control treatment, as well as in all of the vacdne treatment
groups. Percent survival was not significantly different between any vacdne treatment groups,
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Table 4.1: Results from vaccination trial one. The saline vaccinated control was not
challenged (nc) with Edwardsiella Ictaluri. Standard error is denoted by SE. Means with
the same letters are not significantly different.
_________ _____________ ________
Treatment

Replicate

Total
# Fish

# Fish
Dead

Mortality

Saline, nc

1

12

0

0

2

12

0

0

3

12

0

0

1

12

5

41.7

2

12

2

16.7

3

12

3

25.0

1

12

2

16.7

2

11

0

0

3

11

0

0

1

12

1

8.3

2

11

1

9.1

Saline

pBK

Clones

%

% Mortality
(mean ± SE)

RPS1

0B

27.8 ± 0.07A

5.6 ± 5.56*®

80.0

5.8 ± 2.91 ^
79.1
11
0
0
3
1RPS = Relative percent survival = 100 x [1 - (% mortality vaccinated +• %mortality controls)]

although RPS was lowest (57.9) in the treatm ent group vaccinated with E. ictaluri (BHI) and
highest (90.5) in the treatment group vaccinated with clone 1.1 W CL.

DISCUSSION
In VT1, fish in the treatment groups vaccinated with E ictaluri BHI and M M 19 WCLs died
from E ictaluri infections due to viable cells in the W CL preparations. Consequently, the vaccine
treatments for VT2 were formalized and checked for sterility before being administered to fish.
Mortalities in VT1 were primarily chronic, and total mortality was only 27.8% in the unvaccinated
control group. Optimal potency testing o f fish vaccines requires a minimum of 60% mortality in
non-vaccinated challenged controls (Amend 1981; Ellis 1988a), though some researchers
suggest greater than 80% mortality (Ward 1982). This is to assure there are a sufficient number
of susceptible fish in the population to allow data analysis and to assume an adequate level o f
challenge, without overwhelming any protective immunity (Amend 1981). Amend (Amend 1981)
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Table 4.2: Results from vaccination trial two. The saline vaccinated control was not
challenged (nc) with Edwardsiella Ictaluri. Standard error is denoted by SE. Means with
%

Replicate

Total
#Fish

# Rah

Treatment

Dead

Mortality

Saline, nc

1

11

0

0

Saline

E icaluri (BH\)

E ictaluri (MM19)

pBK

1.1

4d6

5d2

5d3

5d4

6d5

Combined

2

11

0

0

3

11

0

0

1

11

11

100.0

2

11

10

90.9

3

11

8

72.7

1

11

8

72.7

2

11

2

18.2

3

10

2-

20.0

1

11

1

9.1

2

10
11

3
2

30.0

3

18.2

1

11

1

9.1

2

11

1

9.1

3

11

1

9.1

1

8

2

25.0

2

9

0

0

3

9

0

0

1

11

4

36.4

2

11

3

27.3

3

11

2

18.2

1

10

3

30.0

2

10

5

60.0

3

11

2

18.2

1

9

1

11.1

2

9

3

33.3

3

9

3

33.3

1

8

1

12.5

2

11

3

27.3

3

10

11

30.0

1

11

1

20.0

2

11

1

9.1

3

11

1

9.1

1

11

1

9.1

2

11

1

9.1

% Mortality
(mean ± SE)

RPS1

0C

87.9 ± 8.02*

37.0 ± 17.9®

57.9

19.1 ±6.05®°

78.3

9.1 ± 0.00®°

89.7

8.3 ± 8.33“=

90.5

27.3 ± 5.24bc

69.0

32.7 ± 9.29®

62.8

25.9 ± 7.40bc

70.5

23.3 ± 5.43®°

73.5

12.7 + 3.63®°

85.5

72.4
54.5
2 4 .2 + 15.15®°
11
6
3
1RPS = Relative percent survival = 100 x [1 - (% mortality vaccinated + %mortality controls)]
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suggests a mortality level below 60% in the challenged non-vaccinated control is unsatisfactory
and the test should be considered a *no* test and repeated. Based on this, VT1 was considered
to be a failed trial and the results will not be considered further.
To ensure an adequate challenge in VT2, E ictaluri 93-146 undeiwent two passages
through catfish to confirm virulence. Preliminary challenges also showed larger catfish required
exposure to a higher concentration of E. ictaluri cells in order produce acute infections.
Experimental infection procedures were modified accordingly with resulting in a successful
challenge in VT2, with 87.9% mortality in the unvaccinated control treatment.
Results of VT2 showed that compared to the unvacdnated control, percent mortality was
significantly lower in the unchallenged control and the vaccinated treatm ent groups. Although
there appeared to be differences in level of protection in different vacdne treatments based on
RPS values, due to the high variation between replicates in each treatm ent and the low number
of replicates per treatment and fish per replicate, differences in percent mortalities were not
statistically significant. Replicates were limited to three tanks per treatm ent due to logistical
constraints of the high number of treatments (13). The large size of the fish, which averaged
31.5 g , limited the number of fish that could be put in one tank.
Results indicated levels of protection were higher for E ictaluri (M M 19) than for E. ictaluri
(BHI), which had RPS values of 78.3 and 57.9 respectively, though no statistical difference was
detected due to variation between replicate tanks. Surprisingly, one of the highest RPS values
was seen with the pBK W CL vacdne treatment. This treatment, containing the pBK-CMV
expression ved o r without an E. ictaluri insert in the E. coli host strain XLOLR, served as the
control for the vacdne treatments containing cloned antigenic E. ictaluri proteins.
Although the high level of protection of the E. coli host strain was unexpeded, it was not
unprecedented. All baderial spedes possess unique proteins, however a surprisingly high
number of proteins are shared among various baderial spedes (Kaufmann 1993). Catfish E.

ictaluri antibodies had been previously shown to have a high amount o f cross-readivity with a
rough mutant of E coli 0111 :B4 (Tyler and Klesius 1994c). The pBK W C L was shown to share
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a very high number of cross-reactive proteins with E ictaluri in two-dimensional polyacrylamide
gel electrophoresis western blots probed with sera from catfish that had survived E. ictaluri
infections (Chapter 3). In addition, cross-reactive antigens of E coli were shown to be protective
in yearling channel catfish challenged with E. ictaluri following vaccination with formalin-killed
whole cells of a rough mutant strain of E coli strain (J5) administered once with alum by IP
injection (Tyler and Klesius 1994b).
Assessments of protective capabilities of cloned antigenic E. ictaluri proteins were
inconclusive. Since protective capabilities of the E. coli host strain of the cloning vector were so
high, protection of the clones could not be ascertained. Additionally, subsequent to the vaccine
trials, it was determined through DNA sequencing and protein expression analysis that each of
the clones had E ictaluri inserts large enough to encode several proteins, and none of the cloned
antigenic proteins were under control o f the IPTG-inducible promoter of pBK-CMV vector
(Chapter 3). This meant all of the proteins were being expressed based on recognition of cloned
E . ictaluri transcriptional promoters by E. coli RNA polymerase. Because transcription o f the
cloned proteins was regulated by E. ictaluri promoters rather than the strong, inducible vector
prom oter, the concentrations of expressed cloned proteins were lower than what would be
expected for an expression vector.

This probably resulted in clones having amounts of

expressed cloned proteins that were too low for the W CLs to serve as subunit vaccines.
To correct this problem, genes encoded by E. ictaluri inserts will need to be subcloned
in the same reading frame as the vector’s inducible promoter. O ver expression of the cloned
proteins may allow differences in protective capabilities of the proteins to be measured compared
to the pBK W CL vaccine control. Alternatively, since the vector pBK-CMV is also designed to
express cloned inserts under control of the eukaryotic CM V promoter, protective capabilities of
cloned antigenic E. ictaluri proteins could be assessed using DNA vaccination.
Additional studies using more replicates and perhaps higher numbers of fish per replicate
w ill be needed to determine with certainty if there are any differences in levels of protection
between E ictaluri (MM19) and E ictaluri (BHI) W CL vaccines. Subcloning will be necessary to
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evaluate protective capabilities of cloned antigenic E. ictaluri proteins, and subunit vaccines may
not be usable due to the level of protection elicited by the E. coli host strain of the cloning vector.
Cross-reactive antigens are often conserved T cell antigens (Kaufmann 1993). Although the high
RPS of the control pBK W C L inhibited assessment of the cloned E. ictaluri proteins, protective
capabilities of the E coS due to cross-reactive antigens suggests cross-reactive vaccination may
be an additional vaccine strategy to investigate in terms of developing a successful ESC vaccine.
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SUMMARY
In this study 2D-PAGE and western blotting with CCS were successfully used to further
clarify the identity of antigenic proteins expressed by E. ictaluri. This study represents the first
reported use of 20-PAGE and ECL western blotting for the analysis of E. ictaluri proteins. It was
also the first study to investigate differences in antigenic protein expression of E. ictaluri under
different conditions of growth. Results showed 2D-PAGE could be used to separate antigenic
and non-antigenic proteins of the same molecular weights, and these proteins would appear as
one antigenic band in SDS-PAGE western blots. Results also showed differences in strains or
routine culture temperatures do not effect expression of antigenic £ . ictaluri proteins, but culture
media does. A unique 57 KD antigenic protein was only expressed by E. ictaluri grown in the
defined minimal MM19 media and two antigenic proteins of 71 and 58 KD had different levels
of expression when E. ictaluri was grown in MMI9 or enriched BHI media.
In a separate study, a pool of cloned antigenic E. ictaluri proteins were generated by
screening an E. ictaluri genomic library in an £ . coli expression vector with antiserum against E.

ictaluri. Nine clones were selected and partially characterized by DNA sequence analysis and
protein expression analysis using 2D-PAGE and ECL western blotting with GAI and CCS. Three
clones, 4d6, 5d2 and 5d3, were double-strand sequenced and their encoded genes and
expressed cloned antigenic E. ictaluri proteins were putatively identified. Four putative ORFs
were identified in the insert of clone 4d6 corresponding to expressed cloned antigenic proteins
of 63, 20 and 18 KD expressed by 4d6 and antigenic proteins of the sam e molecular weight
expressed by E. ictaluri. Genes encoding these proteins had no homology with other known
genes. Overlapping inserts of clones 5d2 and 5d3 encoded 6362 bp insert with high homology
to a region of the E. coli chromosome. The insert included partial gene homologs of E. coli
genes serA and pgk and complete gene homologs of E coli genes rpiA, iciA, yggE, yggB and fda.
Cloned antigenic proteins of E. ictaluri expressed by clones 5d2 and 5d3 were putatively
identified. A 33 KD cloned antigenic E. ictaluri protein was putatively identified as YGGE, an
integral membrane protein with an unknown function encoded by yggE. A 27 KD cloned
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antigenic E ictaluri protein was putatively identified as ribose 5-phosphate isomerase A, encoded
by rpiA. A 35 KD cloned antigenic E. ictaluri protein was putatively identified as the inhibitor of
chromosome initiation of replication A protein, encoded by iciA. Finally, a 45 KD cloned
antigenic protein of E. ictaluri was putatively identified as fructose 1,6-bisphosphate aldolase,
encoded by fda. Several of these proteins, in particular aldolase, are highly conserved between
species. Results of western blot analysis also showed there was a high amount of antibody
cross-reactivity between E. ictaluri and E. coli proteins. Since highly conserved, cross-reactive
proteins are frequently T cell antigens, this leaves open the possibility that several of the cloned
proteins may be possible T cell antigens. The protective capabilities of 14 cloned antigenic
proteins were evaluated in catfish vaccine trials measuring protection from challenge with E.

ictaluri. All of the clone vaccine treatments had mortality levels significantly lower than the
unvaccinated control, however the results were inconclusive due the high level of cross-reactive
protection of the E. coli host strain of the cloning vector.
This research represents the first study to putatively identify antigenic E. ictaluri proteins
by more than their molecular weights or locations in the ceil. Subcloning is required for definitive
identification of the expressed cloned antigenic proteins. Subcloning will also result in fusion
proteins with high levels of expression due to the IPTG-inducible pBK-CMV promoter. Due to
the higher levels of cloned protein expression, these subclones will probably make better subunit
vaccines than the original clones that were tested. If the cross-reactive protection of the E. coli
can not be overcome by higher protein expression, the plasmid of the cloning vector has a
eukaryotic promoter and can be used as a DNA vaccine. This should allow the protective
capabilities of the cloned antigenic antigens to be evaluated. Additionally, the high crossreactive protection of E coBsuggests that cross-reactive vaccination may be an another vaccine
strategy to investigate in terms of developing a successful ESC vaccine.
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