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Experiments were designed to more precisely evaluate the

effects of water temperature on the progress of bacterial kidney

disease ( BKD) in three species of salmonid fishes. Infections were

produced by intraperitoneal injection of suspensions of the causative

organism into fish held at seven temperatures ranging from 3.9 to

20.5°C. Mortality was highest ( 78-100 percent) in coho salmon

(Oncorh nchus kisutch) and steelhead trout (Salmo gairdneri) in the

range of 6. 7 to 12.2 °C. At temperatures above 12.2 °C mortality

decreased progressively to 8-14 percent at 20.5°C. In sockeye

salmon (Oncorhynchus nerka) the suppressing effect on the disease

process at these higher temperatures was, not apparent and mortality

was essentially 100 percent at all temperatures from 6.7 to 20.5°C.

Water temperature also influenced the mean number of days between

infection and death. The interval was shortest in all three species at



the higher temperatures, varying from 21 to 34 days at 15.0 to 20.5°C.

As the temperature decreased the mean time to death increased pro-

gressively; at 6. 7 °C it varied from 60 to 71 days.

To obtain data useful in further determining the taxonomic iden-

tification of the kidney disease bacterium (KDB) several biochemical

characteristics of this organism were determined. The percent

guanine plus cytosine in deoxyribonucleic acid from KDB was found to

be 53.00 + 0.46 (95 percent confidence interval). Amino acid analysis

of purified cell walls of KDB indicated that glutamic acid, lysine and

glycine were present in equimolar concentrations. The principal

sugars detected by gas-liquid chromatographic analysis of KDB cell

wall hydrolyzates were glucose, arabinose, mannose and rhamnose.

These results indicated the percent guanine plus cytosine was similar

to that of species belonging to the genus Corynebacterium, however,

the cell wall composition of the KDB isolates was markedly different

from the type species of this genus.

The biochemical properties reported here together with those of

previous investigators indicate the existence of a bacterium sufficiently

different from any other coryneform so as to be considered a new

species. The KDB has only been isolated from species of fish in the

subfamily Salmoninae, the salmon, trout and char, of the family

Salmonidae. This limited host range supports the proposal of the name

Corynebacterium salmoninus sp. nov. for KDB.
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CELL WALL CHEMISTRY, DEOXYRIBONUCLEIC ACID
BASE COMPOSITION AND PATHOGENESIS OF THE

KIDNEY DISEASE BACTERIUM IN SALMONID FISHES

INTRODUCTION

Bacterial kidney disease (BKD) is recognized as one of the most

prevalent diseases in hatchery populations of salmonid fishes.

Effective chemotherapeutic agents are not presently available to eli-

minate this disease from infected fish, consequently deaths from BKD

continue after fish are released from the hatchery. In populations of

anadromous salmonids infected with BKD the effect of migration and

acclimation to salt water is only minimally understood. The etiological

agent of BKD is a fastidious, slow-growing, Gram positive diplo -

bacillus, which may require several weeks for initial isolation from

diseased fish. Ordal and Earp (1956) tentatively suggested this

bacterium should be classified in the genus Corynebacterium. These

strict requirements for isolation and growth have served to greatly

limit research efforts, as a consequence little is known concerning

the effects of water temperature on the disease process or the taxono-

mic classification of the kidney disease bacterium (KDB).

The main objectives of this study were to: (1) determine, under

rigidly controlled conditions, more definite data concerning the effects

of water temperature on BKD in three species of salmonid fishes,

(2) further investigate the effects of adaptation to salt water on a
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population of salmonids naturally infected with BKD, (3) to obtain

additional information concerning the biochemical properties of KDB,

and (4) to examine the taxonomic position of this bacterium in relation

to the genus Corynebacterium.



LITERATURE REVIEW

Historical Background

3

Bacterial kidney disease (BKD) was probably first described,

under the name of Dee disease, in 1930 from Atlantic salmon (Salmo

salar) in the Aberdeenshire Dee and the River Spey in Scotland (Smith,

1964) . This disease was first reported in the United States by Belding

and Merrill (1935) in brook trout (Salvelinus fontinalis) and brown

trout (Salmo trutta) from a hatchery in Massachusetts. Both of these

reports characterized the disease causing bacterium as a small Gram

positive, fastidious, diplo-bacillus.

Since these first reports BKD has become widely recognized as

one of the most important infectious diseases of hatchery-reared

salmonids in Great Britain, Canada and the United States. There are

no reports of this disease occurring in nonsalmonid fishes. Recently,

Kimura and Awakura (1977) described the occurrence of this disease

in chinook salmon (Oncorhynchus tshawytscha), kokanee salmon

(Oncorhynchus nerka), pink salmon (Oncorhynchus gorbuscha), and

masu salmon (Oncorhynchus masou) on the island of Hokkaido in Japan.

Bacterial kidney disease was extensively reviewed by Bullock et al.

(1971).

The kidney disease bacterium (KDB) has only rarely been ob-

served from wild salmonids since the original description from wild



Atlantic salmon in Scotland (Smith, 1964). Rucker et al. (1954) and

Wood (1974) without supporting data, indicated that the disease had

been found in wild fingerling salmon. Pippy (1969) found the

4

bacterium in two of 235 wild Atlantic salmon in the Margaree River of

Nova Scotia, Canada and Evelyn et al. (1973) isolated the disease

agent from a sport caught rainbow trout (Salmo gairdneri) from Loon

Lake, British Columbia.

The effect of estuarine and salt water environments on the patho-

genesis of BKD has received scant attention. Earp et al, (1953) indi-

cated that the disease continues to cause deaths after movement of

infected stocks of chinook and coho salmon (Oncorhynchus kisutch) to

salt water rearing ponds. Similar results were reported by Bell

(1961) with pink salmon. Recently, Frantsi et al. (1975) reported that

BKD impaired the ability of Atlantic salmon smolts to acclimate to

salt water and caused a reduction in ocean survival.

External Pathology

The external pathology of this disease has been described in

detail by several authors. Belding and Merrill (1935) observed that

exophthalmia was the most striking symptom of the disease. Super-

ficial blebs and blisters, hemorrhagic areas and deep abscesses also

occurred on various parts of the body surface except for the head,

tail and fins. The abscesses were filled with thick, white hemorrhagic
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fluid. Snieszko and Griffin (1955) listed a distended abdomen, exo-

phthalmos and blisters as the most common external symptoms. The

blisters are filled with a clear fluid containing tissue cells and the

disease organism. Wood and Wallis (1955) found external blisters and

abscesses in the musculature of adult spring chin000k salmon, however

abdominal swelling and exophthalmos did not occur in these fish.

Internal Pathology

Bacterial kidney disease, although usually a systemic infection,

has demonstrated, as the name suggests, a marked affinity for kidney

tissue. As described by Belding and Merrill (1935) the grayish-white

lesions in the kidney could vary from small abscesses to almost total

involvement of the organ. These abscesses contained a thick whitish

fluid consisting of leucocytes, bacteria and cellular debris. The peri-

toneum and pericardium contained an excess of fluid which may be of

hemorrhagic origin. The liver and spleen may be covered with small

white abscesses and the reproductive organs may be hemorrhagic. In

adult chinook salmon, Wood and Wallis (1955) reported abscesses on

the liver and spleen more frequently than on the kidney. Snieszko and

Griffin (1955) observed that in advanced stages of BKD the whole kidney

becomes greatly enlarged and necrotic. They also noted the presence

of a false white membrane which in advanced cases may encase the

intestines and pyloric caeca and can easily be mistaken for the mature
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testis. Wood and Yasutake (1956) in studying the histopathology of BKD

concluded that the hematopoietic tissue of the kidney was first involved.

A marked eosinophilic inflammation in the muscle of the wall of the

digestive tract and extensive destruction of the heart muscle was

noted. They concluded that the eastern and western forms of BKD

were identical histologically.

Warren (1963) suggested that the severity of BKD is inversely

related to the total water hardness. According to Hunn (1964) BKD

infected brook trout show significant decreases in hematocrit and total

plasma protein. Electrophoretic analysis of plasma protein indicated

the faster migrating fractions were reduced in infected fish. Nutri-

tional factors such as corn gluten or cottonseed meal were shown by

Wedemeyer and Ross (1973) to influence the severity of BKD.

Effects of Water Tern erature on Pathogenesis

Belding and Merrill (1935) first described the seasonal occur-

rence of BKD among adult brook and rainbow trout. Earp et al. (1953)

indicated that BKD occurs over a wide range of temperatures. In the

disease outbreaks cited among chinook and sockeye salmon,

respectively, the weekly mean water temperatures ranged from a

high of 12.8 to 18,3°C to a low of 8.3 to 10.6°C. The severity of the

disease was found to be directly related to water temperature. Most

outbreaks occurred during the autumn and winter, under conditions of



declining water temperatures, however the greatest mortality was

associated with periods of highest water temperature (Earp et al. ,

1953). Snieszko and Griffin (1959) reported peak mortalities during

the spring when water temperatures were rising. According to Wolf

and Dunbar (1959) greater losses were observed in experimentally

infected brook trout at 7°C than at 12.5 °C. The white pseudo mem-

brane associated with BKD is most likely to be present in salmon held

at temperatures below 8. 3 °C while at higher temperatures necrotic

lesions most commonly develop (Smith, 1964). Depending upon tem-

perature and level of initial exposure, deaths from BKD occur 30-35

days following exposure at temperatures above 11. 1 °C and 60-90 days

at lower temperatures (Wood, 1974).

Cultivation of the Kidney Disease Bacterium

The first successful attempts to cultivate KDB were reported by

Earp et al. (1953). Initially, limited growth was obtained on media

containing fish extract, glucose, yeast extract, sterile beef serum,

meat infusion and agar. Subsequent experimentation demonstrated that

minced chick embryo tissues and Dorset's medium could also be

utilized for the growth of this organism. Growth was sparse on each

preparation but sufficient quantities of cells were obtained to transmit

the disease, These experiments gave strong presumptive evidence

that the bacterium cultivated was the agent of BKD.



In 1956, Ordal and Earp described a modified Dorset's medium

which could be used to directly isolate KDB from lesions in infected

fish. They also described a medium, cysteine blood agar, containing

1.0 percent trypto:se, 0.3 percent beef extract, 0.5 percent sodium

chloride, 0.05 percent yeast extract, 0.1 percent cysteine-HC1, 20.0

percent human blood (by volume) and 1.5 percent agar. This medium

has been extensively employed for a number of years in the isolation

and cultivation of KDB. These researchers were able to complete

Koch's postulates and demonstrate conclusively that the etiological

agent of kidney disease in salmonid fishes is a small Gram positive

diplo-bacillus.

Wolf and Dunbar (1959) found that Mueller Hinton medium (Difco,

Detroit, Michigan) supplemented with 0.. I percent L-cysteine-HC1 grew

KDB equally well as the cysteine blood agar described by Ordal and

Earp (1956). Bullock et al. (1974) concluded that KDB grew slowly

on both cysteine enriched Mueller Hinton and cysteine blood agar

modified as described by Evelyn with serum in the place of whole

human blood. The enriched Mueller Hinton medium was thought to be

advantageous because neither blood or serum was required and the

medium was commercially available.

Etiological Agent

The causative agent of BKD is a small (0. 3 -1.5 pm by
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0.5-1.0 µm) Gram positive nonsporulating diplo-bacillus, which is

neither acid-fast nor motile (Ordal and Earp, 1956 and Smith, 1964).

Belding and Merrill ( 1935) described a bacterium which differed

markedly from that reported by subsequent workers; quite possibly

they were not working with a pure strain of KDB.

Only two papers in the literature have described some of the

biochemical or cultural characteristics of KDB. Ordal and Earp (1956)

demonstrated that cysteine is required for growth, and that the

organism is proteolytic and produces catalase. They further indicated

that KDB should be considered a species of Corynebacterium. The

causative agent of Dee disease as described by Smith (1964) grew best

at 15°C, very slowly at 5° or 22 °C, and not at all at 37°C; did not

liquefy gelatin and was slowly proteolytic without any pH change in

litmus milk. Smith further indicated that the causative bacterium of

Dee disease and BKD were identical and agreed that the organism was

most closely related to the corynebacteria.

Taxonomy of the Coryneform Group of Bacteria

Barksdale (1970) in an extensive review of Corynebacterium

diphtheriae indicated that morphology is a poor criterion on which to

relate bacteria. Pleomorphorism frequently occurs when bacteria

are grown under different conditions and on various media. This pro-

blem is further recognized in the eighth edition of Bergey's Manual of
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Determinative Bacteriology (1974), the authors instead of designating

the family Corynebacteriaceae used "Coryneform Group of Bacteria,"

recognizing that the taxonomy and classification of these bacteria is

still undetermined.

In Bergey's Manual (1974) the genus Corynebacterium is divided

into three sections: (1) the human and animal parasites and pathogens,

(2) plant pathogenic corynebacteria, and (3) non-pathogenic coryne-

bacteria. Clearly the KDB should have features in common with

species of corynebacteria in section 1.

To determine the relationship of the KDB to the Corynebacterium

three distinctive characteristics of this genus were considered. These

were the percent guanine plus cytosine (% GC) in deoxyribonucleic

acid (DNA), the components of the cell wall peptidoglycan and the

determination of the principal sugars in cell wall hydrolyzates.

According to Bergey's Manual (1974) the DNA % GC as deter-

mined by thermal melts and buoyant density for the human and animal

pathogenic corynebacteria varies from 57-60 percent. Barksdale

(1970) suggested a range of 55-58 percent for the genus Corynebacter-

iurn and Hill (1966) suggested 51-58 percent.

The cell walls of the corynebacteria are distinguished by having

meso-diaminopimelic acid in conjunction with arabinose and galactose

(Cummins, 1962 and Barksdale, 1970). Lysine has never been found

in the cell walls of any corynebacteria (Barksdale, 1970) and rhamnose
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has only been reported in one strain of C. kutscheri (Cummins and

Harris, 1956).

According to Barksdale (1970) two species of bacteria that have

been wrongly placed in the corynebacteria are C. pyogenes and C.

haemolyticum. These bacteria are characterized by a peptidoglycan

containing lysine and the sugars rhamnose and glucose in the cell

wall. The % GC of C. pyogenes is 58 + 1.0 percent (Cummins, 1971).

Bergey's Manual (1974) places these organisms in an Addendum to the

corynebacteria and indicates their final classification is uncertain.



MATERIALS AND METHODS

Culture Media
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Cysteine serum agar (CSA, Ordal and Earp, 1956) modified by

substituting calf serum (10-20 percent, v/v) was the principal medium

used throughout these studies. The constituents of this medium are

as follows:

000 ml

Tryptose 1. 0

Beef extract 0, 3

Yeast extract 0. 01

D or L Cysteine-HC1 0.1

Sodium chloride 0. 5

Agar 1. 5

Water to volume

After autoclaving, this medium was cooled and 10-20 percent calf

serum added.

Mueller Hinton medium (MH, Difco, Detroit, Michigan) enriched

with 0.1 percent D or L cysteine-HC1 (w/v) and 10-20 percent calf

serum (v/v) was also utilized primarily for the maintenance of stock

cultures.

Deoxyribonucleic acid and purified cell wall preparations were

obtained from bacterial cells that had been grown on CSA for 20-30
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days at 15 or 18°C in glass culture bottles that provided approximately

170 cm
2 of surface area. Immediately prior to, inoculation, 5 to 10 ml

of cysteine serum broth was added to each culture bottle to insure

adequate surface moisture.

Bacterial Cultures and Techniques

The isolates used in these studies are listed in Table 1. The

original intention was to use the same three KDB isolates for each

experimental determination, however the length of this study combined

with the fastidious nature of the KDB organism resulted in the loss of

two isolates (HR-4-67 and R13-1-74). Isolates SR-1-75 and RB-1-73

were substituted.

Each isolate was maintained on CSA or MH agar in one ounce

prescription bottles at 15 or 18°C and transferred monthly. At each

transfer the culture was examined macroscopically for purity and

colony morphology. Cells were also microscopically observed for the

Gram reaction.

Experimental Animals

Coho salmon and steelhead trout (Salmo gairdneri, North Santiam

River stock) were obtained from the Oregon Department of Fish and

Wildlife, Fall Creek and Oakridge hatcheries. The sockeye salmon

(Columbia River stock) were obtained from the Western Fish
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TABLE 1. Isolates of the Kidney Disease Bacterium Used in This
Study.

Isolate Code Origin Host
Year

Isolated

RB -1-73 Round Butte Hatchery,
Oregon

Spring Chinook 1973

RB -1-74 Round Butte Hatchery,
Oregon

Spring Chinook 1974

Lea-1-74 Leaburg Hatchery,
Oregon

Spring Chinook 1974

SR-1-75 Siletz Hatchery,
Oregon

Coho Salmon 1975

HR-4-67a Hood River Hatchery,
Oregon

Spring Chinook 1967

_0 ---------

a Isolated by J. 0. Cisar
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Toxicology Laboratory, Environmental Protection Agency, Corvallis,

Oregon, The coho salmon used in the experiment to determine the

effects of salt water on BKD infections were obtained from the Oregon

Department of Fish and Wildlife, Siletz Hatchery.

Temperature Studies

Coho salmon used in these experiments average 6.5 g in weight,

while the steelhead trout averaged 18 g and the sockeye salmon 38 g.

The size of the experimental fish was defined chiefly by availability

at the time they were needed.

Groups of 25 fish were held in fiberglass tanks containing 68

liters of pathogen free well water flowing at the rate of about 3.8 liters

per min, Automatic temperature control equipment provided water

varying from 3.9 to 20.5°C (+ 0.28*C) in 2,8° C increments. Four

groups of fish were held in separate tanks (2 experimental and 2 con-

trol tanks) at each of the seven controlled water temperatures.

Acclimation of fish to each of the seven water temperatures was

completed over a period of several days. For example, each of the

four groups of fish to be eventually acclimated to 3.9°C water were

moved to separate tanks containing 12.2 °C water (ambient), Water at

the next lower temperature increment 9.4°C was then introduced at the

rate of about 1.9 liters per min to each tank. Within 1-2 hr the water

temperature in each tank had reached 9.4 °C. The fish were then held
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at this new temperature for 48 hr. After this period of acclimation,

water at the next lower temperature increment, 6. 7 °C, was introduced

at the same rate as before. The fish were then again held for a period

of 48 hr to allow acclimation at this lower temperature. After this

period, water at the next lower increment, 3.9°C, was introduced

at the previously described rate and the fish were maintained at this

temperature throughout the experimental period. Acclimation to each

of the higher water temperatures was completed in a similar manner

with the fish being initially held in 12.2°C water and 15. 0 °C water

being introduced at the rate of 1.9 liters per min. After the 48 hr

acclimation period 17. 8 °C water was introduced and finally after

another 48 hr period, 20.5°C water was introduced. When all of the

fish had been acclimated to each water temperature there were four

separate groups of fish at each of the seven controlled temperatures.

Experimental Infections

Experimental infections were produced by the intraperitoneal

injection of a washed (phosphate buffered saline, PBS, pH 7.2) sus-

pension of KDB diluted with 0.85 percent saline. Just before each

temperature experiment, a suspension of each stock KDB isolate was

prepared and injected into a small group of the salmonid speties to

be tested. Several BKD cultures were then collected from these fish

and grown on CSA. Two to three transfers on CSA were required
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before sufficient cells were obtained for each complete temperature

experiment. Cell concentrations were adjusted using Nephelometer

tube No. 3 as a standard (Kolmer et al. , 1951). Each fish received

0.05 ml of the KDB cell suspension in 0. 85 percent saline adjusted to

10x Nephelometer No. 3. All control fish received 0.05 ml of sterile

0. 85 percent saline. A further estimate of the bacterial cell concen-

tration was obtained from cell counts in a Petroff-Hausser Bacterial

Counting Chamber (C. A. Hausser and Son, Philadelphia, Pennsyl-

vania) using phase contrast microscopy. Using this method of deter-

mining cell numbers each fish received 2.5 x 108, 2.9 x 108 and

3. 3 x 108 KDB in the coho salmon, steelhead trout and sockeye salmon

temperature experiments, respectively.

Dead fish were collected daily during each experimental period,

necropsied, and smears of kidney tissue prepared on microscope

slides. The smears were Gram stained and examined for the presence

of the typical KDB. It should be noted that this criteria for establishing

infection has limited sensitivity, so that some lightly infected animals

may not be detected. In the coho salmon experiments, a second method

of diagnosis was used in which kidney tissue was cultured on CSA.

This method did not prove to be more sensitive than the direct micro-

scopic procedure for detection of the organism in experimentally

infected fish.
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Salt Water Experiments

Juvenile coho salmon (1974 brood) were transferred on March 3,

1976 from the Siletz Hatchery to salt water holding tanks at the Marine

Science Center or to fresh water tanks at the Oregon State University

Fish Disease Laboratory. Each group consisted of 250 fish selected

at random from raceway number 3 at this hatchery. During the

experimental period the salt water varied in temperature from 8.0

to 17.2°C and in salinity from 11.5 to 32 parts per thousand. The

fish kept in fresh water were maintained at a constant 12.2°C.

This experiment was continued for 150 days, during which dead

fish were collected daily, necropsied, and smears of kidney tissue

prepared. The smears were then Gram stained and examined for the

presence of the typical KDB.

Isolation of Deoxyribonucleic Acid

Deoxyribonucleic acid (DNA) was harvested using a modified

technique of Marmur (1961). As Gram positive bacteria are generally

more difficult to lyse, preliminary tests were carried out with a

number of enzymes and detergents. The KDB was resistant to lysis

by lysozyme (50-100 µg /m1 incubated for periods up to one week at

37°C), zymolase (50 [1g/m1 for one week at 37°C), lytase (prepared

according to directions, Baltimore Biological Laboratory,
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Cockeysville, Maryland) and sodium dodecyl sulfate (2 percent final

concentration). This bacterium was also resistant to a preparation

containing both lysozyme and lytase at the above concentrations.

With no means of enzyme or detergent lysis readily available

breakage was effected by use of a pressure cell (Amine°, Silver

Springs, Maryland) at 15-20,000 pounds per square inch. Three to

five g wet weight of cells were grown in glass culture bottles on CSA,

washed once in saline -EDTA (0. 15 M NaCl plus 0.1 M ethylene-

diaminetetra-acetate, pH 8) and then resuspended in 8-10 mis of the

same. The cell suspension was then passed twice through the pressure

cell and centrifuged at 6780 x g for 15 min. The DNA containing

supernatant was collected and placed at 4°C. The cell pellet consisted

of two distinct layers, a white upper portion composed of broken cells

and a lower light brown layer consisting of unbroken cells. The upper

layer was gently washed off with saline -EDTA and discarded. Fresh

saline-EDTA (3-5 mis) was added to the unbroken layer of cells and

this suspension was again passed through the pressure cell. This

procedure was repeated two to three additional times and the super-

natant from each pooled. All cell suspensions were kept on ice

throughout the extraction process. The pressure cell was placed in

the freezer overnight prior to use.

Deproteinization of the DNA was accomplished by addition of an

equal volume of saline-EDTA equilibrated phenol (pH 7.5) to the pooled
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supernatant. The contents were shaken on a reciprocal shaker and

after 30 min, centrifuged at 6780 x g to separate the phases. The

upper aqueous phase was collected and another volume of saline-EDTA

was added to the phenol phase. The contents were shaken for 30 min,

centrifuged and the upper aqueous phase collected and pooled with the

first. Two volumes of 95 percent ethanol (v/v) were layered on top of

the pooled aqueous phases to precipitate the nucleic acids. The

strands were spooled around a glass rod and rinsed in 70 percent

ethanol (v/v). The spooled nucleic acids were then dissolved in dilute

saline-citrate (0. 1 x SSC; 0.015 M NaC1 plus 0.0015 M trisodium

citrate) and adjusted to 1 x SSC with 10 x SSC. The next two depro-

teinizations were carried out with an equal volume of chloroform -

isoamyl alcohol (24: 1, v/v). The solution was shaken for 15 min,

centrifuged and precipitated as before. After the second chloroform-

isoamyl alcohol deproteinization the nucleic acids were dissolved in

0.1 x SSC and brought up to 1 x SSC with 10 x SSC. Heat treated

ribonuclease (Sigma, Saint Louis, Missouri) was added to a final

concentration of 100 1.1g/m1 and incubated at 37°C for one hr to

destroy contaminating ribonucleic acid. Two additional deproteiniza-

tion steps with chloroform-isoamyl alcohol were carried out as pre-

viously described. After this second deproteinization the DNA was

precipitated and rinsed with ethanol, then dissolved and stored for

future use in 0.1 x SSC at 4 C.
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The optical density (00) at 260 and 280 nm was measured using

a Gilford Model 2000 Spectrophotometer to determine the ratio of DNA

t o protein in each KDB preparation (Table 2). Dr. Ramon Seidler

( personal communication, Oregon State University, Department of

Microbiology) indicated that a nucleic acid to protein adsorption ratio

( 002 60/2 80)
of 1.7 to 2.0 would yield a preparation of sufficient purity

to determine percent guanine plus cytosine.

Percent Guanine Plus Cytosine Determination

Deoxyribonucleic acid was isolated from each KDB as previously

described. Thermal melts were performed in duplicate using a Gilford

Model 2000 Recording Spectrophotometer. Each thermal melt con-

tained a reference Escherichia soli WP2 DNA cell, two KDB DNA cells

and a distilled water cell.

The DNA was added to the cuvettes at a final concentration of

20-40 1.1g/ml. The temperature of the chamber was raised to 7-10°C

below the expected thermal melting point (TM). At this point the

cuvettes were taken out and any condensation wiped off. They were

then returned and allowed to equilibrate. The temperature was then

raised in increments of about 0.5°C followed by 5 min equilibration

periods. At the end of each equilibration period the OD at 260 nm

(OD260) was measured and plotted automatically. This process was

halted when no further increase in OD260
could be measured after
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TABLE 2. Optical Density (OD) of Deoxyribonucleic Acid at 260 and
280 nm and °D260/ ratios for Kidney Disease Bacter-280
ium Isolates, RB -1-73, Lea -1 -74 and SR-1-75 and
Escherichia coli WP2.

Isolate OD260 °D280
Ratio OD260/280

RB-1-73 0.373 0,197 1.89

Lea-1-74 0.306 0.161 1.90

SR-1-75 0.321 0.173 1.. 86

E. coli WP2a 0.341 0.182 1.87

a Reference strain provided by Dr. Ramon Seidler
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three consecutive rises in temperature. This value was taken as the

maximum increase in OD260'

The percent guanine plus cytosine (% GC) was calculated by the

method of Mandel et al. (1970). The OD260 at each temperature was

multiplied by the thermal expansion coefficient for that temperature.

This product was then divided by the OD260 of the sample at 25°C to

give the relative OD which was plotted against the respective temper-

ature.

The TM is defined as the temperature corresponding to half the

increase in the relative adsorbance of the thermal denaturation curve.

This was obtained by first determining the TM of the sample by

graphing. The two closest points on both sides of the graphed TM were

taken and linear regressed by the method of least squares (Hewlett -

Packard-65 calculator, statistics package). The final TM was obtained

by entering the OD260
corresponding to half the increase in relative

adsorbance into the linear regressed line. After the TM's were cal-

culated, the % GC was determined by the following formula:

% GC KDB
tr. %GCE. coli WP2 + 0.0199 (TM - T

DB E. coli WP2a.m.= =s

x 100

where the % GC for E. coli Win is exactly 51.

Once the % GC was obtained for each KDB isolate, a t-distribution

analysis was calculated to determine any significant difference at the
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95 percent confidence interval.

Isolation of Cell Walls for Peptidoglycan Determination

Cell walls of KDB were prepared using procedures similar to

those outlined by Donegan and Riggs (1970). Three to five g wet

weight of KDB cells were grown in glass culture bottles on CSA. Cells

were harvested and washed twice in sterile deionized distilled water

(DDW) to remove any residual CSA. After centrifugation (6780 x g

for 15 min) the cell paste was suspended in 15-20 ml of DDW in a

30 ml centrifuge tube immersed in an ice bath. Cell walls were

broken with an ultrasonic oscillator (Heat Systems-Ultrasonic Inc. ,

Model W185, Plainview, New York). The cells were sonically treated

for ten one-min intervals alternated with two-min intervals during

which the sonicator was turned off for cooling. After this treatment

the cells were centrifuged at 12100 x g for 15 min. The supernatant

was discarded and the broken cells which formed the whitish upper

layer of the cell pellet were gently washed off with DDW. The soni-

cation and harvesting procedure was repeated three more times until

a major portion of the bacterial cells were disrupted. The cell wall

fractions were pooled and washed by centrifugation several times with

DDW, then resuspended in a small volume of DDW and lyophilized.

The peptidoglycan was isolated from the disrupted cells using

the method of Park and Hancock (1960). The lyophilized cell wall
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material (3-6 mg) was suspended in 2 ml of cold DDW to which 0.5 ml

of cold 25 percent trichloroacetic acid (w/v) was added. After 10 min

at 4°C the preparation was centrifuged at 12100 x g for 15 min and the

supernatant discarded. The pellet was next resuspended for 10 min

in 2.5 ml of 75 percent ethanol (v/ ) in water. After incubation and

centrifugation the supernatant was again discarded.

The residue was next resuspended in 2.5 ml of five percent

trichloroacetic acid (w/v) and heated at 90°C for 6 min. After cooling

the preparation was again centrifuged and the supernatant discarded.

The final purification step was modified slightly from that used

by Park and Hancock (1960) in that the trypsin solution for this step

was prepared according to Schleifer and Kandler (1972; 2 mg trypsin/

10 ml 0.1 M phosphate buffer, pH 7. 9). The residue from the previous

step was suspended in 2 ml of the trypsin solution and incubated for

2 hr at 37°C. This process was repeated a second time after which the

residue was washed twice in DDW and lyophilized.

Amino acids were identified and quantitated after hydrolysis in

6 N HC1 for 22 hr at 110°C in an evacuated chamber, on an amino acid

analyzer (Beckman Instrument Co. , Model 121M, Los Angeles,

California).
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Isolation of Cell Walls for Reducing Sugars, Amino Sugars and
Phosphorus Determinations

Cells of KDB were broken by use of the pressure cell at 15-

20,000 pounds per square inch. Three to five g wet weight of KDB

cells were grown in glass culture bottles on CSA, washed twice in

sterile DDW and then resuspended in 8-10 ml of the same. The cell

suspension was then passed twice through the pressure cell and

centrifuged at 6780 x g for 15 min and the supernatant discarded. The

whitish upper layer of broken cells was gently removed by washing with

DDW leaving the lower light brown layer of intact cells. Fresh DDW

was added to the unbroken cell layer and this suspension was again

passed through the pressure cell. This procedure was repeated two

additional times and the broken cell layer from each pooled. All cell

suspensions were kept on ice throughout and the pressure cell placed

in the freezer overnight prior to use.

The procedure for purifying the cell wall suspension in general

followed that outlined by Work (1971). The cell wall suspension was

first centrifuged at low speeds (1000 x g for 10 min) to remove intact

cells and debris. Next the supernatant was centrifuged at 15000 x g

for 25 min to pellet the cell wall fraction. This fraction was then

suspended in about 20 ml 0.05 M tris (hydroxymethyl) aminomethane

buffer (Sigma, Saint Louis, Missouri) pH 7.7 containing 0.1 percent

crystalline trypsin (w/v) and incubated with occasional shaking at
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37°C for 18 hr. The cell wall suspension was again pelletized by

centrifugation at 15000 x g for 25 min and the supernatant discarded.

Further digestion was completed by resuspending the cell wall pellet

in another 20 ml of 0.05 tris buffer pH 7.7 to which 5 mg of deoxy-

ribonuclease and 10 mg of ribonuclease (Sigma, Saint Louifi, Missouri)

was added. This preparation was incubated with occasional shaking

at 37°C for 18 hr. After incubation the cell wall suspension was again

centrifuged at 15, 000 x g for 25 min and the supernatant discarded.

The preparation was then washed twice with sterile 0.9 percent NaCl

(w/v) followed by three to six washes with sterile DDW. Each pre-

paration was finally resuspended in a small volume of sterile DDW and

lyophilized.

Gas-Liquid Chromatography

Reducing sugars were determined after hydrolysis of each cell

wall preparation in 1 N HC1 for 10 hr in a boiling water bath. The

hydrolyzate was neutralized to phenolphthalein with N NaOH in the cold

with rapid mixing to prevent local excesses of alkali. After neutral-

ization each preparation was lyophilized.

Amino sugars were determined after hydrolysis of each cell wall

preparation in 8 N HC1 for 4 hr in a boiling water bath. After hydroly-

sis the HC1 was removed by drying the samples in an evacuated

desiccator containing sodium hydroxide and phosphorus pentoxide
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pellets. After this initial drying each sample was redissolved in a

small volume of sterile DDW and again dried as described above.

Trimethylsilylation of each hydrolyz ate and appropriate standards

were prepared for analysis using Tri-Sil reagent (Pierce Chemical

Co., Rockford, Illinois). Standards used were glucose, galactose,

glucosamine, galactosamine, mannose, rhamnose, arabinose, xylose,

fucose, muramic acid, ribose, ribitol, glycerol, and raffinose. These

derivatives were analyzed in triplicate on a gas chromatographic

analyzer (Hewlett-Packard, Inc. , Model 402, .Avondale, Pennsylvania),

operated at 190°C with helium as the carrier gas. It was equipped

with a stainless steel column (2 mm by 2.4 m) lined with GESG-30

silicone rubber gum (General Electric Corp. , Fairfield, Connecticut)

and Anakrom 80/90 mesh (Ana labs, Inc., North Haven, Connecticut).

Phosphorus Determination

Total phosphorus was determined by the method of Chen et al.

(1956) as described by Nowotny (1969). Optical densities of standard

and unknown cell wall samples were determined at 820 mil using a

Bausch and Lomb Spectronic 20 (Rochester, New York) equipped with

a red filter and a RCA P-40 infrared electron tube. Duplicate samples

of each KDB cell wall preparation were analyzed. Glucose-6-P04
was

used as a standard and to determine digestion of each sample. The

amount of phosphorus in the glucose-6-PO4 standard from Runs 1 and
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2 was 55.7 acid 52.0 1.1g P /mg, respectively, indicating that the same

level of digestion was reached with both runs.

Pentose Determination

Pentose was measured by the cysteine-sulfuric acid method des-

cribed by Dische (1949). A calibration curve was determined using

concentrations of d-arabinose. Triplicate samples of each KDB cell

wall preparation were analyzed. The Pentose content was determined

by the difference in absorption between OD390 and OD425. The

results were read on a Spectronic 20 against a blank to which cysteine

had not been added.

Methylpentose Determination

Dische and Shettle's method (1948) was utilized for the deter-

mination of methylpentose. Rhamnose was used as the standard for

the determination of a standard curve. The methylpentose content was

determined in triplicate by the difference in absorption between OD396

and OD430
after 2 hr of incubation at room temperature.

Amino Sugar Determination

The amino sugars in each KDB cell wall preparation were deter-

mined after hydrolysis in 2 N HC1 for 4 hr in a boiling water bath. The

hydrolyzed samples were then dried in a vacuum desiccator over
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After drying each

sample was redissolved in a small volume of sterile DDW and again

dried in a vacuum desiccator. Commercially prepared glucosamine

and muramic acid (Sigma, Saint Louis, Missouri) were treated with

2 N HC1 in an identical manner and used as standards.

Glucosamine and muramic acid were determined by the method

of Rondle and Morgan (1955) as modified by Nowotny (1969). The

glucosamine readings were determined immediately at OD530
and the

muramic acid was determined at OD505
after incubation for 18 hr at

room temperature (Crumpton, 1959 and Krause and McCarty, 1961).

Electron Microscopy

The purity of the cell wall material was determined from

electron micrographs of negatively stained and shadow cast prepara-

tions. Isolate RB-1-73 was selected for all electron microscopy.

Whole cell preparations were washed two times with sterile DDW. A

drop of the washed cells was placed on a polyvinyl formvar coated

300 mesh copper screen. The excess liquid was blotted off and a drop

of two percent phosphotungstic acid added. Excess liquid was again

removed and the screen allowed to air dry (Figure 1).

The purity of isolated cell walls was determined by resuspending

a small quantity of the final lyophilized cell wall preparations in sterile

DDW (Figure 2). A small drop of this suspension was placed on a
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Figure 1. Electron micrographs of whole cells of kidney
disease bacterium, isolate RB-1-73, negatively

stained with phosphotungstic acid. Note the

extensive mesosomes present in each bacterial

cell. (Bar = 1 p.m).
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Figure 2. Electron micrographs of cell wall preparation

of kidney disease bacterium, isolate RB-1-73,

after disruption in a pressure cell and purifi-
cation by the method of Work (1971).

(Bar = 1µm).
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copper screen and allowed to air dry. The sample was shadow cast in

a Varian Model VE-10 vacuum evaporator at 1 x 10 -5 Torr. Platinum-

palladium (4: 1) was used to shadow cast at approximately a 15° angle

with a speciment to source"distance of 6 cm.

The negative staining, shadow casting and electron microscope

operations were performed by A. H. Soeldner and J. A. Knopper of

the Oregon State University Botany Electron Microscope Laboratory.

Samples were observed on a Phillips EM-300 transmission electron

microscope and recorded on Kodak electron image plates.
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EXPERIMENTAL RESULTS

Effects of Temperature on Progress of Infection

Numerous reports have appeared in the literature briefly men-

tioning the effects of water temperature on BKD among hatchery

salmonids. Epizootics of this disease have been reported at water

temperatures ranging from 18°C (Bullock et al. , 1971) to 7.2°C

(Wood, 1974). The objectives of the experiments reported here were

to obtain, under carefully controlled conditions, more precise data

concerning the effects of water temperature on BKD in coho and

sockeye salmon and steelhead trout.

Coho Salmon

The combined data from two parallel experiments with coho

salmon infected with the HR-4-67 strain of KDB show that mortality

approached 100 percent in the temperature range of 6. 7 to 12.2°C

(Table 3). As the temperature increased above 12.2 °C mortality

declined progressively, and was only 41 percent at 17. 8 °C and 14

percent at 20.5°C. When the experiment was terminated at 112 days,

mortality at 3.9°C had reached 63 percent, and the fish were stilldying

from BKD. At this time the 15 remaining fish in the infected group

and 46 control animals at this temperature were acclimated to 12.2°C

water by the method of Holt et al. (1975). Within two weeks all of the



TABLE 3. Effect of Water Temperature on Mortality of Juvenile Coho Salmon
mentally Infected with the Causative Agent of Bacterial Kidney Disease

(Oncorhynchus kisutch) Experi-
(strain HR-4-67).

Water
temp.

Fraction of each group that dieda

Experiment 1 Experiment 2
Percent mortalityb
2 expts. combined '

Percent of deaths
due to bacterial
kidney disease

Mean time
from infection

to death
in days

°C Infected Controls Infected Controls Infected Controls Infected Controls

20.5 5/21 1/20 5/23 2/23 14 0 60 0 23

17.8 10/22 0/23 12/22 2/22 41 0 82 0 24

15.0 23/25 0/25 15/25 0/25 76 0 100 0 34

12.2 21/21 0/25 21/21 0/25 100 0 100 0 37

9.4 25/25 3/23 22/23 0 /25 98 2d 100 33d 51

6.7 21/21 0/25 20/23 1 /25 93 2d 100 100 d
71

3.9 11/22 0/23 15/19 1/24 63 0 100 0 81

a

b

d

All groups of fish were held at the indicated temperature for 112 days.
Only dead fish in which the specific pathogen was demonstrated at necropsy were considered in
calculating percent mortality.
The least significant difference between percent mortality values was determined by analysis of
variance to be 20. 18% at the 0.05 probability level.
Two percent of the control fish at 6.7 and 9. 4 °C were found to be infected with the causative agent
of bacterial kidney disease.
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fish in the infected groups had died from BKD, whereas none of the

control fish had died. This indicates that the pathogen was still viable

in the inoculated fish held at 3.9°C, and that progress of the infection

was accelerated by increasing the temperature to 12.2°C. Presum-

ably if these fish had been allowed to remain at 3.9°C for a longer

period the mortality from BKD would have approached 100 percent.

Although 20.. and 17. 8 °C were the most unfavorable tempera-

tures for the production of fatal disease, as shown by the percent

mortality values, those fish that died had the shortest survival time,

i.e. 23 and 24 days, respectively (Table 3). The mean time from in-

fection to death increased progressively from 23 days at 20,5°C to

81 days at 3.9°C. These data were subjected to regression analysis

and the relationship between the natural log of the mean time from in-

fection to death and the water temperature was found to be linear

(Figure 3). The equation of the regression line in LN of days or

Y = 4.7653 - 0.0864 x, where x is degrees C. The correlation co-

efficient, -0,7496, is significant at the P = 0.05 level. The R
2 value

was calculated to be 0.5619, indicating that the time to death was about

56 percent temperature related. Obviously the rate of progress of the

disease in the fish was retarded by decreasing water temperatures.

Steelhe ad Trout

In juvenile steelhead trout the percent mortality was greatest
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Figure 3. Relationships between water temperature and log time
to death after infection of juvenile coho salmon
(Oncorhynchus kisutch) with the kidney- disease
bacterium (strain HR-4-67).
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(78 to 98 percent) in the range 6.7 to 12.2°C (Table 4). When the

experiment was terminated after 112 days, 21 of the 26 surviving fish

at 3.9°C were found by microscopic examination to be harboring KDB.

Presumably, if these fish had been allowed to remain at 3.9°C for a

longer period, mortality from BKD would have approached 100 percent.

The data in Table 4 indicates that in the steelhead trout, as in

the coho salmon, the range of 6. 7 to 12.2°C was optimal for the

development of fatal infections. Higher temperatures had a suppress-

ing effect, which was greatest at 20.5°C. A complicating factor in the

steelhead trout experiments was the prevalence of myxobacterial in-

fections in the fish population. It is presumed to be the cause of

death among control groups shown in Table 4. However, in calculat-

ing percent mortality values due to BKD, only those dead fish were

included in which the organism could be demonstrated. Accordingly

distortion of the data by non-specific infection should be eliminated.

Although percent mortality was greatest in steelhead trout

between 6. 7 and 12.2°C, the shortest mean time to death was obser-

ved at 15 and 17.8°C (Table 4). At these higher temperatures about

50 percent of the steelhead trout developed fatal infections that pro-

gressed more rapidly (21 to 26 days, respectively) than in fish main-

tained at lower temperatures. As with the coho salmon, there was

a progressive increase in the mean time to death as the temperature

decreased from 15 to 3.9°C.



TABLE 4. Effect of Water Temperature on Mortality of Juvenile Steelhead Trout
mentally Infected with the Causative Agent of Bacterial Kidney Disease

(Salmo gairdneri) Experi-
(strain RB -1-73).

Wate r
temp.

Fraction of each group that dieda
Experiment 1 Experiment 2

Percent mortality
2 expts. combined

Percent of deaths
due to bacterial
kidney disease

Mean time
from infection

to death
in days

°C Infected Controls Infected Controls Infected Controls Infected Controls

20.5 20/24 25/26 22/24 3/23 8 0 10

17.8 25/27 6/26 26/27 7/23 43 0 45 0 26

15.0 17/26 3/27 20/27 1/26 49 0 70 0 21

12.2 23/26 5/27 25/28 1/27 78 0 88 0 35

9.4 25/25 6/26 27/27 2/27 90 0 90 0 41

6.7 26/26 1/26 25/25 0/25 98 98 0 62

3. 9 4/19 13/25 14/25 5/25 36 0 89 0 88

a All groups of fish were held at the indicated temperatures for 112 days.
b Only dead fish in which the specific pathogen was demonstrated at necropsy were considered in calculating

percent mortality.
c The least significant difference between percent

to be 15. 33% at the 0.05 probability level.
At 20,5°C the number of deaths was too small to permit a reliable estimation of the mean time to death.d

mortality values was determined by analysis of variance
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The relationship between temperature and mean time to death

was again found to be linear (Figure 4). The equation of the regression

line is LN of days or Y = 4.8001 - 0.1049 x, where x, is degrees C.

The correlation coefficient - 0.7927, is significant at the P = 0.05

level, and R2 = 0.6284, indicating that time to death is about 63

percent temperature related.

Sockeye Salmon

The percent mortalities with sockeye salmon (Table 5) were con-

siderably different from those found with the other two salmonid

species. With sockeye salmon mortality was essentially 100 percent

at all water temperatures except 3.9°C. However deaths due to BKD

were still occurring at this temperature when the experiment was

terminated at 90 days. If these tests had extended over a longer

period, mortality might well have approached 100 percent. No signi-

ficant suppressing effect was found at either 17.8 or 20.5°C. This

result suggests that sockeye salmon were more susceptible to this path-

ogen than coho salmon or steelhead trout. Seven sham inoculated control

fish dispersed among three different temperatures groups, were in-

fected with the KDB (Table 5). These infections, like those found in

the coho salmon, were probably present when the fish were obtained;

however, the incidence was low, and not sufficient to affect the overall

result.
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Figure 4. Relationship between water temperature and log time
to death after infection of juvenile steelhead trout
(Salmo _gairdneri) with the kidney disease bacterium
(strain RB-l-73).
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TABLE 5. Effect of Water Temperature on Mortality of Juvenile Sockeye Salmon (Oncorhynchus nerka) Experi-
mentally Infected with the Causative Agent of Bacterial Kidney Disease (strain RB -1-73).

Mean time
Percent of deaths from infection

Water Fraction of each group that dieda Percent mortality due to bacterial to death
temp. Experiment 1 Experiment 2 2 expts. combined b' kidney disease in days

°C Infected Controls Infected Controls Infected Controls Infected Controls

20.5 25/26 0/25 21/23 0/25 94 0 100 0 26

17.8 24/24 3/27 24/24 0/26 100 4d 100 66 23

15.0 28/28 0/24 24/24 2/26 100 4d 100 100 25

12.2 27/27 4/24 27/27 1 /25 100 6d 100 60 30

9.4 24/24 0/24 26/26 0/26 100 0 100 0 43

6.7 28/28 0/27 27/27 0/27 100 0 100 0 60

3.9 14/26 0/25 14/26 0/27 54 0 100 0 70

a All groups of fish were held at the indicated temperatures for 90 days.
b Only dead fish in which the specific pathogen was demonstrated at necropsy were considered in

calculating percent mortality.
c The least significant difference between percent mortality values was determined by analysis of variance

to be 15.99% at the 0.05 probability level.
d Seven control fish among the groups at 12.2, 15 and 17. 8 °C were found to be infected with the causative

agent of bacterial kidney disease.
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The mean time from infection to death was shortest at the three

highest water temperatures, and not greatly different from the values

obtained for coho salmon and steelhead trout. As water temperatures

decreased from 17.8 to 3.9°C, the mean time to death increased pro-

gressively from 23 to 70 days. Regression analysis again revealed a

linear relationship between these two variables (Figure 5). The

equation for the regression line is LN of days or Y = 4.4293 - 0.0693

x where x is degrees C. The coefficient of correlation -0.7816, is

significant at the P = 0.05 level. The R2 value is 0.6109, indicating

that time to death is about 61 percent temperature related.

Taxonomy of the Kidney Disease Bacterium

The causative agent of BKD was first grown and identified by

morphological appearance as a species of Corynebacterium by Ordal

and Earp (1956). Smith (1964) concluded that Dee disease of Scotland

and BKD were caused by the same bacterium. Since these two publica-

tions no studies directed toward further classification of this organism

have been reported. The fastidious requirements and slow growth of

this bacterium have served to greatly limit research efforts. The

objectives of the experiments presented here were to obtain additional

data concerning the taxonomy of KDB and to further examine the rela-

tionship of this bacterium to the genus Corynebacterium.
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Figure 5. Relationship between water temperature and log time
to death after infection of juvenile sockeye salmon
(Oncorhynchus nerka) with the kidney disease bacterium
(strain RB - -73).
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Guanine Plus Cytosine Determinations

The average percent guanine plus cytosine (% GC) for isolates

RB-1-73, Lea-1-74 and SR-1-75 were found to be 52.70, 53.52 and

52. 77, respectively. The individual % GC and thermal melting points

(TM) are listed in Table 6. The denaturation curves used to estimate

the TM's for the three KDB isolates and Escherichia coli WP2 are

plotted in Figures 6, 7 and 8. A t-distribution analysis indicated that

no significant difference between the % GC of the isolates could be

predicted at the 95 percent confidence level. The average % GC for

KDB from all six determinations is 53.00 + 0.46 (95 percent confidence

interval).

Quantitative Analysis of the Cell Walls of the Kidney Disease Bacterium

Alternating units of glucosamine and muramic acid are the com-

mon constituents of the glycan portion of the peptidoglycan (Schleifer

and Kandler, 1972). The molar ratio of muramic acid to glucosamine

determined for each of the three KDB isolates varied from 0.54 to

0.58 moles of muramic acid to each mole of glucosamine (Tables 7

and 9), strongly suggesting the presence of a glycan moiety similar to

that found in other bacteria.

Results of the amino acid analysis indicated that 14 to 16 amino

acids were present in varying amounts in the cell walls of each KDB
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TABLE 6. Thermal Denaturation (TM) Data and Guanine Plus
Cytosine (% GC) Values for Kidney Disease Bacterium
Isolates, RB-1-73, Lea-1-74 and SR-1-75 with
Escherichia coli WP2 as the Standard.

Isolate
TM TMTmE.

coli WP2
Mole %a
GC KDB

RB-1-73 75.36 74.39 52.93
74. 9 9 74.25 52.47

Lea-1-74 75.00 73.75 53.49
75.03 73.75 53.55

SR-1-75 75.23 74.39 52.67
75.19 74.25 52.87

a Calculated, using the equation of Mandel et al. (1970).

% GC
X

= % GCE. coli + 0.0199 (T TM ) x 100
x E. coli
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TABLE 7. Chemical Analysis of Cell Walls of the Kidney Disease Bacterium Isolates
RB -1-73, Lea-1-74 and SR-1-75.

Constituents

RB -1-73 Lea-1-74 SR- I- 75

micro
moles/mg

micro
grams/mg

micro
moles/mg

micro
grams/mg

micro
moles/mg

micro
grams/mg

Rhamnose 0.05 9.4 0.06 11.7 0.06 11.7

Mannose 0.05 9.4 0.04 8.0 0.01 2.4

Glucose 0.69 123.0 0.23 40.9 0.30 54.0

Arabinose 0.06 8.5 0.16 24.1 0.12 17.6

Muramic Acid 0.39 98.6 0.47 117.7 0.49 122.5

Glucos amine 0.68 121.3 0.87 155.8 0.86 153.8

Phosphorus 0.08 2.4 0.07 2.3 0.08 2.6



TABLE 8, Amino Acid Composition of Cell Walls of the Kidney Disease Bacterium Isolates
RB -1 -74, RB -1-73 and Lea-1-74,

Amino Acids

RB -1-74 RB -1-73 Lea-1-74
micro

moles/mg
micro

grams/mg
micro

moles/mg
micro

grams/mg
micro

moles /mg
micro

grams/mg

Alanine 3,63 234,0 3. 85 343. 0 3,U6 272.5
Glutamic Acid l,02 149. 3 l,07 l57, 1 1. 11 161. 6
Lysine 0,8O 117.4 U,88 12 8. 1 O.90 131.2
Glycine 0.96 ?2.4 U,88 65,7 1. 07 80,2
Se rine U,33 84,3 0, 18 l8,5 0.24 35,7
Leucine 0,36 33,7 0,07 9, 7 O. 16 2 1. 1
Aspartic Acid 0.24 32~7 0,07 10, 1 0, 12 16, 1
Valine 0. 19 22,l 0,D4 4.2 O. 10 l2,3
Is oleueine 0. 15 2O,0 O,05 6. 1 0. 09 11. 5
Threonine 0,l4 l6.4 O,04 5,8 0, 09 10. 5
Tyrosine U,08 14.2 0.23 41. 9 0,O5 9.4
Arginine 0,07 l3,0 0,05 9.4
Proline 0. 10 11, 6 0,05 5,4 0. 06 6.9
Histidine 0,O4 6,8 O,02 2,8
Cysteic Acid 0. 01 2.2 0,8l 2, 1 0,0l 2,4
Methionine 0. 01 l,4 0. 01 2.0 0,0l l,4
Cystine
Tryptophan ND ND ND ND ND ND
Gluc o s amine 0,87 156. 1 U,85 l52.9 0, 88 l57,4

a Optical rotations of the amino acids were not determined.
b T, trace; ND, not determined.

Amino sugar.



TABLE 9 Comparison of the Quantitative Amino Acid and Amino Sugar Composition of Kidney
Disease Bacterium Isolates RB-1-73, RB-1-74 and Lea-1-74

Molar Ratios of Amino Acids and Amino Sugarsa

Glutamic Muramic
Isolate Lysine Acid Glycine Alanine Serine Glucosamine Acid

Lea-1-74 1,0 1 3 1.2 3.5 0,3 1.0 0.5

RB-1-73 1:3 1:6 1,3 5,7 0,3 1.0 0,6

RB-1-74 0 9 l >2 1.1 3,0 0.4 1,0 N Db

a Molar ratios expressed in relation to glucosamine.
b Not determined:
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isolate. Alanine, glutamic acid, lysine and glycine were present in

the greatest amounts (Table 8). Comparisons of the molar ratios of

these amino acids with the two amino sugars (Table 9) indicate that

lysine, glutamic acid, glycine, glucosamine and muramic acid were

present in eqUimolar concentrations. Serine is present but at a lower

concentration. The Lea-1-74 and RB-1-74 KDB isolates contained

three moles of alanine for each mole of glucosamine. The alanine con-

tent of the RB-1-73 isolate was considerably higher, about six moles

of alanine were detected for each mole of glucosamine.

As determined by gas-liquid chromatography after hydrolysis in

1 N HC1 for 10 hr each purified cell wall preparation produced a

chromatograph indicating five distinct peaks (Figures 9, 10 and 11).

Comparisons with standards chromatographed under the same condi-

tions indicated that Peak I could represent either the pentose, arabinose

or the methylpentose, rhamnose, or both. Subsequent spectrophoto-

metric determinations indicated that both of these sugars were present

(Table 7). The amounts of rhamnose varied from 0.05 to 0.06 [Imo]]

mg in the three KDB isolates. Arabinose ranged in concentration from

0.06 pmol/mg in isolate RB-1-73 to 0.16 ilmol/mg in the Lea-1-74

isolate.

The second peak (II) is unidentified. This compound peaked at a

location on the chromatogram about midway between the peaks of the

fucose and xylose standards suggesting a compound containing a five
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200 400 600 800
TIME (sec)

Figure 9. Analysis by gas-liquid chromatography of kidney
disease bacterium isolate RB-1-73 cell walls
hydrolyzed in 1 N HC1 for 10 hours.



Figure 10.

1 L I
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TIME (sec)
Analysis by gas-liquid chromatography of kidney
disease bacterium isolate Lea-1-74 cell walls
hydrolyzed in 1 N HC1 for 10 hours.
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Figure 11.
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TIME (sec)

Analysis by gas -liquid chromatography of kidney
disease bacterium isolate SR-1-75 cell walls
hydrolyzed in 1 N HCI for 10 hours.
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carbon structure.

Peak III was identified as mannose. Small amounts of this

sugar, 0.01 to 0.05 pmol/mg, were present in each of the KDB cell

wall preparations (Table 7).

Peak IV chromatographed most closely with glucosamine. The

concentrations of glucosamine detected by this procedure, 0.08 to

0.18 pmol/mg, were considerably smaller than determined by either

the amino acid analyzer (Table 8) or the spectrophotometric method

(Table 7) described by Nowotony (1969).

Peak V was most closely identified with the glucose standard.

The amounts of this sugar in the Lea-1-74 and SR-1-75 isolates was

0.23 and 0.30 p,mol/mg, respectively. The amount detected in the

RB-1-73 isolate was considerably higher, 0.69 prnol/mg (Table 7).

No further peaks were observed in any of the purified KDB cell

wall preparations hydrolyzed in 1 N HC1 for 10 hr. Muramic acid, if

present in sufficient quantity, would give a broad based peak with a

maximum at about 940 sec. Under these hydrolytic conditions no

peaks were visualized in this. area.

The amino sugars are stable when hydrolyzed in 8 N HC1 (Johnson

et al, , 1951). Gas-liquid chromatography of purified KDB cell walls

that had been hydrolyzed in 8 N HC1 for 4 hr in a boiling water bath

revealed two major peaks (Figures 12, 13 and 14). Peak I was identi-

fied as glucosamine after comparison with the glucosamine standard.
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Analysis by gas-liquid chromatography of kidney
disease bacterium isolate E2,13-1-73 cell walls
hydrolyzed in 8 N HC1 for 4 hours.

000
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Figure 13. Analysis by gas-liquid chromatography of kidney
disease bacterium isolate Lea-1-74 cell walls
hydrolyzed in 8 N HC1 for 4 hours.
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Analysis by gas-liquid chromatography of kidney
disease bacterium isolate SR-1-75 cell walls
hydrolyzed in 8 N HCI for 4 hours.
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The concentration of glucosamine was considerably greater, 0.36 to

0.46 pLmol/mg, after hydrolysis in 8 N HC1 than in 1 N HC1. Peak II

matched that of the muramic acid standard although the amount

detected, 0. 06 to 0.08 Fimolimg, was considerably less than that found

by spectrophotometric analysis (Table 7).

A small amount of phosphorus was detected in the cell walls of

each isolate (Table 7) suggesting the presence of either a glycerol or

ribitol teichoic acid. Analysis of cell wall materials by gas-liquid

chromatography did not indicate any ribitol. The presence of glycerol

was not determined.

Effects of Salt Water on Bacterial Kidney Disease

Juvenile coho salmon (mean weight 29 g) were transferred on

March 3, 1976 from Siletz Hatchery to salt water tanks at the Marine

Science Center or to fresh water tanks at the Oregon State University

Fish Disease Laboratory to determine the prevalence of BKD in this

stock. Each group consisted of 250 fish selected at random, from

raceway number 3 at Siletz Hatchery. Thirty-one mortalities or weak

fish were also collected from this raceway on March 3 and 12 of these

(39 percent) were determined to be infected with BKD. During the

week (February 21-29) immediately prior to transfer, 104 (0.38 per-

cent) fish died in this raceway. Routine examinations indicated that

BKD was the prime cause of death. The remainder of the fish in this
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raceway were liberated as smolts on March 5, 1976.

Mortality caused by BKD was considerably higher in the salt

water group (17.2 percent) as compared to the fresh water group (4

percent) during the 22 week holding period (Figure 15). These results

strongly suggest that fish infected with BKD while in fresh water will

continue to die from this disease, but at an accelerated rate, after

migration to salt water. In this experiment the majority of BKD deaths

occurred between two and four months after the fish entered salt

water.
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Figure 15. Effect of fresh and salt water on juvenile coho
salmon (Oncorhynchus kisutch) infected with the
causative agent of bacterial kidney disease,
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DISCUSSION

Bacterial kidney disease is considered by many experts to be the

most important bacterial disease of salmonid fishes. The work re-

ported in this thesis examines the effect of stress induced by different

water temperatures and acclimation to salt water on the disease pro-

cess. These are two areas of major concern to the emerging aqua-

culture industry. In addition to these somewhat applied areas a

concerted effort was made to learn something of the biochemical pro-

perties of the KDB itself. These latter efforts were undertaken to

yield information that would allow the proper taxonomic positioning

of this microorganism.

Earp et al. (1953) and Rucker et al. (1954) after observing out-

breaks of BKD among hatchery salmonids concluded that this disease

occurred over a wide range of water temperatures. Epizootics of

BKD have been reported at temperatures ranging from 18°C (Bullock

et al., 1971) to 7.2 °C (Wood, 1974). The experiments discussed here

were designed to obtain, under controlled conditions, more definitive

data concerning the effect of water temperature on BKD in three

species of salmonid fishes.

The effects of water temperature on experimental infection with

BKD was very similar in coho salmon and steelhead trout; however,

with sockeye salmon, higher water temperatures did not have a
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suppressing result on the development of fatal infections. The great-

est number of deaths in the steelhead trout and coho salmon were

obtained at 6.7, 9.4 and 12.2°C. With sockeye salmon the range was

wider, extending from 6.7 to 20.5°C. With each species deaths from

BKD were still occurring at 3.9°C when the experiments were ter-

minated. At this temperature although the infectious process was con-

siderably slower each species appeared equally susceptible to BKD.

The determination of the mean time between infection and death

provides a measure of the rate at which fatal infection develops.

Bacterial kidney disease is a slowly progressing infection in all three

salmonid species. The results certainly indicate that the disease pro-

cess is slowed progressively as the water temperature decreases from

15 to 3,9°C. The mean interval from inoculation to death varied from

about 25 days at 15 to 20.5 °C to more than 70 days at 3.9°C.

These experiments were conducted using pathogen-free water

controlled to predetermined temperatures in an experimental fish

disease laboratory. The significance of these results with respect

to the effects of water temperature on the occurrence of BKD under

experimental and natural conditions deserves attention. Deaths from

BKD occurred in all three salmonid species at each water temperature

(3.9 to 20.5°C). The time to death was in close agreement with

reports of Wood and Wallis (1955) who by feeding infected viscera

and Wolf and Dunbar (1959) by manual abrasion recorded death from
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BKD within 30-50 days at water temperatures of about 12.5°C. Wood

(1974) indicated that under hatchery conditions depending on water

temperature and the intensity of initial exposure, losses from BKD

occur 30-35 days following exposure at temperatures above 11. 1 °C

and 60-90 days at temperatures of 7.2 to 10°C. All experimental

results indicate that BKD is a slowly progressing infection causing

death of the host over a wide temperature range.

It is of interest to note that BKD is the only infection studied at

this laboratory in which temperatures of 17, 8 and 20.5°C exerted a

suppressive effect on the disease process (Table 3 and 4). With

Flexibacter columnaris infections and those caused by Aeromonas

salmonicida and Aeromonas hydrophila, fish held at higher tempera-

tures experienced the greatest mortality (Holt et al., 1975 and Groberg

et al., 1978). In contrast, these fish pathogens at 3.9 and 6. 7° C

caused few deaths compared to the high mortality resulting from

BKD.

In the Pacific Northwest BKD has often been diagnosed in

hatchery reared salmonid populations just prior to release. Subse-

quent losses from this disease after the fish enter salt water has been

the source of much speculation. This disease agent was diagnosed and

thought to be the prime cause of death among coho salmon smolts

released from Siletz Hatchery on March 5, 1976. Random samples of

these fish were collected just prior to release and placed in fresh and
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salt water holding tanks. The loss from BKD in the salt water group

(17,2 percent) was considerably higher than in the freshwater group

(4. 0 percent) over the 150 day holding period. Unlike the results in

Atlantic salmon (Frantsi et al., 1975) the majority of BKD deaths

occurred between 60 and 120 days after the fish entered salt water and

gross lesions caused by the KDB were encountered throughout the

entire holding period, These observations suggest that in a population

of salmonids infected with BKD at release, deaths will continue

throughout the salt water phase of their life cycle and could also

account for the advanced infections seen in returning adult salmon.

This disease picture is perhaps further confirmed by the occasional

grossly infected young salmon found or caught by offshore anglers.

The causative agent of BKD was first cultured and identified as

a species of Corynebacterium by Ordal and Earp (1956). Smith (1964)

concluded that the causative agent of Dee disease of Scotland and the

KDB were identical. Since these two publications no studies directed

toward the further classification of this organism have been reported.

The fastidious requirements and slow growth of KDB has precluded

use of the classical types of biochemical tests commonly employed for

the classification of microorganisms. Additional information pertain-

ing to the taxonomic positioning of KDB was obtained from three areas

of study: (1) determination of the % GC, (2) composition of the cell

wall peptidoglycan, and (3) determination of the principal sugars in
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cell wall hydrolyzates.

The % GC for the three KDB isolates studied was 53.00 ± 0.46.

According to Jones and Sneath (1970) a % GC difference of five percent

indicates a species difference and a difference of less than two percent

is of no taxonomic significance. Thus the three KDB isolates can be

considered as the same species of bacterium. Bullock et al. (1975)

suggested a resemblance of KDB with members of the genus Listeria;

however, the % GC determined in this study for KDB differs markedly

from that reported for Listeria (38 ± 1.0 percent, Bergey's Manual,

1974).

The % GC reported for all corynebacteria cover a rather wide

range, 48-70 percent, however when just the human and animal patho-

gens are considered the range is greatly reduced to 57-60 percent

(Bergey's Manual, 1974). Barksdale (1970) indicated a slighly lower

range of 55-58 percent for the genus Corynebacterium and Hill (1966)

suggested 51-58 percent. In general a % GC range of 50-60 percent

is indicated in the vast majority of reports. On the basis of % GC

alone the KDB isolates would seem to fit easily within the range sug-

gested above for the genus Corynebacterium.

The taxonomic implications of the cell wall peptidoglycan has

been extensively reviewed by Schleifer and Kandler (1972). In Gram

negative bacteria the peptide subunit is bound by its N terminus to the

carboxyl group of muramic acid and is composed of alternating L and
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D amino acids, L-alanine-D-glutamic acid-L-diamino acid-D-alanine.

The diamino acid is then cross-linked to the D-alanine in an adjacent

peptide subunit. With Gram negative bacteria the L-diamino acid is

diaminopimelic acid and the cross-linkage is direct i.e. , no interven -

ing amino acids. Hence little taxonomic significance can be attached to

the peptidoglycan structure in Gram negative bacteria. However, in

Gram positive bacteria the peptidoglycan shows considerable variation,

especially at the location of the diamino acid and in the amino acid

composition of the cross-linkage. These variations when used in con-

junction with other parameters such as % GC are of considerable

importance taxonomically.

From 14-16 amino acids were present in the cell walls of each

KDB isolate. Glucosamine and muramic acid were also present in the

ratio of 0.5-0,6 moles muramic acid to each mole of glucosamine.

The molar ratios of the major amino acids, lysine, glutamic acid,

glycine and alanine were about 1: 1: 1: 3-5, respectively. The salient

feature is the presence of lysine as the diamino acid, this is in marked

contrast to meso-diaminopimelic acid which is the diamino acid com-

monly found in the peptidoglycan of the genus Corynebacterium. In

addition the presence of glycine and such large amounts of alanine

suggests their location in the interpeptide bridge. With the genus

Corynebacterium a direct cross-linkage between meso-diaminopithelic

acid and alanine in the adjacent peptide subunit is the most common
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peptidoglycan type.

Galactose and arabinose are the two sugars commonly found in

cell wall hydrolyzates for corynebacteria pathogenic to humans and

animals (Cummins and Harris, 1956 and Cummins, 1961). Mannose,

glucose and rhamnose are found less frequently. The cell wall hydro-

lyzates of each KDB isolate contained glucose, arabinose, rhamnose

and mannose. Glucose and arabinose were detected in the greatest

amounts. The lack of galactose in these preparations suggests a fur-

ther difference between KDB and other species of Corynebacterium.

Probably the most thorough studies involving the chemical

composition of purified cell walls have been undertaken with the cario-

genic streptococci, Streptococcus mutans and Streptococcus salivarius

(Bleiweis et al. , 1971 and Cooper et al., 1975). In these studies from

300 to 500 µg/mg of cell wall material was composed of rhamnose,

glucose and galactose. This high sugar content has been interpreted

to indicate the presence of a relatively large nonpeptidoglycan poly-

saccharide. With each EDE isolate the sugar content was much

smaller, varying from 80-150 µg/mg, and a considerably larger por-

tion of the total cell wall material was incorporated into the peptido-

glycan. The phosphorus content was also much lower than reported in

the cariogenic streptococci suggesting the presence of only minor

amounts of teichoic acids in the cell walls of KDB. The large amount

of cell wall peptidoglycan in KDB could account for the extreme
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It has long been known that various antimicrobial agents are in-

effective against this organism, and that the bacterium occurs intra-

cellularly (Bullock et al., 1975). Perhaps this well developed pepti-

dogIycan enhances intracellular survival by enabling KDB to resist

the action of lysozyme or other such antibacterial substances present

in the lysosomes of macrophages.

In examining the taxonomic position of KDB it is well to first

recognize that many problems are still unanswered concerning the

taxonomy and classification of the coryneform bacteria. Most species

of Corynebacterium associated with human and animal infections have

several common characteristics, a % GC between 50 to 60, the pre-

sence of arabinose, galactose and meso-diaminopimelic acid in the

cell walls and a peptidoglycan of the directly cross-linked type in the

cell walls. The KDB isolates as described previously do not have

galactose or meso- diaminopimelic acid in the cell walls nor a directly

cross- linked peptidoglycan.

In Bergey's Manual (1974) the characteristics of two coryneforms,

C. pyogenes and C. haemolyticum are discussed. Cummins (1971)

described a strain of C. bovis with similar characteristics. These

bacteria which cause infections in both man and animals have a % GC

of 58 + 1.0 percent (C. pyogenes), and lysine, rharimose and glucose
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in the cell wall (Barksdale et al. , 1957 and Cummins, 1971). Accord-

ing to Barksdale et al. (1957) morphological appearance was the prime

reason earlier workers had placed them among the coryneforms.

Barksdale et al. (1957) felt they were more closely related to the

streptococci although Jones and Sneath (1970) did not agree with this

suggestion.

The results presented here convincingly demonstrate that KDB

isolates differ markedly in cell wall composition from C. diphtherial

the type species of the genus Corynebacterium. These findings also

indicate certain similarities between the C. pyogenes group of bacteria

and the KDB isolates. As discussed in Bergey's Manual (1974) these

bacteria are quite different from other pathogenic coryneforms.

Certainly the relationship between the C. pyogenes group and KDB

should be explored further.

The taxonomic difficulties with the coryneform group of bacteria

as described in Bergey's Manual (1974) will, hopefully, be resolved in

the future and should not, in the meantime, prevent the further addi-

tion of new species to this group. The results shown here together

with those from previous investigators indicate the existence of a

bacterium sufficiently different from any other coryneform so as to be

considered a new species.

Since the original description in 1930 BKD has been the subject

of numerous publications and is now recognized as perhaps one of the
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most prevalent bacterial diseases in populations of salmonid fishes.

To date there have been no reports of this disease occurring in non-

salmonids. Following the first report in Atlantic salmon, this

bacterium has only been isolated from members of the subfamily

Salmoninae, the salmon, trout and char, of the family Salmonidae.

The apparent predilection of this bacterium for species of fish

in the subfamily Salmoninae supports the proposal of the name

Corynebacterium salmoninus sp. nov. (sal'. mon. in. us. L. n.

Salmoninae, subfamily of the family Salmonidae; L. adj. us, of the;

L. n. salmoninus of the Salmoninae) for this bacterium. The original

isolates of Dee disease (Smith, 1964) and Belding and Merrill (1935)

are no longer in existence, therefore strain RB-1-73 is here design-

ated the type species of Corynebacterium salmoninus and will be

deposited with the American Type Culture Collection.
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SUMMARY AND CONCLUSIONS

1. In coho salmon and steelhead trout percent mortality to BKD was

maximal (78-100 percent) in the range of 6.7-12.2°C. As the

temperature increased above 12.2°C mortality declined progress-

ively; at 20.5°C it was only 8-14 percent.

2. In sockeye salmon, percent mortality to BKD was essentially 100

percent at all temperatures from 6. 7 -2 O. 5° C; this species

appears to be highly susceptible to the disease agent.

3. Temperature also influenced the mean number of days between

infection and death from BKD. In all three species of salmonids

the shortest interval, varying from 21 to 34 days, occurred at

15.0-20.5°C. The interval between infection and death increased

progressively as temperature decreased below this range; at

6. 7 °C it varied from 60 to 71 days among the three species.

4. Coho salmon naturally infected with BKD while in fresh water con-

tinued to die from this disease, but at an accelerated rate, after

movement to salt water.

5. The percent guanine plus cytosine in the DNA from KDB was found

to be 53.00 ± 0.46 (95 percent confidence interval).

6. Amino acid analysis indicated that alanine, glutamic acid, lysine

and glycine were the principal amino acids present in the cell

walls of the KDB isolates.
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7. Comparisons of the molar ratios of these amino acids with the two

amino sugars present, glucosamine and muramic acid, indicated

that lysine, glutamic acid, glycine and the two amino sugars were

present in equimolar concentrations in the KDB isolates. Three

to five moles of alanine were also detected.

8. Gas-liquid chromatographic analysis of KDB cell wall hydroly-

zates detected glucose, arabinose, mannose and rhamnose.

9. Results indicated the percent guanine plus cytosine was similar

to that of species belonging to the genus Corynebacterium, how-

ever, the cell wall composition of the KDB isolates was markedly

different from the type species of this genus.

10. The results reported here further indicate the existence of a

bacterium sufficiently different from any other coryneform to

constitute a new species.

11. This bacterium has only been isolated from members of the sub-

family Salmoninae, the salmon, trout and char, of the family

Salmonidae. This limited host range supports the proposal of

the name Corynebacterium salmoninus sp. nov. for this

bacterium.
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