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Rapidly growing, nonchromogenic mycobacteria were

isolated from salmonid fish from five different locations

in Oregon and Montana. An additional isolate was obtained

from Bonneville fall chinook salmon (Oncorhynchus

tshawytscha) received as eggs and reared in Australia.

The isolates were characterized by their biochemical,

physiological, genetic and mycolic acid properties then,

subjected to taxonomic analysis. The isolates were able to

degrade para-aminosalicylate, para-aminobenzoate, and

sodium salicylate; grew on MacConkey's and potassium

tellurite agar; and were tolerant to deoxycholate, 8-

azaguanine, 3% NaC1, picric acid, ethambutol, and four

selected dyes. They had phosphatase, arylsulfatase and

urease activity; and produced acid from glucose and

mannitol. None of the isolates grew at 37°C. The internal

similarity of the isolates was 94.2 + 3.4%. A comparison



of their properties was made with those of other rapidly

growing, nonchromogenic and photochromogenic mycobacteria.

The salmonid isolates showed a close relationship to

Mycobacterium chelonei subspecies chelonei and

Mycobacterium chelonei subspecies abscessus, but had

biochemical properties which were intermediate to these two

subspecies. Detection of mycobacterial mycolic acids and a

percent guanine plus cytosine value of 63.4 mol% confirmed

that the isolates belong to the genus Mycobacterium. Acid

methanolysates of the salmonid isolates, analyzed by two

dimensional thin-layer chromatography, produced lipid

patterns which were similar to those produced by represen-

tatives of M. chelonei. Sufficient differences in

biochemical properties and the inability to grow at 37°C

suggest the isolates be regarded as a new subspecies of

M. chelonei.

The isolates were not infectious for warm-blooded

animals. Experimental infections were produced in

juvenile salmonid fish. The occurrence of mycobacterial

infections in selected salmonid populations ranged from 0

to 26%.
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ISOLATION AND CHARACTERIZATON OF A NEW SUBSPECIES OF
MYCOBACTERIUM CHELONEI INFECTIOUS FOR SALMONID FISH

INTRODUCTION

Mycobacteriosis in Pacific salmonids was first

observed in 1952 in adult fall chinook salmon (Oncorhynchus

tshawytscha) returning to the Bonneville Hatchery in Oregon

(Wood and Ordal, 1958). Subsequent studies revealed that

the distribution of the disease included California,

Oregon, Washington, and Alaska in a wide range of host

species belonging to the Sal moni dae. Although a true

assessment of losses could not be obtained because deaths

occurring at sea could not be quantified, the disease was

believed to be a major cause of loss in Pacific sal monid

populations.

Mycobacteriosis was generally associated with fish of

hatchery origin. The inclusion of raw carcasses and

viscera of adult salmon in the diet of juveniles was the

suspected source of infection. When this practice was

discontinued and pasteurized salmon products were used in

the diet instead, the disease was virtually eradicated

from Pacific Northwest hatcheries. Ross (1960, 1970) and

Fryer (personal communication) reported the difficulty in

culturing the acid-fast bacterium from tissue of adult

salmonids despite the presence of the bacterium in large

numbers, and believe the few isolates obtained are not the



2

the same etiologic agent associated with the epizootic

which occurred during the 1950's.

Five species of mycobacteria have been reported to

cause disease in fish (Reichenbach-Klinke, 1972). These

include Mycobacterium salmoniphilum, Mycobacterium

fortuitum, Mycobacterium marinum, and one unspeciated

Mycobacterium. Mycobacterium salmoniphilum was described

by Ross (1960) as a new species isolated from the kidneys

of adult salmonid fish. This species, however, has not been

recognized by the latest edition of Bergey's Manual of

Determinative Bacteriology (Runyon, et al., 1974) and

several strains have since been identified as M. fortuitum

(Ross, 1970). Mycobacterium marinum, more commonly found in

marine and aquarium fish, has not been reported in

salmonids. Mycobacterium chelonei was isolated by

Ashburner (1977) from fall chinook salmon which were

obtained as eggs from the Bonneville Hatchery in Oregon and

reared in Australia. These strains may be closely related

to the isolates used in this study which were obtained from

salmonids reared in Pacific Northwest hatcheries.

Diagnosis of mycobacteriosis in salmonids is based on

the observation of typical acid-fast bacteria and/or the

presence of characteristic lesions. Very few attempts have

been made to determine the biochemical, physiological or

genetic properties or the taxonomic position of the

bacteria associated with the disease.
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The isolates obtained from infected juvenile and

adult sal moni ds used in this study grew readily on both

mycobacterial and general bacterial media. This suggests

that these isolates differ from the causative agent of the

mycobacterial epizootic which occurred during the 1950's.

The purpose of this study was to characterize these strains

of mycobacteria that have been isolated from infected

salmonids by an analysis of their biochemical,

physiological, genetic and mycolic acid properties and to

determine their taxonomic position in relation to other

members of the genus Mycobacterium.
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LITERATURE REVIEW

Fish tuberculosis or mycobacteriosis has been recog-

nized as a cause of mortality in marine and freshwater

fish for many years. The term "fish tuberculosis" was

suggested by Bertarelli and Bocchia (1910) and von Betegh

(1910) after they observed numerous foci containing acid-

fast bacilli in fish tissue similar to those associated

with tuberculosis in humans. Parisot and Wood (1960)

suggested the term "fish mycobacteriosis" as more appro-

priate because of the lack of similarities in the path-

ology and causative agents of the disease in fish and

humans. This terminology has not been universally accepted

and both terms appear in the literature.

Historical Background

Fish mycobacteriosis was first described by Bataillon,

et al. in 1897 when an acid-fast bacterium was isolated

from an infected carp (Cyprinus carpio). Since then, the

disease has been reported world-wide in more than 150

species of both feral and cultured populations of fresh-

water and marine fish (Nigrelli and Vogel, 1963; Abernathy

and Lund, 1978; Bucke, 1980).

During the early 1950's Pacific salmon returning to

freshwater to spawn showed a high incidence of infection

with an acid-fast bacterium which was believed to be a

major cause of mortality (Parisot, 1958; Wood and Ordal,
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1958; Earp, 1959; Wood, 1959). The first report, in 1952,

described the disease in returning adult fall chinook at

the Bonneville Hatchery located on Tanner Creek, a tribu-

tary of the Columbia River (Wood and Ordal, 1958). Ross

(1970) reported the bacterium may have been observed as

early as 1942 in fish thought to be infected with an aber-

rant form of kidney disease. In 1957 a cooperative survey

was initiated by the U.S. Fish and Wildlife Service,

Washington State Department of Fisheries and the Oregon

State Fish Commission. The geographical distribution of

the disease was later found to include California, Oregon,

Washington and Alaska in a wide range of host species

belonging to the Salmonidae. Prevalence of infection was

highest in fish that had been maintained in hatcheries for

a year or longer before release, and they suspected the

hatchery practice of including unsterilized viscera and

carcasses of infected adults in the diet of juveniles as

the primary source of infection (Ross, Earp and Wood, 1959;

Wood and Ordal, 1958).

Before 1960, salmon viscera from fish canneries and

salmon carcasses remaining after spawning were collected,

frozen, and fed to juvenile salmon of the next year class

(Fryer and Sanders, 1981). Ross (1963) speculated that

the disease was contracted by juveniles during hatchery

rearing and an assessment of the true significance of the

disease was not possible because the number of deaths
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occurring during the marine phase of the host were not

known. When the addition of raw, unpasteurized salmon

products to fish food was discontinued, the disease was

virtually eradicated from salmonids reared in Pacific

Northwest hatcheries (Snieszko, 1978).

The most recent outbreak of mycobacteriosis in

hatchery-confined chinook salmon was reported by Ashburner

(1977) in an Australian hatchery where no previous out-

breaks were known. The infected fish were obtained as eggs

from the Bonneville Hatchery in Oregon (Ashburner, personal

communication) and the juveniles were not fed raw or

processed fish, indicating transmission of the disease may

have occurred by means other than feeding infected material.

Although the disease is considered rare in wild

freshwater fish populations, Abernathy and Lund (1978)

reported the occurrence of spontaneous mycobacteriosis in

mountain whitefish (Prosopium williamsoni) from the Yakima

River, Washington. Their study indicated that as much as

8% of the population may be infected. Giavenni, et al.

(1980) speculated that mycobacteria may be endemic to

certain fishes and stressful environmental conditions may

promote the appearance of the disease. Baker and Hagan

(1942) reported the possibility of saprophytic forms of

the bacteria invading hosts subjected to unfavorable

environments. The epizootiology of the disease is still

not fully understood.
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Pathology

Gross descriptions of the disease in salmonids have

been reviewed by Parisot (1958) and Ross (1970). The

pathology of the disease varies according to the species

and age of the fish infected. Diseased adult fish may

sometimes have a stunted appearance, be brighter in color

and/or lack secondary sexual development. In some cases,

especially those which are acute, no external signs may be

visible. Discrete grey-white lesions may be observed on

the kidney, liver and spleen while masses of bacterial

cells can sometimes be seen around the intestine and caeca

with connective membranes or adhesions in the body cavity.

A description of the histopathology of the disease in

chinook salmon was made by Parisot and Wood (1960) in a

study comparing the staining characteristics of the

causative agent in fish with that of leprosy and human

tuberculosis. They reported the disease in juvenile salmon

primarily involved the connective and adipose tissue

surrounding the intestinal tract with the pancreas being

the most affected organ. Small concentrations of acid-

fast bacteria, usually occurring intracellularly, could

also be found in the hematopoietic tissue of the kidney,

spleen and liver. The disease in adults appeared to be an

extension of that observed in the juveniles.

Histological studies have revealed the presence of

classic focal granulomas, tubercles and giant cells similar
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to those found in higher vertebrates (Aronson, 1926;

Nigrelli and Vogel, 1963; Timur and Roberts, 1977; Lund and

Abernathy, 1978). Parisot and Wood (1960), however, found

the disease in salmonids characterized by an almost

complete lack of cellular response. Timur and Roberts

(1977) have suggested this discrepancy was a result of the

different stages of the infection observed.

Etiological Agent

Routine diagnosis of mycobacteriosis in salmonids is

based on the presence of acid-fast bacteria in tissue

and/or the observation of a characteristic lesion

(Snieszko, 1978). Attempts to culture the bacteria from

infected fish have not been uniformly successful. Ross

(1970) and Fryer (personal communication) believe

consideration must be given to the fact that out of the

many attempts by several laboratories to culture these

bacteria, only a few isolates have been obtained. This may

indicate that the strains isolated are not the true

etiologic agents of the epizootics which occurred in the

1950's.

Several species of mycobacteria have been associated

with disease in fish but not all have been recognized in

the latest edition of Bergey's Manual (Runyon, et al.,

1974). The agents associated with fish mycobacteriosis

belong to the order Actinomycetales, family

Mycobacteriaceae and genus Mycobacterium. In his review,
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Reichenbach-Klinke (1972) discussed some of the problems

which exist in the classification of the causative agents

of fish mycobacteriosis, and distinguished four species

pathogenic for fish. These included Mycobacterium

marinum, Mycobacterium fortuitum, Mycobacterium

salmoniphilum, and one unspeciated Mycobacterium.

Mycobacterium salmoniphilum, a species described by Ross

(1960), is now believed to be a variant of M. fortuitum and

is not recognized by the Eighth Edition of Bergey's Manual

(Runyon, et al., 1974). Subsequent to the review, Bernstad

(1974) reported the first observation of the species

Mycobacterium borstelense in association with

mycobacteriosis of aquarium fish. This species is now

classified as Mycobacterium chelonei subspecies chelonei

(Kubica, et al., 1972). Mycobacterium chelonei has since

been isolated and identified in the epizootic reported by

Ashburner (1977) in hatchery-confined chinook salmon in

Australia.

Taxonomy of the Mycobacteria

The genus Mycobacterium was established in 1896 by

Lehmann and Neuman to include the tubercle and leprosy

bacilli but now includes more than 40 approved species

(Skerman, et al., 1980; Ratledge and Stanford, 1982). The

original description was based primarily on morphological

and staining properties and the genera Mycobacterium,
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Corynebacterium, and Nocardia became virtually inter-

changeable. It is now recognized that classification based

on a small number of morphological features is inadequate

and was one of the primary sources of confusion. Many

techniques for the classification of mycobacteria have been

developed since the early 1950's when it was recognized

that mycobacteria other than the tubercle bacillus were

able to produce tuberculosis-like diseases in man (Kubica,

1978). The fundamental principles of mycobacterial taxonomy

have since been reviewed by Bradley and Bond (1974) and

Goodfellow and Wayne (1982). The biology of the mycobac-

teria has been extensively reviewed by Barksdale and Kim

(1977). Goodfellow and Wayne (1982) have updated the

description of the genus in their review:

mycobacteria are aerobic, acid-
alcohol fast actinomycetes that usually produce
slightly curved or straight rods and coccoid
elements; aerial hyphae are usually absent.
Strains have meso-diamino-pimelic acid,
arabinose and giTTFlose in the peptidoglycan,
produce straight-chain unsaturated fatty acids,
contain complex mixtures of mycolic acids (C-60
to C-90) and dihydrogenated menaquinones with
nine isoprene units, and the G+C content of
their DNA ranges from 62 to 70%."

Mycolic acids are high molecular weight 3-hydroxy

fatty acids with a long alkyl branch in the 2-position

present in the cell wall of Bacterionema, Corynebacterium,

Nocardia, Mycobacterium and a number of closely related

strains (Goodfellow and Wayne, 1982). Mycobacterial

mycolic acids, possibly the most characteristic components
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of the mycobacterial cell, have not only been used to

differentiate Mycobacterium from these related taxa but

also to define subgeneric boundaries (Minnikin, et al.,

1980).

Numerical techniques, which involve screening many

strains for a large number of characters, have been most

effective in determining relationships at the subgeneric

level. Beginning with the work of Bojalil, et al. (1962),

much has been done to construct definitive numerical

taxonomies of mycobacteria. The International Working

Group on Mycobacterial Taxonomy (IWGMT) has provided more

exact species definitions and identified those tests most

useful for diagnosing individual strains by cooperative,

systematic examinations of selected sets of mycobacteria

(Wayne, et al., 1971; Kubica et al., 1972; Goodfellow, et

al., 1974; Meissner, et al., 1974; Wayne, et al., 1976;

Saito, et al., 1977). Wayne (1978) reviewed some of the

limitations of applying conventional numerical taxonomy to

the genus and discussed the importance of evaluating

numerical classifications in respect to relationships based

on other criteria.

An objective taxonomical classification may be

obtained by correlating the results of numerical taxonomic

studies with the determination of DNA base compositions and

measurements of DNA homology. Bradley and Bond (1974)

review some of the basic principles of measuring DNA
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homology and its significance and application in

mycobacterial classification. Hill, et al., (1972) and

Baess, (1974) have detected carbohydrates in DNA prepara-

tions and suggest the presence of a DNA-polysaccharide

complex which interfered with adsorption at 260 nm in the

spectrophotometer. Baess (1974) and Bradley and Bond (1974)

have described methods for the purification of mycobacte-

rial DNA. The reported degree of homology in DNA hybridiza-

tion experiments between mycobacterial species has been low

(Bradley, 1973; Grange, 1982; Imaeda, et al., 1982). As a

result of these and other studies, including immunodiffu-

sion, immunoelectrophoresis, and bacteriophage typing

(Goodfellow and Wayne, 1982), data have been provided for

an objective classification and identification of

mycobacteria.
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MATERIALS AND METHODS

Culture Media

Ogawa egg medium (Tsukamura, 1961) and Sauton's

medium (Tsukamura, 1965) were used to maintain stock cul-

tures and for primary isolations from infected tissue. The

media were also used as bases for selected biochemical

tests. Cells used for the determination and study of

mycolic acids were grown in modified Sauton's broth

(Modarska, et al., 1972).

Bacterial Cultures

Six isolates were used in this study (Table 1).

Each of the isolates of acid-fast bacterium used was

obtained from salmonids. Four known species of

Mycobacterium which have been associated with fish

mycobacteriosis were included in the study as postive

controls. These and other cultures used as controls are

listed (Table 2).

Physical and Cultural Characteristics

Cultural characteristics were observed on Ogawa egg

and Sauton's media. A distinction was made between rough

and smooth colonies on both types of media. Positive

colonial pigmentation was defined as the appearance of a

strong orange or yellow color in cultures less than 1 week

old. Photochromogenicity was tested by exposing the

culture to daylight at room temperature for 2 days after
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Table 1. Isolates of mycobacteria obtained from salmonids used
in this study.

Isolate Source Host
Year

Isolated

BANa Bandon Hatchery,
Oregon

Cutthroat trout,
adult

1964

SILb Siletz River Hatchery,
Oregon

Coho salmon,
juvenile

1966

AUS-561c Snobs Creek Hatchery,
Australia

Fall Chinook
salmon, adult

1969

ER Elk River Hatchery,
Oregon

Fall Chinook
salmon, juvenile

1981

TRA-23 Trask River Hatchery,
Oregon

Coho salmon,
juvenile

1982

MONTd Bozeman, Montana Mountain whitefish
adult

1982

aisolated by Dr. J. L. Fryer

b
isolated by G. D. Frost

cprovided by Dr. L. D. Ashburner

d
infected tissue provided by Dr. Mike Rinaldi, Bozeman, Montana;

isolation after blind passage of infected tissue in juvenile
steelhead trout as part of this study
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Table 2. Control cultures and known strains used in this study
for comparison with those isolated during this research.

Isolate Strain Remarks

Mycobacterium fortuitum

Mycobacterium fortuitum

ATCC 6841

ATCC 9820

Mycobacterium salmoniphiluma ATCC 13756

Mycobacterium chelonei

Mycobacterium chelonei
subspecies abscessus

Mycobacterium chelonei
subspecies chelonei

Mycobacterium marinum

Mycobacterium sp.b

FDLc

Nocardia asteroides

Corynebacterium xerosisd

Lactobacillus sp.e

ATCC 14472

ATCC 19977

ATCC 19235

NCTC 927

ATCC 19247

type strain

cold water type,
isolated from fish

isolated from
juvenile chinook
salmon

formerly
M. runyonii

type strain

type strain

neotype

isolated from
goldfish

type strain

anot recognized by 8th Edition of Bergey's Manual
(Runyon et al., 1974)

b
provided by R. K. Stroud Veterinary Medicine, Oregon State
University

cisolated by C. R. Banner, Department of Microbiology, OSU,
from White Cloud Mountain fish (Tanichthys albonubes)

d
provided by D. L. Overholser, Department of Microbiology, OSU

e
provided by S. F. Hiu, Department of Microbiology, OSU
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cultures were grown in the dark and abundant growth had

developed. A cotton stopper was used in the culture tube

to assure sufficient oxygenation for the development of

pigments (Tsukamura, 1967b).

The ability to grow at selected temperatures was

observed on both types of media. The genus Mycobacterium,

although not formally subdivided, is usually considered in

two major categories: rapid or slow growers. Growth was

considered rapid if colonies on solid media were visible

within 7 days and slow if 7 or more days were required

(Goodfellow and Wayne, 1982).

A more quantitative determination of the optimum

growth temperature and growth rate was done by measuring

the optical density of the Bandon isolate in Dubos TB

broth (Difco) at selected temperatures over a period of

time. A temperature gradient incubator (Scientific Indus-

tries, Inc.) was used with shaker speed set at 20 times

per minute at a 30° arc angle. Absorbance was read in a

Spectrophotometer 35 (Perkin-Elmer) at 600 nm. The genera-

tion time was calculated according to the method described

by Davis (1973).

The ability to survive exposure to 60°C for 4 h is a

characteristic used to distinguish M. thermoresistible and

M. phlei (Kubica, et al., 1972). To test this ability, the

salmonid isolates were grown on Sauton's or Ogawa egg media

for 5 days, then suspended in sterile PBS. The cell
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suspensions were placed in a 60°C water bath for 4 h, then

inoculated on Sauton's and Ogawa egg media. The tubes were

observed for the presence of growth after 3 days.

The acid-fast characteristic and cell morphology were

observed with the Ziehl-Neelsen and fluorescent auramine 0

acid-fast stains. The Ziehl-Neelsen stain was done

according to the conventional procedure described in the

Manual of Clinical Microiology (Paik and Suggs, et al.,

1974). The fluorescent stain used was a modification of

the method described by Matthaei (1950). An 0.01% solution

of Evan's blue dye was used as a counter-stain (Banner, et

al., 1982) after decolorization with acid alcohol. The

slides were observed with a Zeiss standard microscope using

an IC Fl epi-fluorescence condenser, 12 V 100 watt halogen-

tungsten light source, and a LP 520 orange barrier filter.

Cells grown in pure culture were heat fixed before

staining.

Biochemical Tests

All biochemical tests were performed in triplicate at

25°C unless otherwise noted. The tests were repeated if

variable results were obtained in the replicates. Selected

known organisms were included as controls.

Acid formation from carbohydrates, utilization of

organic acids as sole sources of carbon, and the ability to

utilize nitrogen compounds were tested in modifications of

the media described by Tsukamura (1967b). In all cases,
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Di fco bacto-agar (1.5%, w/v) was substituted for purified

agarose. All carbohydrate solutions were sterilized

separately by heating at 100°C for 5 min then aseptically

added to the sterile basal medium to a final concentration

of 0.5% (w/v). Uninoculated media were included as

controls. Acid formation was examined after 1 and 2 weeks

incubation. Solutions of sodium salts of the organic

acids used to test the utilization of sole carbon sources

were sterilized separately by heating at 100°C for 5 min

then aseptically added to the sterile medium to a final

concentraton of 0.01 M. Nitrogen compounds were added to a

final concentration of 0.02 M. Growth was compared with

that obtained in control media without added carbon or

nitrogen sources after 1 and 2 weeks incubation.

Amidase activity was tested by the method described by

Bbnicke (1962). Cultures were grown on Ogawa egg medium

for a period of 5 to 7 days, then detached and suspended in

sterile PBS, pH 7.2 (Johnson, 1981). The cells were washed

twice, then inoculated in the amide solutions to a final

concentration of 5 to 10 mg (wet weight) per ml. The

amides were prepared in distilled water at a concentration

of 0.00164 M, then heated at 100°C for 30 min. After 6,

12, and 24 h, 1 ml samples were taken and tested for the

presence of ammonium by the indophenol blue reaction as

described in the Manual of Methods for General

Bacteriology (Hanson and Phillips, 1981).
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The ability to use nitrite as a sole source of

nitrogen was tested on a modification of the medium

described by Tsukamura (1967a) in which 1.5% Difco bacto-

agar was substituted for purified agarose. A solution of

NaNO2 was sterilized by Seitz filtration and added to the

medium aseptically to a final concentration of 0.02 M.

Growth was observed after 1, 2 and 3 weeks incubation.

Nitrate reduction was tested by the method described

by Tsukamura (1967b). Phosphate buffered saline containing

0.1% (w/v) NaNO3 was inoculated with bacteria to a final

concentration of 5 to 10 mg (wet weight) bacterial cells

per ml. After 24 h the presence of nitrite was observed by

the formation of a yellow color after the addition of 2%

(w/v) p-dimethylaminobenzaldehyde in 10% (w/v) HC1 and 1 ml

10% HC1.

After 10 days, sensitivity to selected dyes was deter-

mined by comparison of growth on control media containing

no dyes. Pyronin B, methyl violet, chl orophenol red and

malachite green were added to yeast extract-glycerol basal

medium (Vera and Dumoff, 1974) to a final concentration of

0.01% (w/v).

The production of niacin was tested by the modified

procedure of Runyon, et al. (1959). Cultures were grown

on Ogawa egg medium for 2 weeks, then flooded with 1 ml

sterile distilled water for 15 min. The water was

decanted to small tubes and 0.5 ml each of 5% (w/v)
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chloramine T and 1% (w/v) potassium cyanide were added.

An uninoculated tube was included as a control. A

complete absence of a yellow color after 4 h was

considered negative.

Tolerance to selected inhibitory compounds was

determined by comparison of growth on Ogawa egg medium

containing no inhibitors. Selected concentrations of inhi-

bitors were added to the medium before sterilization.

Iron uptake was tested on Ogawa egg medium amended

with 2% (w/v) ferric ammonium citrate. Inoculated slants

were incubated for 3 weeks. A positive test was indicated

by reddish-colored growth.

Hippurate broth was prepared as described by Gordon

(1959). After 7 days, 1.5 ml (v/v) H2SO4 was added to 1 ml

of inoculated broth. The appearance of crystals after 4 h

at room temperature was considered a positive test for

hippurate hydrolysis.

A rylsulfatase activity was determined using a

modification of the medium described by Kubica and Vestal

(1961). The medium was prepared as follows: a solution of

800 ml distilled water, 6.5 g Dubos TB broth base (Difco,

Tween- free) and 15 g Difco bacto-agar, all sterilized by

autoclaving. A second solution of 1.3 g tri potassium

phenolphthalein disulfate (Aldrich Chemical Co.) in 10 ml

distilled water was sterilized by heating at 100°C for 30

min. A third solution containing 7.5 g glucose and 0.85 g
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NaC1 in 90 ml distilled water was sterilized by heating at

100°C for 15 min. These solutions were added aseptically

to the first solution. Ten milliliters of sterile bovine

serum were then added to the medium after it had cooled to

56°C. The medium was aliquoted into sterile test tubes and

allowed to solidify as a slant. Three days or 2 weeks

after inoculation, 1 ml 10% (w/v) Na2CO3 was dropped onto

the growth. Appearance of a bright pink color was recorded

as positive.

Tolerance to NaC1 was tested in glycerol broth

(Vera and Dumoff, 1974) modified by the addition of 1.5%

(w/v) Difco bacto-agar amended with selected concentrations

of NaCl. After 1 and 2 weeks incubation, growth was

observed and compared to control medium containing noNaCl.

Degradation of p-aminobenzoate and p-aminosalicylate

was tested on Ogawa egg medium amended with selected

concentrations of the compounds (Tsukamura, 1961).

Degradation of sodium salicylate was tested on modified

Sauton's medium containing 0.5 or 1.0 mg/ml of the

compound. A blackening of the medium after 2 weeks

incubation was considered positive.

Picric acid tolerance was tested on a modified

Sauton's medium containing 0.1% or 0.2% (w/v) picric acid.

Growth and reduction of picric acid was observed after

incubation for 1, 2, and 3 weeks.
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Tween hydrolysis was tested according to the method

described by Wayne, et al. (1976). Tween 80 and neutral

red were dissolved in 100 ml 0.067 M phosphate buffer then,

sterilized by autoclaving. A final concentration of 1 to

10 mg of bacterial cells per ml was inoculated in the

medium and observed for 5 days for a change in color from

pale salmon to bright pink or red.

The acid phosphatase test was done according to the

method described in the Manual of Methods for General

Bacteriology (Smibert and Krieg, 1981) using a Sigma 104

phosphatase substrate (Sigma Chemical Co.). The test was

repeated after exposure of the cell suspensions to 70°C for

30 min. Growth on MacConkey agar (Difco) and reduction of

potassium tellurite (Sigma) in BHI agar (Difco) was

observed after 1 week incubation.

Cultures of mycobacteria grown on Ogawa egg medium for

5 days were suspended in sterile PBS and tested for the

presence of catalase according to the conventional

procedure described in the Manual of Clinical Microbiology

(Paik and Suggs, 1974). Several drops of 3% (v/v) hydrogen

peroxide were added to the cell suspensions. An immediate

appearance of gas bubbles was considered positive. The

test was repeated after a separate suspension of cells was

heated in a 68°C water bath for 20 min.
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Chemical Detection of Mycolic Acids

Isolation of mycolic acids by the method descibed by

Kanetsuna and Bartoli (1972) allows the differentiation of

mycobacteria from nocardia, based on the demonstration of

mycolic acids specifically found in mycobacteria. Mycobac-

teria were grown in modified Sauton's broth without shaking

for 7 days at 22°C. Corynebacterium and Lactobacillus were

grown in BHI (Di fco) at 37°C and 22°C respectively, for 3

days. Nocardia was grown in BHI (Difco) containing 5% (w/v)

glycerol at 37°C for 5 days. All cultures were killed with

2% (w/v) formaldehyde, harvested by centrifugation, then

lyophilized. The cells (0.1 to 0.15 g, dry weight) were

saponified in 2.5% (w/v) KOH in methanol:benzene (1:1,

v/v), then extracted with ether. The ether extracts were

evaporated and the white precipitates formed were col-

lected, dried and weighed. Melting points of the precipi-

tates were determined in a capillary melting point

apparatus (Thomas-Hoover Co).

Analysis of Mycolic Acids by
Two Dimensional Thayer Chromatography

Cultures were grown in modified Sauton's broth for 7

to 10 days at 25°C, checked for purity, then killed with

1% (v/v) formaldehyde. The cells were harvested by cen-

trifugation, washed with distilled water, and lyophilized.

Fifty milligrams (dry weight) of bacterial cells were

subjected to acid methanolysis and extracted with petro-
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leum ether (b.p. 60 to 80°C). The ether extracts were

collected after passage through a 1 to 2 cm column of

ammonium hydrogen carbonate (Minnikin, et al, 1980). Ana-

lytical two dimensional thin-layer chromatography was

performed as described by Minnikin, et al. (1982). Merck

5538-7 Silica Gel 60 aluminum sheets without fluorescent

indicator were used in the analysis.

Isolation of DNA

Mycobacteria used for the isolation of DNA were grown

overnight at 25°C in BHI (Difco) amended with 0.06% Tween

80 (Atlas Powder Co.), then placed on a shaker for an

additional 24 h. Glycine was added to a final concentra-

tion of 2 M and the cultures were shaken at 25°C for an

additional 2 h (Mizuguchi and Tokunaga, 1970). The cells

were harvested by centrifugation and washed twice with

sterile PBS. DNA was isolated by the hydroxylapatite method

described in the Manual of Methods for General Bacteriology

(Johnson, 1981). The centrifuged cells were suspended in 10

ml saline and incubated with 0.25 ml pronase (50 pg/ml) and

5 mg lysozyme before the addition of RNAse and SOS. The

cell suspension was passed through a French pressure cell

(Carver) twice and deproteinized with water-saturated

liquefied phenol. Hydroxylapatite adsorption of DNA was

then performed. The isolated DNA was dialyzed in 0.1 SSC

(0.15 M NaC1 , 0.0015 M trisodium citrate, pH 7.0) and

stored at -15°C for future use.
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Determination of Percent Guanine plus Cytosine

Deoxyribonucleic acid was isolated from each

mycobacteria as previously described. The thermal melts

were performed in duplicate using a Beckman model DU-8

spectrophotometer equipped with a Tm Compuset Module. Each

thermal melt contained a reference Escherichia coli WP2 DNA

cell, 4 mycobacterial DNA cells, and a 0.1 SSC cell. All of

the DNA preparations used in a single thermal melt were

dialyzed together for a minimum of 4 h in 0.1 SSC buffer,

pH 7.2. The DNA was added to the cuvettes at a final

concentration of 25-50 pg/ml. Interval time was set at 2.0

min. Absorbance readings were corrected for thermal expan-

sion, and the melting temperature was determined.

The percent guanine plus cytosine (%GC) was calculated

with the equation of Mandel, et al. (1970):

%GCmyc = %GCwp2 + 1.99(Tmmyc - Tmwp2)

where %GCmyc is equal to the %GC of the mycobacteria and

the %GC for E. coli WP2 used as a standard was 51 mol%.

Pathogenicity

The pathogenicity of the BAN, ER, SIL and FDL

isolates in warm-blooded animals was tested by injection of

each organism into groups of four Swiss-Webster mice.

Each mouse was injected with 0.5 ml of an isolate suspended

in PBS at a concentration of approximately 1x108 cells per

ml (McFarland tube no. 4). Two animals received the

bacteria intraperitoneally, the other two were injected
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intravenously. All mice were kept in a biological hazard

hood and monitored daily for signs of infection. After 3

weeks the mice were sacrificed by cervical dislocation and

necropsied. Kidney, liver and spleen tissues were cultured

on Sauton's medium and smears were made for acid-fast

stains.

To complete Koch's postulates, experimental infections

in fish were produced by injecting 0.1 ml of a suspen-

sion of an isolate at a concentration of approximately

lx108 cells per ml (McFarland tube no. 4). Separate

groups of 18 to 21 rainbow trout (Salmo gairdneri) were

maintained in 68 liter tanks with a continuous flow of 12°C

fish pathogen free water for 80 days. The fish were moni-

tored daily for signs of infection. Dead fish were necrop-

sied and kidney, liver and spleen tissue were cultured on

Sauton's and/or Ogawa's egg media. Smears were also made

for acid-fast stains. In a separate experiment groups of

20 juvenile chinook salmon injected with mycobacteria were

maintained in 68 liter tanks with a continous flow of

18°C water for 10 days. All survivors were sacrificed and

examined when each experiment was terminated.

Prevalence of Mycobacterial Infections
in Selected Salmonid Populations

Acid-fast stains of kidney tissue smears from dead and

sacrificed fish from Trask, Elk River, and Salmon River

Hatcheries were examined to estimate the prevalence of
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mycobacterial infections at these coastal hatcheries.

Kidney tissue smears from adult fall chinook salmon at

Bonneville Hatchery and ocean-caught juvenile coho salmon

were also examined. The Ziehl-Neelsen acid-fast stain was

done according to the conventional method described in the

Manual of Methods for Clinical Microbiology (Palk and

Suggs, 1974). A modified fluorescent stain was also done

as previously described. A positive infection was recorded

when typical acid-fast bacilli were observed in the tissue

smear.
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RESULTS

Taxonomic Analysis of Mycobacteria
Isolated from Salmonids

Colony Morphology

In general, the colony morphology of each mycobac-

terial strain is a stable characteristic, although varia-

tion may occur as a result of spontaneous mutation. The

colony morphology of the isolates was observed on Sauton's

and Ogawa egg media. Upon primary isolation and sub-

cultivation on Ogawa egg medium, colonies of the mycobac-

teria were smooth, moist, shiny and creamy to buff in color

(Fig. 1). Rough colonies sometimes developed after three

weeks of incubation and were the usual form exhibited on

Sauton's agar after five days. The colonies of the control

cultures M. fortuitum and M. salmoniphilum were rough and

creamy to buff in color. Colonies of M. chelonei sub-

species abscessus were initially smooth but became rough in

appearance after 10 days. The colonies of M. chelonei

subspecies chelonei were smooth, moist and creamy to buff

in color, while colonies of M. marinum were smooth, moist

but yellow to orange in color. On cornmeal agar (Vera and

Dumoff, 1974), colonies of the salmonid isolates were

granular and semi-transparent, with no development of a

filament network as found with strains of M. fortuitum

(Runyon, et al., 1974). In Sauton's modified broth, a film

of growth extended up the sides of the container and
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Fig. 1. Colony morphology of mycobacteria on Ogawa egg

medium after five days incubalted at 25°C. Nonpigmented,

smooth colonies of (A) Bandon isolate, (B) Mycobacterium

chelonei subspecies chelonei, (C) Mycobacterium chelonei

subspecies abscessus, and (D) rough, nonpigmented colonies

of Mycobacterium fortuitum.
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eventually formed a thick, wrinkled pellicle (Fig. 2).

The salmonid isolates and control mycobacteria cultures,

with the exception of Mycobacterium marinum, were nonchro-

mogenic. A few isolates produced a light golden pigment

after 21 days of incubation. Mycobacterium marinum was the

only culture which produced a yellow to orange pigment

after exposure to light.

Cellular Morphology

Microscopic examination of the strains isolated from

fish and grown on Ogawa egg medium revealed pl eomorphi c

rods, ranging from long and slender to short and thick

forms, generally 1 to 4 um long and 0.3 to 0.6 um in

diameter (100 cells measured). The cells were alcohol-acid

fast by the Ziehl -Neel sen method of staining and weakly

Gram positive (Fig. 3). No spores, capsules, true branch-

ing, or aerial hyphae were observed.

Growth at Selected Temperatures

Growth at selected temperatures was tested on Sauton's

and Ogawa egg media between 10 and 52°C (Table 3). Visible

colonies of all salmonid isolates developed in 3 to 5 days

at 25 and 30°C and were classified as rapid growers

(Goodfellow and Wayne, 1982). Growth at 10°C was observed 5

to 10 days after inoculation of all isolates except the one

obtained from whitefish which grew in less than 5 days.

None of the salmonid isolates grew at 37°C or higher
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Fig. 2. Bandon isolate in modified Sauton's broth exhibi-

ting thick, wrinkled pellicle (A), with film of growth

extending up the sides of the flask (B).
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FIG. 2
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Fig. 3. Mycobacteria seen microscopically after staining.

(A) Bandon isolate (indicated by arrows) in fish kidney

tissue stained with Ziehl-Neelsen acid-fast stain, (B)

Bandon isolate (indicated by arrows) in fish kidney tissue

stained with Auramine 0 fluorescent acidfast stain, and

(C) Bandon isolate grown on Ogawa egg medium for five days

stained with Ziehl-Neelsen acid-fast stain. Degree of

staining and size of cells vary.
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Table 3. Development of visible growth of the salmonid isolates and control mycobacterial
cultures at selected temperatures on Sauton's and Ogawa egg media in less than 5 days.

Temperature (°C) BAN

Salmonid Isolates

MONT MFTSa MFfb

Controls

MCCd MCAeER SIL TRA MSc

10

25

+/-

+

+/-

+

+/-

+

+/-

+

+

+

-

+

-

+

-

+

+

+

+

+

30 + + + + + + + + + +

37 _ _ _ _ _ + + + + +

42 - - - - - + + +

45 - - - - - - - -

52 - - - - - -

aMycobacterium fortuitum ATCC 6841

b
Mycobacterium fortuitum ATCC 9820

cMycobacterium salmoniphilum ATCC 13756

d
Mycobacterium chelonei subspecies chelonei ATCC 19235

eMycobacterium chelonei subspecies abscessus ATCC 19977

+/- = visible growth in 5-10 days
+ = visible growth in less than 5 days
- = no growth after 30 days
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after 30 days of incubation. The strains of M. fortuitum

and M. salmoniphilum grew rapidly at 25, 30, 37, and 42°C

but did not grow at 10 or 52°C. The M. chelonei strains

grew rapidly at 10, 25, 30, and 37°C.

Survival at 60°C

The ability of mycobacterial cells suspended in phos-

phate buffered saline to tolerate exposure to 60°C for 4 h

was dependent on the dispersion of the cells in the suspen-

sion. The tendency of the cells to form clumps made it

difficult to achieve a homogeneous suspension of well-

dispersed cells. Cells that were clumped in the suspension

were able to survive treatment and showed visible growth

three days after inoculation on Ogawa egg medium, whereas

unclumped cells did not survive treatment.

Growth Rate of BAN in Shaken Culture

A quantitative growth study of the BAN isolate was

done in Dubos TB broth at temperatures varying between 5

and 50°C at 5° intervals. The optical density (600 nm) of

duplicate cultures was measured at each selected

temperature for a period of 14 days. The log of the mean

optical density for each temperature tested was plotted

(Fig. 4). The isolate exhibited generation times ranging

from 7.43 h at 25°C to 36.47 h at 10°C. The optimal growth

temperature was between 20 and 25°C with no growth

occurring above 30°C or below 10°C (Table 4). The
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Fig. 4. Different growth rates of the Bandon isolate in

Dubos TB broth at five selected temperatures. Optical

density was measured at 15 h time intervals over a period

of 14 days. The optimum growth temperature was 25°C.
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Table 4. Different generation times of the Bandon isolate
in Dubos TB broth at five selected temperatures.

Temperature (°C) Generation time (hours)

10 36.47

15 24.30

20 14.27

25 7.43

30 26.74
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tendency of mycobacteria to clump and form large

aggregates in liquid medium may have caused an observed

decrease in the optical density measured at the lower

temperatures.

Biochemical Characteristics

The results of 63 biochemical tests were used for the

classification of the isolates studied (Table 5). The

characters were analyzed by the conventional n x n matrix

table of matching scores (Table 6). The internal similarity

of the five isolates was 94.2 + 3.4%.

The biochemical and physical characters of the BAN

isolate were compiled for a taxonomic analysis in which a

total of 78 selected properties were compared to other

rapidly growing, nonchromogenic mycobacteria. The BAN

isolate was chosen as the representative organism because

of its high percent similarity to the other salmonid

isolates. M. marinum, a photochromogenic species, was

included because of its reported pathogenicity for fish

(Reichenbach-Klinke, 1972). All of the salmonid isolates

were essentially identical to the FDL and Mycobacterium sp.

strains included in the study, with percent similarities

greater than 90%. The salmonid isolates also showed a

close relationship to the two subspecies of Mycobacterium

chelonei, with 87.2% similarity to M. chelonei subspecies

abscessus and 85.9% similarity to M. chelonei subspecies

chelonei (Table 7).
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Table 5. Biochemical characteristics used for the classification
of five salmonid isolates studied.

Isolates

Character BAN ER SIL TRA-23 MONT

Enzymatic activity
arylsulfatase - 3 days + + + + +
arylsulfatase - 2 weeks + + + + +
hippurate hydrolysis - -

tween hydrolysis - 5 days - - - -

nitrate reductase - - _

acetamidase - - _

benzamidase - - - -

urease + + + + +

isonicotinamidase
nicotinamidase - - -

pyrazinamidase _ - _

allantoinase - - -

succinamidase -

catalase + + + + +
catalase after 68°C - -

acid phosphatase + + + + +
acid phosphatase after 70°C - - - -

Utilization as sole C-source
benzoate
fumarate +

-

+
-

+

_

- _

succinate + + + - -

citrate + + +
malonate - - - -

oxalate -

Utilization as sole C and N-source
acetamide
benzamide
nicotinamide

-

-

-

-

-

- -

Na-L-glutamate + + + + +
L-serine + + + + +

glucosamine hydrochloride - - - -

Tolerance to
hydroxylamine, 250 pg/ml + + + +

azide, 20pg/m1 - - - + _

8-azaguanine, 250 pg/ml + + + + +

ethambutol, 5 pg/m1 + + + + +

1% sodium deoxycholate + + + + +
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Table 5 continued.

Character

Isolate

BAN ER SIL TRA-23 MONT

Tolerance to
0.1% sodium nitrite
3% NaC1
5% NaC1
0.1% malachite green

+

-

-

+

+

+

+

+

-

+

-

+

+

+
-

-

+
0.01% methyl violet + + + + +

0.01% pyronin B + + + + +

0.01% chlorophenol red + + - - -

0.1% picric acid + + + + +
0.2% picric acid + + + +
para-aminobenzoate + + + + +
para-aminosalicylate + + + + +

sodium salicylate + + + + +

Growth on
MacConkey agar + + + + +

Potassium-tellurite agar + + + + +

Degradation of
para-aminobenzoate + + + + +

para-aminosalicylate + + + + +

sodium salicylate + + + + +

Acid production from
glucose + + + + +
arabinose
dulcitol
fructose

-

-

-

- -

-

- -

galactose - - -

inositol - - - - _

mannitol - - -

mannose + + + + +

rhamnose - - -

sorbitol - - - -

sucrose
trehalose
xylose

-

-

-

-

-

-

Iron uptake

Niacin Production
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Table 6. Analysis of characters of the five salmonid isolates by
conventional n x n matrix analysis of matching scores.

Designation Isolate

Percent similarity

1 2 3 4 5

1

2

3

4

5

BAN

ER

SIL

TRA-23

MONT

100

98.7

98.7

92.3

92.3

100

98.7

92.3

89.7

100

93.5

91.0

100

94.9 100
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Table 7. Percent similarities between the salmonid
isolates, represented by the Bandon isolate, and selected
species of rapidly growing mycobacteria based on 78
properties.a

Taxon
Percent

similarity to the
Bandon isolatea

FDL 94.8

Mycobacterium sp. 91.0

Mycobacterium chelonei subspecies abscesses 87.2

Mycobacterium chelonei subspecies chelonei 85.9

Mycobacterium salmoniphilumb 79.5

Mycobacterium fortuitum (cold-water type) 78.2

Mycobacterium fortuitum (type strain) 75.6

Mycobacterium marinum 73.1

Mycobacterium chitae 68.1

Mycobacterium agri 55.0

Mycobacterium smegmati s 53.1

aproperties of known mycobacterial strains based on results
from this study and on properties reported by Goodfellow
and Wayne (1982); Saito, et al. (1977); Tsukamura (1981);
and the 8th Edition of Bergey's Manual (Runyon, et al.,
1974).

b not recognized by 8th Edition of Bergey's Manual
(Runyon, et al., 1974)
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Table 8. Differences in properties between the salmonid
isolates, represented by the Bandon isolate, and the two
known subspecies of Mycobacterium chelonei.'

Property BAN MCCb MCAc

Growth at 37°C + +

Hippurate hydrolysis + +/-

Nicotinamidase + +/-

Pyrazinamidase + +

Catalase after 68°C - + +

Acid phosphatase after 70°C - +/-

Tolerance to:

azide, 20 pg/ml

1% sodium deoxycholate + - +

0.1% sodium nitrite + - +

5% NaC1 +

0.2% picric acid + +

Growth on potassium
tellurite agar + - +

Acid from mannitol +

Acid from trehalose + +

Citrate utilization as
sole carbon source + + _

Nicotinamide utilization
as sole carbon and nitrogen
source

a properties of MCC and MCA based on results of this study
and on properties reported by Goodfellow and Wayne (1982);
Saito, et al. (1977); Tsukamura (1981); and Runyon, et al.
(1974).

b Mycobacterium chelonei subsp. chelonei

cMycobacterium chelonei subsp. abscessus
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Based on the classification system used in this study, the

percent similarity between the two known subspecies of M.

chelonei was 92.3%. The salmonid isolates differed from M.

chelonei subspecies chelonei by 12 properties and from M.

chelonei subspecies abscessus by 11 properties tested

(Table 8). These characteristics served to distinguish the

salmonid isolates from the two known subspecies of M.

chelonei. An additional distinguishing property was the

inability of the salmonid isolates to grow at 37°C.

Chemical Detection of Mycolic Acids

All of the salmonid isolates and mycobacteria controls

produced a white precipitate when ethanol was added to the

ether extract of mycolic acids by the differentiation

method described by Kanetsuna and Bartoli (1972). No preci-

pitate was formed by the Nocardia or Corynebacteri um

species (Table 9) which demonstrated the specificity of the

method for the detection of mycobacterial mycolic acids.

Kanetsuna and Bartoli (1972) reported an average recovery

of 10 mg precipitate from 1 g (wet weight) of mycobacteria.

The recovery of precipitates from lyophilized cells used in

this study was lower, averaging 4.6 mg from 100 mg (dry

weight) of cells.

Melting points were determined for the precipitates

formed by the salmonid isolates and mycobacteria controls.

All of the precipitates melted between 45 and 65°C. These

temperatures correspond to the melting points of
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Table 9. Dry weights and melting temperature range of
mycolic acid precipitates recovered from six salmonid
isolates and four control strains of mycobacteria by the
chemical detection method.

Dry wt. of
precipitate

Isolate (mg)
m.p. range

( °C)

BAN 5.9 47.5 - 57.5

SIL 1.3 48.5 - 59.5

ER 5.2 48.0 - 56.0

TRA-23 1.9 59.5 - 65.0

AUS-561 6.5 50.0 - 54.5

MONT 4.9 49.5 - 52.5

FDL 2.5 50.0 - 59.0

Mycobacterium sp. 4.1 49.0 - 55.0

Mycobacterium fortuitum 2.2 50.0 - 61.5

Mycobacterium chelonei 11.4 59.0 - 64.5
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mycobacterial mycolic acids reported by Kanetsuna and

Bartoli (1972). The authors reported mycolic acids were

occasionally isolated from Nocardia by this method, but

unlike mycobacterial mycolic acids, have melting points

greater than 150°C and rarely melt below 80°C. This test

demonstrated the presence of mycobacterial mycolic acids

and confirmed the placement of the isolates in the genus

Mycobacterium.

Mycolic Acid Analysis by
Two Dimensional Thin-Layer Chromatography

Lyophilized cells of the isolates and control cultures

were subjected to acid methanolysis, and two dimensional

thin-layer chromatography on the resulting extracts was

performed. Two patterns were produced by the control cul-

tures M. fortuitum and M. chelonei, which were similar to

those reported by Minnikin, et al. (1980). All of the

salmonid isolates produced a pattern which was characteris-

tic of those produced by representives of M. chelonei

(Fig. 5). The patterns exhibited by the salmonid isolates

did not resemble those reported for M. tuberculosis and M.

avium by Minnikin et al. (1980).

Determination of Percent Guanine plus Cytosine

The average percent guanine plus cytosine (%GC) of the

mycobacteria isolated from salmonids ranged from 61.3 to

65.4% (Table 10). These values fall within 2% of the 62

to 70 %GC value reported for the mycobacteria (Goodfellow
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Fig. 5. Patterns produced by two dimensional thin-layer

chromatography of whole-organism acid methanolysates of

(A) Mycobacterium chelonei subspecies chelonei, (B)

Mycobacterium chelonei subspecies abscessus, (C)

Mycobacterium fortuitum, and (D) Bandon isolate, represen-

ting patterns produced by all of the salmonid isolates.

Arrows denote direction of development: (1) petroleum

ether/acetone (95:5)(x3), (2) toluene/acetone (97:3)(x1).

Isolates show identical lipid pattern to two subspecies of

Mycobacterium chelonei.
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Table 10. Guanine plus cytosine
sal moni d isolates and selected
mycobacteria using Escherichia coli

(%GC) values for the
known strains of

WP2 as the standard.

Strain %GC Average %GC

BAN 65.4 64.6
63.8

ER 65.2 65.2
65.3

SIL 60.7 62.1
63.6

TRA-23 64.8 64.8
64.9

MONT 61.9 61.3
61.6

AUS-561 61.8 61.7
61.6

Mycobacterium fortuituma 63.3 63.8
64.2

Mycobacterium cheloneib 63.1 65.1
67.1

Mycobacterium marinumc 63.7 65.0
66.4

aATCC 6841

b ATCC 14472

cNCTC 927
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and Wayne, 1982). The average %GC for the salmonid

isolates was 63.4 + 1.7.

Pathogenic Characteristics

Pathogenicity in Warm-Blooded Animals

Cell suspensions of the BAN, ER, SIL and FDL isolates

were injected intravenously or intraperitoneally into

Swiss-Webster mice. The mice were monitored daily for

signs of infection and sacrificed after 21 days. None of

the mice exhibited signs of infection and no visible

internal lesions were found upon necropsy. Kidney, liver

and spleen tissues were cultured in an attempt to recover

the injected organism but no isolations were made. Tissue

smears of these organs did not reveal the presence of any

acid-fast bacteria.

Pathogenicity in Salmonid Fish

Experimental infections were produced at 12°C in juvenile

rainbow trout injected intraperitoneally with the BAN, ER,

SIL and FDL isolates. The total loss ranged from 0 to

52.3% with the SIL isolate causing the largest number of

deaths. The first deaths were observed 9 to 10 days after

injection. Acid-fast bacteria were isolated on Ogawa egg

or Sauton's media or detected by Ziehl-Neelsen stain in

66.8 to 100% of the fish examined (Table 11).
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Table 11. Results of injecting juvenile rainbow trout with cells
of four isolates of mycobacteria.

Isolate
used

Number
of fish
injected

Number
of dead
fish

Percent
loss

Percent
recoverya

Percent
detectionb

BAN 20 4 20.0 100 75

ER 21 8 38.1 100 100

SIL 21 11 52.3 100 100

FDL 21 3 15.0 66.8 66.8

Control 18 0 0 0 0

amycobacteria cultured from infected tissue of dead fish on Ogawa egg
and/or Sauton's media.

b
detection of mycobacteria in dead fish by microscopic examination of
tissue smears stained by Ziehl-Neelsen method.
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Signs of infection were variable. Moribund fish often had

swollen abdomen and hemorrhaging around the vent and along

the lateral surface (Fig. 6A). When necropsied, ascites

and a white membranous material were observed around the

mesenteries and adjoining viscera. The spleen, kidney and

liver were the organs most often affected. The liver and

kidney were pale and covered with a membranous material.

White nodular lesions were seen in these organs in heavily

infected fish. The spleen was usually greatly enlarged and

a deep claret color (Fig. 6B). Splenomegaly was also

observed in fish sacrificed at termination of each

experiment. The spleens of all fish examined were

dissected, weighed and percent body weight determined. The

weight of spleens of fish injected with mycobacteria was

significantly greater (t-test, P=0.05) than those removed

from fish in the control group (Table 12). No deaths

occurred after 40 days and all survivors were sacrificed 80

days after injection. Acid-fast bacteria were recovered

from cultured kidney, liver and spleen tissues and detected

by acid-fast stain in 30.8 to 94.4% of the fish examined

(Table 13).

In a separate experiment juvenile chinook salmon were

injected with a cell suspension of the BAN isolate and

maintained at 18°C for 10 days. The first deaths occurred

6 days after injection and the last deaths by the 10th day.



56

Fig. 6. Juvenile rainbow trout infected with the Bandon

isolate. Death occurred nine days after injection with

mycobacteria. (A) A distended abdomen was the only

external sign in this case. (B) Internal signs included

asci tes (as), splenomegaly (sp), and white nodular lesions

(nl) in the pyloric ceaca and around the intestine.
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FIG. 6
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Table 12. Comparison of the percent body weight of spleens
from groups of juvenile rainbow trout injected with
isolates of mycobacteria with a group of uninfected rainbow
trout.

Isolate
used

No. of fish
examined

Range %wt.
of spleen
for group

Mean %wt.
of spleen
for group

BAN 20 0.040 - 0.410 0.153 + .118

ER 21 0.047 - 0.600 0.192 + .165

SIL 21 0.085 - 0.503 0.196 + .115

FDL 21 0.123 - 0.432 0.251 + .076

Control 18 0.038 - 0.126 0.083 + .025
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Table 13. Results of examinations of juvenile rainbow
trout sacrificed 80 days after injection with isolates of
mycobacteria.

Isolate
used

Number
of fish
in group

Number
of fish
examined

Percent
recovery a

Percent
detection b

BAN 20 16 87.5 62.5

ER 21 13 30.8 38.5

SIL 21 10 60.0 50.0

FDL 21 18 50.0 94.4

Control 18 18 0 0

amycobacteria cultured from infected tissue of sacrificed
fish on Ogawa egg and/or Sauton's media.

b detection of mycobacteria in sacrificed fish by micro-
scopic examination of tissue smears stained by Ziehl-
Neelsen method.
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Generally, no internal or external signs of infection were

observed in fish that died during the first seven days,

although acid-fast bacteria were found in large numbers in

tissue smears or were recovered in culture (Table 14).

Ascites, splenomegaly, and a white membranous material

around the mesenteries were observed in a few of the fish

that died on the 8th to 10th days.

Prevalence of Mycobacterial Infection
in Selected Populations of Salmonids

To estimate the prevalence of mycobacteri al infec-

tions in salmonids, kidney tissue smears of fish from the

Trask River, Salmon River and Bonneville Hatcheries were

examined for the presence of mycobacteria by the Ziehl-

Neelsen and Auramine 0 fluorescent acid-fast stains. Kid-

ney tissue of spawned fall chinook salmon from the Elk

River Hatchery, a random sample of sacrificed juvenile

chinook salmon from the Trask River Hatchery, and a small

group of ocean-caught juvenile coho salmon were also exa-

mined. The observation of typical acid-fast bacteria was

recorded as a positive infection. The occurrence of myco-

bacteria in the groups of fish examined ranged from 0 to

26% (Table 15). The Auramine 0 fluorescent stain enabled

detection of acid-fast bacteria in tissue smears using a

40x objective. Thus a larger area of the tissue smear

could be examined by this method.



61

Table 14. Results of injecting juvenile fall chi nook salmon,
held at 18°G, with the Bandon isolate.

Number Number Number
of cells of fish of dead Percent Percent Percent
injected in group fish loss recovery a detection°

1x107 40 39 97.5 62.5 97.5

0 30 3 10.0 0 0

amycobacteria cultured from infected tissue of dead fish on Ogawa
egg and/or Sauton's media.

b
detection of mycobacteria in dead fish by microscopic examination

of tissue smears stained by Ziehl-Neelsen method.
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Table 15. Prevalence of mycobacteria in selected salmonid
populations as determined by detection of acid-fast bacteria in
smears of kidney tissue.a

Type of fish No. of fish No.
Location examined examined infected

Percent
positive

Elk River spawned adult
fall chinook

150 0 0

Bonneville adult fall
chinook

41 4 9.7

Trask River spawned adult
spring chinook

juvenile
spring chinook

random sample
juvenile chinookb

juvenile cohoc

40

43

100

64

1

2

10

13

2.5

4.6

10.0

26.0

Salmon River juvenile coho 6 1 16.7

Pacific ocean-caught 12 0 0
Ocean juvenile coho

aElk River, Bonneville, and ocean-caught fish examined by
Auramine 0 fluorescent acid-fast stain. Trask and Salmon River
fish examined by Ziehl-Neelsen acid-fast stain.

b
fish were sacrificed for examination of Bacterial Kidney

Disease (BKD)

cgroup was suffering heavy loss from BKD
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DISCUSSION

Relatively little attention has been given to mycobac-

terial infections in sal monids since the advent of

pasteurization resulted in the virtual disappearance of

mycobacteriosis from Pacific Northwest hatcheries in the

early 1960's (Ross, 1970). Ross (1960, 1970) and Fryer

(personal communication) reported the difficulty in

culturing the acid-fast bacterium from tissue of adult

salmonids despite the presence of the bacterium in large

numbers, and believe the few isolates obtained are not the

same etiologic agent associated with the epizootic which

occurred during the 1950's. The strains which have been

isolated from infected salmonids were not extensively

studied and their taxonomic position was not determined.

Until the early 1950's, classification of the

mycobacteria was usually based on rate of growth, colonial

morphology and pigment production (Kubica, 1978). While

it is recognized that these simple criteria for

classification are inadequate, these properties are the

basis for division of the mycobacteria into five major

categories: rapid and slow growers, photochromogenic,

scotochromogenic, and nonchromogenic (Jenkins, et al.,

1982). These properties are considered stable

characteristics of a given mycobacterial strain. All of

the salmonid isolates grew rapidly at 25 and 30°C and
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produced smooth, moist, creamy to buff-colored colonies on

Ogawa egg medium. Thus they can be considered to belong to

the rapidly growing, nonchromogenic group of mycobacteria.

The most important characteristic in the microscopic exam-

ination of the mycobacteria is the ability to resist

destaining when treated with acid or acid-alcohol

(Goodfellow and Wayne, 1982). The salmonid isolates were

all acid-fast at some stage of their growth. The cells,

from cultures grown on Ogawa egg medium, were 1 to 4 pm

long and 0.3 to 0.6 pm in diameter. This corresponds to

the typical size range seen in other mycobacteria (Draper,

1982).

Growth temperature is one of the most stable

characteristics of a bacterial species or subspecies. In a

classification system proposed by Marks (1976), growth

temperature provided the basis for the fundamental division

of mycobacteria found in clinical isolates. Unlike other

nonchromogenic, rapidly growing mycobacteria, the isolates

from salmonids do not produce growth at 37°C and can be

considered unique on the basis of this temperature

relationship.

The most distinct characteristic of all members of

the genus Mycobacterium is the possession of a thick,

lipid-rich envelope. The envelopes are composed of an

arabinogalactan linked to the cell wall peptidoglycan

esterified with mycolic acids (Ratledge, 1982). Mycolic
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acids are high molecular weight, hydroxy, methoxy fatty

acids found only in mycobacteria, nocardiae,

corynebacteriae and related taxa (Goodfellow and Wayne,

1980). Mycobacteri al mycolic acids have 60 to 90 carbon

atoms, while mycolic acids of nocardiae and corynebacteriae

possess an average of 52 and 32 carbon atoms respectively

(Modarska, et al., 1972). Mycobacterium can be dis-

tinguished from members of other mycolic acid containing

genera by the chemical detection method for mycolic acids

described by Kanetsuna and Barton (1972). The method is

based on the insolubility of mycobacterial mycolic acids in

ethanol/diethyl ether. Precipitates of mycolic acids from

extracts of the cells of the sal monid isolates were ob-

tained by the chemical detection method. The precipitates

had melting points within the reported range for mycobacte-

rial mycolic acids. The detection of mycolic acids by the

chemical method and the observation of typical melting

points confirms the placement of the salmonid isolates in

the genus Mycobacterium.

The development of two dimensional thin-layer

chromatography (tic) for the analysis of whole-organism

methanolysates (Minnikin, et al., 1980) has been useful

for the subgeneric classification of mycobacteria.

Minnikin, et al. (1980) reported the formation of three

characteristic patterns of mycobacterial mycolic acids
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analyzed by two dimensional tic. The patterns were exem-

plified by M. tuberculosis, M. avium, and by M. fortuitum

and M. smegmatis which all produced a single pattern. A

subsequent study showed an additional pattern was formed by

representatives of M. chelonei. This pattern allowed the

group to be distinguished from all other mycobacteria,

including closely related strains of M. fortuitum

(Minnikin, et al., 1982). Acid methanolysates of each of

the salmonid isolates produced patterns similar to those

produced by M. chelonei and they can thus be regarded as

representatives of that group.

Ross (1960) described the morphological, cultural and

pathogenic characteristics of a rapidly growing, acid-fast

bacterium isolated from salmonids and suggested a new

species, M. salmoniphilum. This classification, however,

was not included in the latest edition of Bergey's Manual

of Determinative Bacteriology (Runyon, et al., 1974) and

the taxonomic position of this bacterium has remained in

doubt. A strain of M. salmoniphilum (ATCC 13750) was

included in this study but appears to differ from the

strains described by Ross (1960) which produced a soluble

pigment and were unable to grow at 37°C. No pigment was

formed by the ATCC strain and growth was produced at 37°C.

Several strains of M. salmoniphilum were identifed by

Gordon and Mihm (1959) as M. fortuitum, which the ATCC

strain closely resembles. The original strain described by
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Ross (1960) has presumably been lost. The sal moni d iso-

lates used in this study, like the original strain of

M. salmoniphilum, were unable to produce growth at 37°C. A

comparison of biochemical, lipid, and genetic characteris-

tics of the original isolate described by Ross, however,

could not be performed.

During the late 1950's, the principles of Adansonian

or numerical taxonomy were first adapted for the

classification of mycobacteria. These are: 1) it is based

upon as many characters as possible, 2) each character is

given equal weight, 3) the overall or pheneti c similarity

between each pair of strains is calculated from the number

of characters they have in common, and 4) organisms that

share many characteristics are grouped together (Bradley

and Bond, 1974). To use this technique, a large number of

strains must be examined with respect to a large number of

characters. For this reason, conventional Adansonian taxo-

nomy could not be applied to the classification of the six

sal monid isolates available for this study. Instead,

conventional n x n matrix analyses (Tsukamura, 1966) were

performed. The principle of using a large number of

biochemical and physical characteristics was applied in the

characterization of the isolates from salmonids. This

allowed comparison of these isolates to other mycobacteria

described by numerical taxonomic methods.

The five isolates of mycobacteria obtained from
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sal moni ds showed an internal similarity of 94.2 + 3.4%,

which demonstrates their homogeneous nature. The sixth

isolate, AUS-561, was received late in the study and its

biochemical properties were not determined. In comparison

with other rapidly growing mycobacterial strains used in

this study and described in the literature, the salmonid

isolates were most closely related to M. chelonei sub-

species chelonei and M. chelonei subspecies abscessus.

In 1972, the International Working Group on

My cobac te ri a 1 Taxonomy ( I W GMT ) , suggested that M.

abscessus and M. borstelense be classified under the

specific name M. chelonei on the basis of lipid patterns,

serological studies, and biochemical characteristics

(Kubica, et al., 1972). Two subspecies, M. chelonei

subspecies abscessus and M. chelonei subspecies chelonei,

were recognized and distinguished by six biochemical tests

included in Table 8. Additional biochemical tests used

for the differentiation of the two subspecies were

reported by Runyon, et al. (1974); Saito, et al. (1977);

and Tsukamura (1981). With the exception of trimethylene

diamine utilization, all of these tests were included in

the characterization studies with the salmonid isolates.

Based on the classification system used in this study, the

two subspecies of M. chelonei differed by 11 biochemical

properties. Kubica, et al. (1972) reported the two sub-

species could not be differentiated by serological studies
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or mycolic acid patterns. The isolates obtained from sal-

monids differed from M. chelonei subspecies chelonei by 12

biochemical properties and from M. chelonei subspecies

abscessus by 11 biochemical properties. These isolates

have biochemical properties intermediate of those reported

for both subspecies of M. chelonei and cannot be defini-

tively placed in either of the two subdivisions. These

properties indicate that the salmonid isolates are closely

related to the two subspecies but are sufficiently dif-

ferent to be considered a new subspecies of M. chelonei.

An important difference from the two known subspecies, or

any other nonchromogenic, rapidly growing mycobacteria, is

the complete absence of growth at 37°C by all of the sal-

monid isolates. Growth temperature is one of the most

stable characteristics of a bacterial species or sub-

species. From a taxonomic point of view, the temperature

relationships of the salmonid isolates supports their

recognition as a new subspecies of M. chelonei.

Ashburner (1977) reported the isolation of M.

chelonei in an epizootic experienced by hatchery-confined

chinook salmon in Australia but did not include a complete

characterization of the isolate. The infected fish were

obtained as eggs from the Bonneville Hatchery in Oregon. It

is likely that the Australian isolate is closely related to

the salmonid isolates used in this study and supports their

identification as M. chelonei.
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The percent guanine plus cytosine (%GC) for the

salmonid isolates studied was 63.4 + 1.7. Jones and

Sneath (1970) reported a %GC difference of 5% indicates

species differences and a difference of less than 2% is of

no taxonomic significance. The %GC reported for the myco-

bacteria in Bergey's Manual of Determinative Bacteriology

(Runyon, et al., 1974) is 62 to 70%. The salmonid iso-

lates fit within the range suggested for the genus

Mycobacterium.

The most direct information on the relationships among

the mycobacteria may come from the study of DNA-DNA hybrid-

izations. Imaeda, et al. (1982); Bradley (1973); and Gross

and Wayne (1978) have reported DNA homology studies showing

relationships among the mycobacteria. DNA hybridizations

to determine the relationship between the two subspecies of

M. chel onei have not been reported and were not performed

in this study because of difficulties in purifying the

mycobacterial DNA preparations. Hill, et al. (1972); Baess

(1974); and Bradley and Bond (1974) have suggested the

occurrence of DNA-polysaccharide complexes which may inter-

fere with reassociation but not thermal melts. Further

studies may provide clues as to the genetic relationships

between the subspecies of M. chelonei and the sal monid

isolates and clarify their taxonomy.

Although reports produced by the IWGMT have helped

to clarify the present taxonomy of the mycobacteria, test
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reproducibility studies designed to establish reliable

methods for the identification and classification of

rapidly growing mycobacteria have not yet been performed.

In 1980, the Approved Lists of Bacterial Names was

published with the purpose of acting as a new starting

point for bacterial nomenclature (Skerman, et al., 1980).

Ratledge and Stanford (1982) reported two major criticisms

of the list of mycobacteri al names: 1) several species

that are at best subspecies appear on the list, and 2)

seven valid species with available type strains have been

omitted. In a recent report, Tsukamura (1981) suggested

the subspecies of M. chelonei be regarded as two separate

species. Thus the problems of defining an accepted myco-

bacterial taxonomy and nomenclature still exist, but will

hopefully be resolved in the near future.

The five strains of mycobacteria from salmonids used in

this study show a close relationship to two known sub-

species of M. chelonei on the basis of biochemical, morpho-

logic, genetic and mycolic acid properties. Differences in

selected characteristics indicate the salmonid isolates

have properties which are intermediate of M. chelonei sub-

species chelonei and M. chelonei subspecies abscessus and

cannot be definitively placed in either subdivision. The

most notable difference of the salmonid isolates was their

inability to produce growth at 37°C. For these reasons and
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the present status of mycobacterial taxonomy, it is sug-

gested that the salmonid strains be regarded as a new

subspecies of M. chelonei.

No observable signs of disease were produced in

Swiss-Webster mice injected with cell suspensions of the

salmonid isolates. This indicates the isolates are not

pathogenic to warm-blooded animals; however, strains of M.

chelonei that produced a positive arylsulfatase reaction

after three days have been reported to cause disease in

humans (Goodfellow and Wayne, 1982). The salmonid

isolates gave a positive arylsulfatase reaction after three

days and although they are unable to grow at 37°C, growth

is produced at 30°C. This temperature corresponds to the

peripheral body temperature of humans; thus, the salmonid

isolates cannot be disregarded as potential human

pathogens.

Experimental infections were produced in juvenile

rainbow trout and fall chinook salmon injected with high

cell concentrations of the salmonid isolates. Signs of

the disease were similar to those described by Parisot

(1958) and Ashburner (1977). In fish with advanced

infections, white masses of bacteria could be seen around

the intestine and caeca, often with a membranous material

surrounding the adjacent organs. Splenomegaly was

especially noted in fish that did not suffer an acute

infection. Mycobacteria could be readily detected and
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recovered from fish sacrificed on the 80th day of the

experiment. This indicated the infection was of a chronic

nature, although an acute form was also observed.

Ashburner (1977) reported that a period of two years was

required before the bacteria could be readily detected in

infected chinook salmon.

It is recognized that an injection of large numbers

of acid-fast cells is not a true indication of the patho-

genicity of the organism. Baker and Hagan (1942) reported

the difficulty in distinguishing true invasive ability and

pathology which occurred as a result of host reaction to

acid-fast cells. Further studies must be done before there

is a complete understanding of the disease process in

salmonids.

Diagnosis of mycobacteriosis in fish reared in Oregon

hatcheries after the 1960's has been relatively rare but

recent isolations have been made at the Elk River (1981)

and Trask River (1982) Hatcheries. These findings ini-

tiated a survey to estimate the incidence of mycobacterial

infections. Results indicated a low percentage of selected

populations of salmonids were infected with acid fast bac-

teria. Typical acid-fast bacilli were detected in kidney

tissue smears of juvenile fish from the Trask River and

Salmon River Hatcheries and in adults at the Bonneville and

Trask River Hatcheries. Infected tissue from the adult

fall chinook salmon from Bonneville Hatchery were cultured
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but aci d -fast bacteria were not recovered (Holt, personal

communication). This may indicate that the nonculturable

mycobacterium associated with the 1950's epizootic is still

present in Pacific salmonid populations. No mycobacteria

were detected in ocean-caught coho salmon; however, the

small sample size examined is not a true reflection of the

total population. Ross (1970) reported the difficulty in

assessing losses in salmon populations since the high inci-

dence seen in returning adults indicated a probable mor-

tality at sea which could not be quantified. The obser-

vation of acid-fast bacteria in this study in juvenile and

adult fish suggests that mycobacterial infections continue

throughout the salt water phase of their life cycle and may

contribute to loss in Pacific salmonid populations.
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SUMMARY AND CONCLUSIONS

I. The mycobacteria isolated from salmonids were biochemi-

cally and physiologically homogeneous.

2. The salmonid isolates were rapidly growing and non-

chromogenic. They produced smooth, moist, creamy to

buff colonies on Ogawa egg medium in less than five

days. The cells of the isolates exhibited acid-

fastness at some stage of growth.

3. The optimal growth temperature of the isolates was

between 20 and 25°C with slower growth occurring at 10

and 30°C. No growth occurred at 37°C after 30 days

of incubation.

4. The detection of mycobacterial mycolic acids and a

percent guanine plus cytosine value of 63.4 + 1.7%

confirmed the placement of the salmonid isolates in

the genus Mycobacterium.

5. Acid methanolysates of the salmonid isolates produced

a pattern similar to those produced by representatives

of M. chelonei when analyzed by two dimensional thin-

layer chromatography.
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6. Mycobacterial infections were not produced in warm

blooded animals injected with cell suspensions of the

salmonid isolates by the intravenous or intraperito-

neal route.

7. Experimental infections were produced in juvenile

rainbow trout and fall chinook salmon. Acute and

chronic forms of the disease were observed.

8. A survey to estimate the prevalence of mycobacterial

infections indicated the occurrence of mycobacteria in

0 to 26% of selected sal monid populations.

9. In a comparison with other rapidly growing, nonchro-

mogenic and photochromogenic mycobacteria, the sal-

monid isolates showed a close relationship to

Mycobacterium chelonei subspecies abscessus and

Mycobacterium chelonei subspecies chelonei.

10. Biochemical properties which are intermediate of the

two subspecies and the inability to produce growth

at 37°C indicate the salmonid isolates are

sufficiently different to be considered a new

subspecies.
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Fig. 7. A summary of distinguishing characteristics for

the identification of Mycobacterium chelonei subspecies

chelonei, Mycobacterium chelonei subspecies abscessus, and

the salmonid isolates (represented by the Bandon isolate).

Identification of the salmonid isolates indicated by solid

line.
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