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Preface

THIS second volume in the Symposium series of the Society for Applied
Bacteriology publications is concerned with a review of the characteristics and
significance of the Actinomycetales. The Symposium was held at the Lough-
borough University of Technology, England in July 1972. Each chapter has been
contributed by a specialist in his field and so the book as a whole constitutes a
unique collection of information on this group of micro-organisms which has
long been recognized as having many unusual and interesting features.

As might be expected of such a diverse group of organisms there is much to
be learned of their physiological characteristics and several chapters are devoted
to such studies. Under this heading there are valuable and comprehensive
contributions on the taxonomy and genetics of the group and on the production
and germination of their spores. In other chapters the occurrence and
significance of the actinomycetes in water, soil and the human digestive tract,
and their role in causing potato scab disease is discussed.

It is relevant to stress the medical importance of the actinomycetes both in
causing and curing disease. The realization that some streptomycetes could
produce antibacterial substances stimulated great interest in the group, especially
in the years immediately following the Second World ‘War, and led to the
development of the present impressive array of antibiotics of clinical value. The
pathogenic properties of the anaerobic actinomycetes have been known for a
long time but more recently attention has been directed to the activities of the
aerobic types as allergens in pulmonary conditions such as Farmer’s Liing
disease.

. G. SYKEs F. A. SKINNER
3 Grosvenor Court Rothamsted Experimental Station
Egerton Road Harpenden
Weybridge Hertfordshire
Surrey, England England

January 1973

vii



Contents

\LIST OF CONTRIBUTORS
PREFACE . . . . . . . . . . vii

General Consideration and Implications of the Actinomycetales
D.GOTTLEIB

Introduction I
Habitat 2

Soil competition 3
Antibiotics . 4
Species pathogenic to man 5
Plant diseases 6
Animal nutrition 6
Food preservation 7
Co-operative taxonomy 7
References 9

Taxonomy and Classification of the Actinomycetes
T.CROSS and M. GOODFELLOW
Introduction . . . . . . . . R 8!
Family Actinomycetaceae . . . o . 13
Family Actinoplanaceae . . . . o .30
Family Dermatophilaceae . . . . . 38
Family Frankiaceae . . . . . . . . 40
Family Micromonosporaceae . . . . .41
Family Mycobacteriaceae . . . . . ; . 43
Family Nocardiaceae . . . . . . . .57
Family Streptomycetaceae . . . . . ; . 64
Family Thermoactinomycetaceae . . . . . .76
Family Thermomonosporaceae . . . . ... 78
Genera in search of a family . . . . . 88
References . . . . . . . . .91
The Fine Structure of the Actinomycetales
S.T. WILLIAMS, G. P. SHARPLES and R. M. BRADSHAW

 Introduction . . . . . . . . . 113
Methods for examining fine structure . . . . . 113

(a) Ultrathin sections . . . . . . . 113

(b) Whole cell mounts . . . . . . . li8



o

X CONTENTS

(c) Carbon replicas of whole cells
(d) Carbon replicas of freeze etched cells
(e) Negative staining of disrupted cells
(f) Scanning electron microscopy
General cell contents
Mesosomes
Cross walls
Modifications to basic cell structure
Flagella
Formation of spores
(a) Fragmentation of a sheathless hypha (group la)
(b) Fragmentation of a sheathed hypha (group 1b) .
(c) Endogenous spore formation (group 2)
Acknowledgements
References

Genetics of the Actinomycetales
D. A. HoOpPwOOD
Introduction
An outline of the con]uganon system in Streptomyces coeltcolor
A3(2) . :
(a) The fertility types
(b) Zygote genomes
(c) The conjugation process
(d) Conclusions
Other conjugational systems
(a) Other streptomycetes
(b) Nocardia
(c) Micromonospora
Transformation systems
(a) Thermoactinomyces vulgaris
(b) Streptomycetes
Actinomycete genetics and mdustnal problems
(a) Mutagenesis
(b) The predictive value of the lmkage map
(c) Ultrafertility . .
(d) Interspecific and inter-strain recombmatmn
(e) The desirability of harnessing transduction or transformatlon
in strain improvement . .
Actinomycete genetics and the study of morphogenems
Acknowledgements
References

114
114
114
114
114
115
117
119
120

. 121

123
123
125
126
127

131

132
132
135

136

138
138
138
140
141
141
141
142
143
143
145
146
147

149
150
150
150



CONTENTS

The Streptomyces Spore: Its Distinct Features and Germinal Behaviour

L.V.KALAKOUTSKII and L. M. POUZHARITSKAJA

Introduction
Spore viability and survrval
Resistance to deleterious agents
Spore structure and composition
(a) Structure
(b) Composition
(c) Metabolic activity .
Germination
(a) Effect of envrronmental factors
(b) Germination events
Conclusion
References

Endospores of Actinomycetes: Dormancy and Germination

L.V.KALAKOUTSKII and NINA S. AGRE

Introduction
The spore
Germination stages
(a) Effects of low temperatures on activation
(b) Other activation treatments .
(c) What changes occur during activation?
(d) Germination
(e) Heterogeneity of spore populatlons
Effect of repeated transfer of cultures on the ability of therr spores
to germinate - . . :
Concluding remarks
References

Germination of Actinomycete Spores

R.W.ATTWELL and T. CROSS

Introduction

Actinomy-cetes studied
Spore production

Appearance in microculture

Changes in optical density of spore suspensrons
(a) Influence of suspending medium
(b) Ageing
(c) Heat treatment
(d) Effects of antibiotics

Discussion

xi

155
156
157
158
158
160
164

165 -

165
168
170
171

179"
181
182
182
184
186
189
190

191
192
193

197
198
198
199
199
200
200
201
202
202



Xii CONTENTS

Summary -
Acknowledgements
References

Secondary Metabolism with Special Reference to Actinomycetales

W.B. TURNER
Introduction :
Relationship of primary and secondary metabohsm
Biosynthetic origins of the secondary metabolites
(a) Incorporation of the intact glucose skeleton
(b) Compounds related to the nucleosides
(c) The shikimic acid pathway
(d) The polyketide and polyproplonate routes
(e) Terpenes and steroids
(f) Compounds derived from amino ac1ds
Conclusions
References

The Occurrence and Significance of Actinomycetes
N.P. BURMAN
Introduction
Methods .
Occurrence and mgmﬁcance
(a) In river water
(b) In stored water
(c) In slow sand filters
(d) In biological sludge blankets
(e) In chlorinated water
(f) In the distribution system
References .

Actinomycetes in Soils, Composts and Fodders
J.LACEY
Introduction .
Methods of assessment and their mterpretatlon
Soils
(a) Numbers and types of actmomycetes
(b) State of actinomycetes in soil
(c) Factors influencing actinomycetes in soil
Manure and composts .
(a) Animal manners: mushroom composts
(b) Vegetable composts
(c) Town wastes

ir

205
206
206

209
210
210
211
211
211
214
215
216
216
217

219
219
221
221
222
223
227
227

227

229

231
232
233
233
235
235
237
238
240
240



CONTENTS

Fodders
(a) Hay
(b) Cereal grains
(c) Straw
Other materials
(a) Bagasse
(b) Miscellaneous
The role of actinomycetes
(a) Interactions with other orgamsms
(b) Antibiotic production
(c) Degradation of organic matter
Conclusion
References

Streptomy ces scabies and Potato Scab Disease
D.H. LAPwWOOD
The disease
(a) General .
(b) Symptoms
The pathogen
(a) ldentity
(b) Isolation and culture
Infection and disease development .
Factors affecting the pathogen and disease mcrdence
Control measures
(a) Seedborne inoculum
(b) Soilborne inoculum
(c) Prevention of infection
References

Farmer’s Lung Disease
W.BLYTH
Introduction
Incidence
Organisms known to cause farmer S lung and thelr occurrence

Inhalation, retention and ehmmanon of respiratory allergens -

Sputum culture

Common types of resplratory hypersensrtwrty
. Clinical features . . .

Histopathological features

Xiii

240
240

. 242

242
242
242
243
243
244
245
245
246
246

253

253

253
254
254
255
255
256
257
258
258

258

259

261
262
263

: 263

265
265
266
267



Xiv CONTENTS

Serological evidence
(a) Mouldy hay and thermophlhc actmomycetes
(b) Fungal antigens .
Relationships between serology and pathogene51s
Treatment and control
References

Commensal and Pathogenic Actinomyces Species in Man
"~ G.H.BOWDEN and J. M. HARDIE
Introduction .
Early studies on the nature of the pathogen in actmomycos1s
Actinomyces as commensal organisms in man
Actinomyces as pathogens
(a) In man .
(b) Experimental 1nfect10ns .
Some characteristics of Actinomyces species
(a) Morphology
(b) Colinial
(c) Cellular
(d) Physiological
Serology of Actinomyces species
References

A Rapid Method for the ldentlflcatnon of Bifidobacterium Species Using
50 Characters
M. CATTEAU. F. PONCELET, H. BEERENS andJ LOSFELD
Introduction
Matériel et Méthodes
(a) Souches .
(b) Préparation des cuhures
(c) Encemensement des galeries
(d) Exploitation des résultats
Résultats .
Discussion et Conclusnons
Références

The Significance of Bifidobacteria in the Intestinal Tract of Infants
CATHERINE L. BULLEN, A. T. WILLIS and KATHLEEN WILLIAMS
~ Introduction
The composition of breast milk and cows’ mllk
(a) Important constituents

268 .
268
271
271
273
273

277
277
279
281
281
283
284
285
286
286
286
290
295

301
301
301
302
303
303
303
309
309

. 311
. 313
. 313



CONTENTS Xv
Some properties of breast milk and cows’ milk © 314
(a) Coagulability . 314
(b) Buffering capacity of breast mllk and cows’ mllk 314
Growth of Escherichia coli and anaerobic Lactobacilli in breast m11k
and cows’ milk . 314
Growth of anaerobic lactobacilli and E colt in lactose broth . 316
Continuous culture of anaerobic lactobacilli and E. coli in breast
milk and cows’ milk . 316
Decrease of buffering capacity of cows’ m11k . 318
Growth in breast milk and cows’ milk preparations . 319
The origin of anaerobic lactobacilli in the infant intestine 319
Anaerobic lactobacilli in the vaginae of pregnant women and the
mouths of newborn infants . 320
Discussion . 321
Acknowledgements . 324
References . 324
Techniques for the Isolation and Characterization of Actinomyces and
Bifidobacterium Species: Report of a Panel Discussion 327
Techniques for the Isolation and Identification of Aerobic Actino-
mycetales: Summary of the Discussion Session 335



General Consideration and Implications of the Actinomycetales
D. GOTTLIEB

Department of Plant Pathology, University of lllinois,
Urbana, lllinois 61801, U.S.A.

CONTENTS

Introduction

Habitat -

Soil competition
Antibiotics ..
Species pathogenic to man
. Plant diseases"

Animal nutrition

. Food preservation
Co-operative taxonomy

. References

SvmNALEwN -
OV WN -

[

1. Introduction

THE ACTINOMYCETES have always been a strange group of organisms to the
bacterial taxonomists. The number of investigators studying this group of
microbes has always been small and for the most part these organisms have been
neglected by medical bacteriologists, physiologists and biochemists.,Such affairs
were to be expected when one recalls that until recently not even their
taxonomic position was certain (Breed, Murray & Smith, 1957). Bacteriologists
considered them as bacteria and mycologists generally considered them as fungi.
The diseases caused by them have been described in books on medic¢al mycology
(e.g. Conant et al, 1954). This era is now over and the actinomycetes are
generally accepted as bacteria. They have no nuclear membrane, are sensitive to
lysozyme for the most part and to the common antibacterial agenits; there is a
similarity to the type of bacterial flagella when these organelles are present and
the types of cell wall resemble those of bacteria. The hyphal diameters are much
smaller than those of fungi and are close to those of the bacteria.

Genera in actinomycetes consist of varied groups of bacteria whose common
feature is the formation of hyphae at some stage of development. This tendency
is tenuous and often requires imagination to believe in it. In some species of
the genus Mycobacterium hyphae are never seen, whereas other species have
incipient hyphae only in young cultures. An even worse situation exists in the
various genera of the Actinomycetaceae; these form microcolonies which have
very transitory filaments that are extremely difficult to see and the dominant
forms are diphtheroid, bifid or even rod shaped. Hyphal development is more

1



2 D. GOTTLIEB

pronounced in the.nocardias but they, too, fragment. The time at which this
occurs varies with the species and it determines the types of colony which form.
Colonies in which the filaments break up early tend to be soft or mucoid
whereas those whose filaments break up after a few days have time for a
branched mycelium to form and develop a leathery texture: they later fragment
to bacillary or coccoid elements. In the Streptomycetaceae, filament develop-
ment is strong and fragmentation is rarely found. Examples are in the
Streptomyces, Micromonospora and Actinoplanes spp.

Reproduction is usually asexual, though sexual progesses have been shown to
occur by genetic analyses. In the nonhyphal forms, asexual reproduction is by
fragmentation or perhaps even by the usual fission of single cells. Where stable
hyphae are produced, vegetative reproduction is by well formed spores
resembling fungal arthrospores, borne either free or in sporangia, 4§ in the
Actinoplanaceae. The free spores are in the form of sporophores and may consist
of 1, 2 or many spored chains arising singly or verticillate from primary hyphae.
The long chains are straight, looped or spiral. Except for the Actinomycetaceae,
which contain aerobic or micro-aerophilic genera, the actinomycetes are
generally aerobic.

2. Habitat

Members of the actinomycetes which live a saprophytic existence can be found
with greater or less frequency in most ecological settings, soil having the greatest
population density. Numerically they are less dominant than the other bacteria
and more prominent than the fungi. The numbers vary a great deal but it is not
uncommon in fertile soils from many different parts. of the world to find
—5 x 10° propagules/g of soil (Taber, 1960; Gottlieb, unpublished). They occur
in greatest numbers in the top few inches of the soil and decrease with depth
(Waksman & Purvis, 1932). The sensitivity of Streptomyces spp. to acids at
pH 5-0 or less preciudes high populations in such soils (Taber, 1960). Similarly,
the writer has not found them in soils from the Arctic tundra of northern
Sweden or in soils of the Great Salt Desert of the U.S.A. High densities of spores
can also be found on potato or sweet potato that have been infected by
pathogenic Streptomyces spp. Streptomyces spp. are also common on most
plant parts and, being dustborne, can be isolated from almost all artifacts and
natural materials (Grein & Meyer, 1958). They are found in marine littoral and
associated with Micromonospora spp., especially in fresh water lakes and in
bottom muds. By their nature thermophilic forms, are found commonly in
composts of manures. Other types are favoured by particular oxygen environ-
ments; Actinomyces israeli, for example, is anaerobic, whilst a number of other
species are micro-aerophilic.

The streptomycetes have 3 important roles in the soil. One is their function in
decomposing the organic matter of the soil (Waksman & Lomanitz, 1925;
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Reynolds, 1954; Williams, 1966). Another is their effect on soil structure in
binding clay particles by the hyphal threads to impart a granular viable structure
that is conducive to crop production. The actinomycetes are undoubtedly
responsible in part for the earthy odour of soil (Gerber & Lechevalier, 1965).

t

3. Soil Competition

The third interesting role of actinomycetes in soil is their ability to produce_
antibiotics which are inimical to other soil microbes. This is on the assumption

~ that antibiotics are produced in'normal untreated soils in the same way as they

are produced in special laboratory media. This results in an intriguing hypothesis
to explain some of the competitive effects in soil, resulting in the increase of
some species and loss of other species among the microbial components of the
soil. Competition certainly occurs between organisms in soil, but it is difficuit to
demonstrate that the actinomycetes produce in untreated soxls antibiotics at
levels high enough to inhibit other soil organisms. There are data to show that
actinomycetes, especially members of the genus Streptomyces, can produce
antjbiotics in some sterilized soils, with or without added metabolites, and even
in nonsterile soils, but the question remains: which of these conditions
represents the natural state of the soil? Two main considerations are (1) natural
soils- do not have the necessary metabolites in concentrations necessary to
stimulate and allow antibiotic production and (2) the necessary metabolites are
normal in soil and are part of the natural life cycles in soils. An added difficulty
is that of assessing the ‘clinical’ level of antibiotic concentration in soil.

A few examples clarify the situation. The addition of S. griseus and Bacillus
subtilis to normal or treated sterile soil resulted in a decrease in the population
of the Bacillus but there was no detectable amount of streptomycin. Moreover if
streptomycin had been produced it would have been adsorbed by the negatively
charged clay component of the soil to render it inactive (Siminoff & Gottlieb,
1951). On the other hand S. venezuelae produces chloromycetin, a neutral
molecule.- This actinomycete produced the antibiotic in trace amounts in sterile,
but not in nonsterile sofl, and the amounts were increased by adding green
alfalfa hay or tryptone to the soil (Gottlieb & Siminoff, 1952). The antibiotic
was not found in field plots that had been inoculated with the streptomycete
nor in any of the 91 soils that were collected in field surveys, including areas
from which the organism had originally been isolated (Ehrlich, Anderson, Coffey
& Gottlieb, 1952, 1953). Actidione, another neutral antibiotic produced -by '
S. griseus gave similar results (Gottlieb, Siminoff & Martin, 1952). The results of
studies with S. rimosus and S. aureofaciens, which produce the amphoteric |
compounds terramycin and aureomycin, respectively, are different (Martin &
Gottlieb, 1952). The actinomycetes inhibited B. polymyxa in soil even though
relatively high concentrations of the antibiotics did not. In this case the
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inactivation or removal from soil of the antibiotics was presumably due to the
pH value of the soil.

There appears to be no correlation between the ability of an organism to
inhibit the growth of other organisms in soil and its ability to produce an
antibiotic that inhibits them. As a part of one of our studies, 15 actinomycetes
were isolated that produced an antibiotic which inhibited Rhizoctonia solani and
15 others that did not. The actinomycetes were separately added to sterile soil 2
weeks before, at the same time as, and 2 weeks after, the Rhizoctonia. After 1
month in pots the relative populations of Rhizoctonia in the soils were
determined by the numbers of radish and pea seedlings that did not emerge or
were damped off, and there were no significant differences between groups.
Some isolates that produced antibiotics antagonized the fungus, whereas others
did not. Similarly some that did not produce antibiotics inhibited the test fungus
whereas others did not.

4. Antibiotics

It is because of their ability to produce antibiotics that the actinomycetes are
perhaps best known. Except for a few that are produced by fungi, e.g. penicillin
and cephalosporin, and a few that are produced by bacteria, e.g. bacitraein and
polymyxin, all other antibiotics that are medically useful and have a wide
application are synthesized by actinomycetes. A compilation: of the microbial
sources of antibiotics discovered in the U.S.A. and Japan between 1953 and
1970 reveal that c. 85% are produced by actinomycetes, 11% by fungi and 4-5%
by bacteria. These differences may not reflect the actual proclivities of the
different groups to produce antibiotics for similar ratios might be obtained if
more effort was spent on the last groups. Yet the decision, if it were so made, to
spend most time on the actinomycetes is in my experience the result of the fact
that the actinomycetes have shown the greatest potential for producing new and.
useful antibiotics. The exact number of antibiotics that are known is difficult to
even estimate. About 2700 substances have been reported but 1. would estimate
that ¢. 50% of them are so poorly characterized that their unigueness is suspect.
The most commonly reported new ‘antibiotics are those with antibacterial
activity, the proportion in Japan being 48% and in the. U.S.A. 56%; next are
antifungal agents, in Japan, 32% and in the U.S.A. 24%. Antitumour antiviral
and antiprotozoal antibiotics comprise the remainder. These figures probably
reflect not so much the innate ability of microbes to produce such agents but
the amount of research effort that has been placed in the search for antibiotics
of different therapeutic abilities.
- Another means of determining the importance of antlblotlc production is by
_ the amount and value of the product that is produced. With these data one can
- get into ethical difficulties such as the value of saving one life against the value



GENERAL CONSIDERATION OF THE ACTINOMYCETALES 5

of an entire industry. Putting aside the ethical aspect, such figures indicate the
amount of effort that is being spent in antibiotic production. The total value of
antibiotics produced throughout the world has been estimated to be
>10? dollars/year. For the U.S.A. alone, the total production of units which
make >100,000 Ib of antibiotics/year was 13,199,000 1b valued at $115,555,000.
It is interesting that when the figures are broken down into medical and
nonmedical uses, the amounts used for the different purposes are roughly the
same. On the other hand, if calculated on a dollar value, the portion that is used
for medical purposes is >3 times that for nonmedical purposes.

There is a belief current that actinomycetes have already been well scrééned
for antibiotic production and that few if any additional ones of therapeutic
value remain ‘to be found. Consequently; one hears constant rumours that a
number of institutions are cutting back on their dctinomyceté screening
programmes. Certainly very few new materials of therapeutic value are being
released by the industries engaged in the search, but examination of the number
of new antibiotics that have been reported in the literature from 1953 to 1969
showed no definite downward trend, the number of new antibiotics reported for
each year ranged from 34 to 63. In 1971 the figure dropped to 12 which may
reflect either the greater difficulty in ﬁndmg new materials or the lower effort
being expended in thls field: :

5. Species Pathogenic to Man

Among the Actinomycetales are:species that are pathogenic to man or animals,
It is interesting that this is the same Order that contains species that produce
-agents active against other bacterial and fungal diseases. Only brief mention is
made of the pathogens here since they are discussed in more detail in other
papers in the symposium. The genus Mycobacterium contains many species that
are pathogenic to man or animals, among which Myco. tuberculosis is perhaps
the best:known. Here is one of the rare examples in which 2 members of an order
are in tirect conflict with each other. Streptomycin is produced by S griseusand
the antibiotic in turn is used to control the growth of the mycobacterium and
plays a large part in- the therapeutic regimen for :the disease. The family
Nocardiaceae also contains a number of presumed species that are especially
prevalent or pathogenic in the tropical regions. Among them are V. asteroides,
N. brasiliensis, N. madurae, N. pelletieri and N. paraguayensis (Conant et al.,
1954). The Actinomycetaceae have 2 pathogenic species, A. bovis, causing
lumpy jaw of cattle, and A. israeli, inciting a similar disease in humans
(Thompson, 1950). Despite the large number . of species in the
‘Streptomycetaceae only one organism has been shown to be pathogenic,
S. galtieri, to guinea pigs and rabbits; other species have also been isolated from
diseased tissue but their pathogenicity has not been pyoved (Breed et al., 1957).
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Another area of medical concern is the ability of some thermophilic
actinomycetes to produce allergic respiratory disorders. They proliferate on
natural products which heat during storage and shipment, and then affect the
handlers of these products to cause farmer’s lung and bagassosis (Ehrlich et al,
1953; Gregory & Lacey, 1963; Lacey, 1971).

6. Plant Diseases

This aspect is discussed in detail by Lapwood in this volume (p. 253). A few
streptomycetes are important as agents producing plant diseases. Streptomyces
scabies produces the common scab of potato and S. ipomoea the scab of sweet
potato (Walker, 1952). Both diseases can be controlled by taking advantage of
the susceptibility of these organisms to pH values. Sulphur is usually added to
soil to bring the pH value down to 50 or less, thus preventing the development
-of the pathogen (Gillespie, 1918). Another method is to turn green manures into
the soil. Apparently, this increases the numbers of other organisms in the soil to
the disadvantage of the Streptomyces (Millard & Taylor, 1927).

The ability of the streptomycetes to produce antibiotics is also important in
plant disease control. Though many antibiotics have been shown to be effective
in the control of different diseases under experimental conditions only few are
used in agricultural practice. Perhaps most widely used is streptomycin applied
as a spray to prevent fireblight of apples or pears caused by Erwinia amylovora.
Cycloheximide is used as an application for diseases of turf such as dollar spot,
helminthosporium leaf disease and powdery mildew grass.-Also important is the
use of blastocidin S for the control of rice blast caused by the fungus Piricularia
oryzae. :

X 7. Animal Nutrition

Another area in which the production of the secondary metabolites by
actinomycetes has proved important is their incorporation into animal feeds
(Lucky, 1959). This is done by adding either the mycelium from a fermentation
or a crude preparation of the antibiotic to a standard feed. The primary effect is
to increase the.rate of growth in animals such as poultsy, pigs and cattle; it does
not affect the final weight of the animal. Concentrations of 0-1-25 p/m of
antibiotic are commonly used. Among the compounds that have been used in
feeds are streptomycin, the tetracyclines and chloramphenicol. Antifungal agents
are less commonly used. These effects are not a property of
actinomycete-produced materials alone for penicilling, which are produced by
fungi, also have similar growth promoting effects.

The nature of the growth-promoting mechanism is. still uncertain. The
concept now held is that the antibiotics control low. levels of infection in the



