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I. G E N E R A L I N T R O D U C T I O N 
The Actinomycetes are in general a group of micro-organisms important 

not so much for their frequent occurrence in nature as for their particular 
physiological properties. This importance entitles us to describe the Actino-
mycetes in a little more detail and separately from the other bacterial groups. 

A. TYPE OF ORGANISMS 

In earlier times the Actinomycetes were designated as fungi because of their 
morphological appearance and the development like fungi of true mycelium. 
Therefore they were at first called "ray fungi." However, recent exhaustive 
studies give support to the opinion that the Actinomycetes are more closely 
related to bacteria than to fungi. In the sizes of their cells and spores, and 
in the absence of aerial mycelia they correspond to bacteria; they possess 
nucleoids like bacteria (see also Hagedorn, 1955; Petras, 1959). Chitin or 
cellulose compounds, characteristic of the cell walls of true fungi, do not occur 
in Actinomycetes (Avery and Blank, 1954). Their cell walls are polymers 
of sugars, amino sugars, and a few amino acids (Cummins and Harris, 1958) 
like those of Gram-positive bacteria. The sensitivity of the Actinomycetes 
to phages and antibiotics also places them with the bacteria. Because of these 
and other facts the Actinomycetes have to be designated as bacteria and it is 
recommended that the International Code of Nomenclature of Bacteria and 
Viruses (1958) should be used in classifying them. 
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TABLE I 

Families and genera of the Actinomycetales 

Vegetative mycelium 
fragmenting into 
bacillary elements 

Vegetative mycelium 
not fragmenting into 
bacillary elements 

Actinomycetaceae 
Actinomyces 
Nocardia 
Micropolyspora 

Dermatophilaceae 
Dermatophilus 

Streptomycetaceae 
Micromonospora aerial mycelium absent 
Thermoactinomyces "] 
Thermomonospora 
Microbispora 
Streptomyces 

Actinoplanaceae 
Microellobosporia 
Streptosporangîum 
Spirillospora 
Actinoplanes 
Ampullariella 

aerial mycelium present 

single spores on vegetative mycelium only 
single spores on vegetable and aerial mycelium 
single spores on aerial mycelium only 
pairs of spores on aerial mycelium only 
chains of spores on aerial mycelium only 

Amorphosporanghm J 

non-motile sporangiospores in club-shaped sporangia 
non-motile sporangiospores in spherical sporangia 
motile sporangiospores in spherical sporangia 

Ί motile sporangiospores in spherical sporangia 
y aerial mycelium absent motile sporangiospores in cylindrical sporangia 

non-motile sporangiospores in irregularly-shaped sporangia 

y aerial mycelium present 
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1. Systematics 

The order Actinomycetales comprises four families with a number of 
genera (Table I). Several other genera have been proposed in the last few 
years, but are not fully recognized (Jensenia, Pseudonocardia, Polysepta, 
Promicromonospora, Thermopolyspora, Streptoverticillium, Chainia, Actino-
sporangium, Thermoactinopolysporä). The division into genera is based 
mainly upon morphological characters such as fragmentation of the hyphae, 
formation of aerial mycelium, and manner of spore formation (singly, in 
chains, or in sporangia). Other methods have been recently elaborated and 
employed in order to facilitate and improve the classification of form-genera 
of Actinomycetes. Valuable results have been obtained by the examination 
of the cell-wall composition (Becker, Lechevalier and Lechevalier, 1965; 
Yamaguchi, 1965). Spectrophotometric (Arai, Kuroda and Koyama, 1963) 
and serological (Kwapinski, 1964) methods have also been used. 

2. Variation and genetics 

The Actinomycetes are known as particularly variable organisms. This 
extreme variability renders classification and taxonomical work difficult. 
Morphological variations as well as cultural and physiological ones are wide-
spread among the Actinomycetes. The appearance of colony sectoring is very 
frequent. This means a variant present in the colony forms a type of mycelium, 
aerial or vegetative, which differs from that of the majority of the colony. 
This can result from a loss of the ability to form aerial mycelium or the 
formation of sterile aerial mycelium only. Other characteristic variations 
are changes in pigmentation, antibiotic production, pathogenicity, etc. The 
nature and composition of media, the age and type of the culture used as 
inoculum, and the presence of other organisms or of antagonistic or promoting 
substances formed by them are important factors in the phenomenon of 
variation. Some variations are only temporary and can be reversed to the 
original form. It has been observed that a loss of pigmentation and antibiotic 
production could be restored after a transfer of the "degenerated" culture to 
soil agar or another medium which is more natural in its composition than 
most of the synthetic media. 

There are many types of genetical changes, some of which, e.g. mutations, 
have also been found and examined intensely in Actinomycetes. The parent 
strain and the mutant are sometimes so different in their morphological 
and/or physiological behaviour that the mutant has been named as a new 
species (e.g. Horvath, Marton and Oroszlan, 1954). Mutagenic agents such as 
irradiation or chemicals have also been applied to Actinomycetes. In particu-
lar, research of this kind has been carried out in order to obtain strains with a 
higher antibiotic activity. 

Bacterial genetics as applied to Actinomycetes has been a wide field of 
study in recent times. Several cases of genetic recombination with Strepto-
mycetes have been reported. These are intraspecific (Sermonti and Spada-
Sermonti, 1956; Alikhanian and Mindlin, 1957; Saito, 1958; Hopwood, 
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1959; Bradley and Anderson, 1960; Alikhanian and Borisova, 1961) as well 
as interspecific (Horvath, 1962; Alacevic, 1963). In spite of these studies the 
results obtained are still deficient and the explanations offered still too 
contradictory to permit final general conclusions about sexual reproduction. 

3. Actinophages 
Actinophages are submicroscopic, filtrable, virus-like organisms. They 

attack the living cells of Actinomycetes, multiply inside the host-cells and 
cause a complete lysis of them, similar to the way in which bacteriophages 
act. They can also act as mutagenic agents (Alikhanian and Iljina, 1957). 
They consist of a spherical or polygonal head with a thin tail attached (Mach, 
1958). 

The phage is adsorbed in such a manner that the tail-like appendix is in 
contact with the host-cell. Actinophages occur abundantly in soil, particularly 
in compost and soils rich in organic matter. It is a simple procedure to observe 
the presence of actinophages and to isolate them (Newbould and Garrard, 
1954; Welsch, Minon and Schönfeld, 1955). The phenomenon of lysogeny 
also occurs with Actinomycetes (Rautenstein, 1957; Welsch, 1958). The 
actinophages differ greatly in their host range; they are either polyvalent, 
lysing strains of different species, or monovalent, attacking only strains of 
one species (Weindling, Tresner and Backus, 1961; Kutzner, 1961). Bradley, 
Anderson and Jones (1961) suggest the use of polyvalent actinophages in 
identifying genera or species-groups, but not for classification. 

4. Taxonomy 
The taxonomy of Actinomycetes and particularly of Streptomycetes is a 

very complicated and unsatisfactory problem. One of the main reasons for it 
is the above-mentioned great variability of these kinds of organisms. Constant 
characters have to be chosen to provide an exact description of the species, 
independently of their phylogenetic importance. There have been many 
attempts to provide keys for a species classification. The works of Krassilnikov 
(1949), Baldacci, Spalla and Grein (1954), Gause et al (1957), Ettlinger, 
Corbaz and Hütter (1958), and Waksman (1961) are the most important and 
the most frequently used ones. Kutzner (1956), Pridham, Hesseltine and 
Benedict (1958), Shinobu (1958) and others contributed valuable suggestions. 
The morphology of the sporophores, the shape of the spores, the colour of 
the aerial and vegetative mycelium, and the melanin reaction are the main 
characters which are suitable for a first division into groups, series, and the 
like. The introduction of the infrageneric taxa "series" and "groups" 
facilitates the taxonomical work on these organisms. The further separation 
into species needs more and specific physiological tests. 

B. MORPHOLOGY 
1. Colony 

The Actinomycetes, in particular the Streptomycetes, are characterized by 
a typical colony growth. A colony of Actinomycetes is not an accumulation 
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of many single and uniform cells such as is the case with bacteria; it is rather 
a mass of branching filaments. A colony grown on a solid medium is com-
posed of what has been termed vegetative and aerial mycelium. In the absence 
of aerial mycelium the surface of the colony is glossy or matt. Strains of the 
genus Streptomyces form an extensive mycelium growing into the medium so 
that it firmly adheres to the solid substrate and is taken off with a wire loop 
as a whole unit. On the other hand, colonies formed by the Nocardia type 
tend to break up into hyphae of varying lengths, which are less tenacious 
of the substrate, are of a mealy consistency and have a tendency to crumble. 
If aerial mycelium develops, the surface acquires a powdery or cottony 
appearance. The structure, shape, size, and colour of the colony vary widely 
with changes in cultural conditions. Colonies of many Streptomycetes 
exhibit a characteristic earth-like odour. Acetic acid, acetaldehyde, ethanol, 
isobutanol, and isobutylacetate have recently been identified as the major 
aroma-producing substances (Gaines and Collins, 1963). Even hydrogen 
sulphide is believed to contribute to the earthy-odour complex (Collins and 
Gaines, 1964). 

2. Vegetative mycelium 

The vegetative or substrate mycelium consists of non-septate long hyphae. 
Some hyphae are straight and of a considerable length of more than 600 μ, 
whilst others are much shorter, branched, and curved. The branching is 
typically monopodial. The vegetative mycelium fragments into bacillary or 
coccoid elements in the case of Actinomycetaceae and Dermatophilaceae, but 
not with the Streptomycetaceae. The vegetative mycelium can be stained in 
the ordinary way. Generally, the Actinomycetes are Gram-positive ; some are 
acid-fast, particularly in the genus Nocardia. The cytoplasm of the hyphal 
cells is at first homogenous and becomes vacuolated at advanced and older 
stages of development. Fat and volutin granules may be found in the vacuoles 
(Prokofeva-Belgovskaja and Kats, 1960). The vegetative mycelium is often 
characteristically coloured, cream, yellow, orange, red, green, brown, or 
black. If water-soluble, the pigments are secreted into the medium. 

3. Aerial mycelium 
The aerial mycelium, if present, is much more characteristic in its structure 

and shape than the vegetative mycelium. This applies in particular to Strepto-
myces. The aerial mycelium rises from the substrate mycelium and may cover 
the whole colony so that it becomes cottony or powdery in appearance. The 
aerial mycelium can be fertile or sterile. Sterile mycelium sometimes occurs 
as white spots on cultures with normally grey fertile aerial mycelium and is 
also called "secondary aerial mycelium" (Kutzner, 1956). Sterile hyphae are 
generally thin and show no increase in their diameter, whereas sporogenous 
hyphae are in the beginning thinner than the hyphae from which they derive, 
but later at the final state of development they increase in thickness. 

The fertile aerial mycelium consists of sporophores which are arranged on 
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sterile filaments. The Streptomyces sporophores can be long or short, straight 
or more or less curved. The short hyphae give a powdery colony surface 
while a cottony surface derives from long hyphae. There are all intermediates 
between straight and spirally curved structures. The sporophores can grow 
straight or flexuous, or they show open or closed spirals. The sporophores may 
also be arranged in a verticillate form in some Streptomyces species. 

The specific structure of the aerial mycelium is constant and characteristic 
for each Streptomyces species under standardized conditions, so that it is 
used as a good criterion for taxonomic work. Schemes of this kind have been 
composed recently by Pridham et al (1958), Ettlinger et al. (1958), Shinobu 
(1958), Nomi (1960) and others. 

Another character of the Streptomyces aerial mycelium is its pigmentation, 
which ranges from white or grey to yellow, orange, rose, lavender, blue, and 
green. So-called "Colour Wheels" introduced by Tresner and Backus (1963) 
facilitate the often confusing determination of the colour. When sporogenous 
hyphae are clumped together they appear like the coremia of fungi. This 
particular phenomenon can be observed under specific cultural conditions 
with some Streptomyces species (Giolitti, 1960; Grein and Spalla, 1962). 

4. Spores 

Spores originate at the tips of the sporogenous hyphae. They are formed by 
fragmentation or segmentation. In the fragmentation process the cytoplasm 
breaks away from the cell wall and separates into more or less uniform 
units. These are later liberated by the splitting of the cell wall. This manner 
of sporulation is characteristic of the genus Streptomyces. In the segmentation 
process new cross walls are formed so that the hyphae break up into small 
segments. Nocardia shows this manner of sporulation. With Micromono-
spora conidia are formed as single spores at the end of straight and short 
branches. The spores are arranged singly, in pairs, or in chains of different 
length. Motile, flagellated sporangiospores occur with some genera of 
Actinoplanaceae (Table I). The spores are spherical, oval, or cylindrical 
reproductive bodies. In electron microscope studies it has been demonstrated 
(Küster, 1953; Flaig, Küster and Beutelspacher, 1955; Baldacci and Grein, 
1955; and others) that the surface structure of Streptomyces spores is smooth 
or rough (spiny, hairy, or warty). The spore surface is characteristic for each 
species, and is also used as a taxonomical criterion (Ettlinger et al, 1958; 
Preobrashenskaja, Sveshnikova and Maksimova, 1959; Tresner, Davies and 
Backus, 1961). In some strains a dependence on the appearance of spiny 
spores upon the composition of the medium was reported (Flaig et al, 1955; 
also Lechevalier and Tikhonenko, 1960; Mordaskij and Kudrina, 1961). 
Recent observation of an outer layer of sporogenic hyphae of Streptomyces 
(Hopwood and Glauert, 1961) and of a sporangium containing short chains 
of spores with Microellobosporium (Rancourt and Lechevalier, 1963) led to 
the suggestion that sporangia which more or less break up and disappear 
during the development of spores may occur more commonly than hitherto 
assumed. 
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C. PHYSIOLOGY 

/. Carbon-metabolism 
The Actinomycetes utilize a wide range of organic compounds. Besides 

the usual good carbon sources such as sugars, starch, hemicelluloses, pro-
teins, and numerous other substances, compounds which are generally not 
so easily decomposed can also be attacked by some Actinomycetes. Some of 
these substances will be considered later in so far as they are concerned with 
soil organic matter and its decomposition (p. 120). The best carbon sources 
are glucose, maltose, dextrin, starch, glycerol, and proteins. 

The utilization by the Streptomyces species of some carbohydrates is so 
specific that this specificity can be employed for species differentiation 
(Pridham and Gottlieb, 1948). Several acids are formed under particular 
fermentation conditions. Nocardia species show some peculiarities in so far 
as they oxidize various unusual carbon compounds, e.g. long-chain fatty 
acids and hydrocarbons (Raymond, 1961; Nolof, 1962; Seeler, 1962). 
Hirsch (1960) described some Nocardia and Streptomyces species as oligo-
carbophilic organisms which are able to assimilate C0 2 , utilizing traces of 
volatile C-compounds in air. The organism isolated from sewage and 
described by Ware and Painter (1955) as a strictly autotrophic Actinomycete 
which is able to utilize cyanide as a C- and N-source seems to be a Nocardia. 
The oxidation of benzene is a further peculiarity of Nocardia (Haccius and 
Helfrich, 1958), as also is the utilization of some aromatic compounds 
(Villanueva, 1960). An oxidation and conversion of steroids by Nocardiae 
and Streptomycetes have also been reported (Perlman, 1953; Spalla, Amici 
and Bianchi, 1961). 

2. Nitrogen-metabolism 

As mineral nitrogen, ammonium salts are generally preferred to nitrates. 
Nitrite and carbamates (Schatz et al, 1954) are also used by some species. 
Nitrification as well as nitrate reduction occur with certain Streptomyces 
(Kawato and Shinobu, 1960, 1961; Hirsch, Overrein and Alexander, 1961). 
Proteins, peptones, and certain amino acids are the best nitrogen sources for 
Actinomycetes. Streptomyces generally possess a stronger proteolytic activity 
than Nocardia, from which it can be completely absent. Some amino acids 
are utilized and deaminated by Streptomyces (Gottlieb and Ciferri, 1956). 
The accumulation of ammonia after deamination shows that the amino acids 
are used as a source of carbon rather than of nitrogen. The same happens 
with proteins and peptones (Waksman, 1959, p. 124). The effect of various 
amino acids on the tyrosinase activity of Streptomycetes has been studied by 
Küster (1958). Amino acids, e.g. methionine, or vitamins, e.g. biotin, are in 
some cases needed as essential growth factors, in particular for thermophilic 
species (Webley, 1958; Tendier, 1959). Streptomyces growing on synthetic 
media are also able to synthesize and to secrete free amino acids into the 
medium before a strong autolysis appears (Pfennig, 1956). Some Nocardia 
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are capable of utilizing heterocyclic N-compounds as nitrogen sources as well 
as sources of carbon and energy (Küster, 1952; Batt and Woods, 1961). 

3. Mineral elements 
Like other micro-organisms the Actinomycetes need a nutrient medium 

which is well-balanced with regard to its mineral composition. A sufficient 
proportion of K, Mg, Zn, Fe, Cu, and Ca is generally necessary for the 
growth and metabolism of Actinomycetes. But this may vary according to 
the required effect. Extensive studies have been carried out on the influence 
of elements on the production of various antibiotics. Cobalt favours the 
sporulation of Streptomyces (Hickey and Tresner, 1952). Combinations of 
micro-elements are often more effective than single additions, and these can 
also be replaced by soil extracts or their ashes (Spicher, 1955). Webley (1960) 
reported marked morphological changes in Nocardia which have been 
caused by a deficiency in manganese. 

4. Vitamins, pigments, antibiotics 

Actinomycetes produce many vitamins, pigments, and antibiotics, in some 
cases to such a great extent that their ability is industrially employed. This 
is true of vitamin B12 and a series of antibiotics. Vitamin B12 is mainly formed 
by Strept. griseus, Strept. olivaceus, and Strept. aureofaciens (Darken, 1953). 
In the latter case it is a by-product of the aureomycin fermentation and is 
applied to animal nutrition. Vitamins of the B-complex, such as thiamine 
(Herrick and Alexopoulos, 1942, Harington, 1960) and riboflavin (Protiva, 
1956) are produced by a number of Actinomycetes. 

A great variety of pigments are formed by Actinomycetes. The pigmenta-
tion of the vegetative and aerial mycelia has been mentioned before (see p. 
116). The pigments differ in their solubility in water and organic solvents, in 
their behaviour as indicators for changes in reaction, and in their chemical 
structure. N-free and N-containing pigments have been found. Carotenoids 
and quinones belong to the first group, whereas prodigiosin-like pigments and 
phenoxazone derivatives are heterocyclic N-compounds. The function and 
role of pigments in the life and metabolism of Actinomycetes are not yet 
clearly known. Some pigments, especially those with quinonoid structure, 
can be considered as humic acid precursors (see p. 122), whilst others exhibit 
a more or less strong antibiotic effect. A very large number of antibiotics 
formed by Actinomycetes is known. The Streptomycetes belong to the most 
important and best studied antibiotic-producers. Many antibiotics such as 
streptomycin, aureomycin, neomycin and others are industrially manu-
factured on a large scale and usefully applied in medicine. As well as the genus 
Streptomyces, some species of Nocardia, Micromonospora, and Thermo-
actinomyces also form antibiotic substances. There are many cases where the 
same antibiotic is formed by several organisms ; on the other hand one species 
is sometimes capable of producing more than one antibiotic. The antibiotic 
substances are mostly bound to the mycelium and its cell wall. 
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D. ECOLOGY 

Actinomycetes are widely distributed in nature, having been found in soil, 
water, in living tissues of men and animals, and in the atmosphere. In general, 
but with exceptions, we can state that most of the Actinomycetes are soil 
organisms. Strains of Streptomyces, Micromonospora, and Actinoplanes have 
also been occasionally observed living in fresh and salt water. Many members 
of the Actinomycetaceae are pathogens causing human and animal diseases. 

Most Actinomycetes are aerobic, except those of the genus Actinomyces 
which are anaerobic or micro-aerophilic and are the cause of actinomycosis 
in men and cattle. Soil Actinomycetes which act as plant pathogens will be 
mentioned later (see p. 122). The majority of Actinomycetes are mesophilic 
but several thermophilic species occur in Streptomyces. Thermoactinomyces 
and Thermomonospora consist of thermophilic forms only. The spores of 
Streptomyces are not alone in exhibiting a strong resistance to heat and dry-
ness, as Jagnow (1957) has reported that in some cases non-sporulated 
mycelium also does this. 

Many Streptomycetes are distinguished by a high salt tolerance (Stapp, 
1953; Szabo et al, 1959). Except for a few species, e.g. Strept. acidophilus, 
Streptomycetes grow best on alkaline media and primarily occur on substrates 
with a slightly alkaline reaction. Some species of Streptomyces show a marked 
sensitivity to acid, e.g. Strept. caeruleus (Taber, 1960). 

IT. A C T I N O M Y C E T E S AS SOIL O R G A N I S M S 

A. OCCURRENCE IN SOIL 

The numbers of Streptomyces spp. in the soil vary widely, absolutely as 
well as relatively. Depth, moisture content, soil reaction, soil type, and soil 
vegetation influence the occurrence and growth of Streptomyces in soil at 
least to the same extent as with other micro-organisms. The methods used 
in counting and the manner of preparation of the soil samples are also impor-
tant. Skinner (1951) found that a continued shaking of the soil sample effects 
a breaking of hyphae and consequently an increase in the number of colonies. 
Streptomyces colonies found on soil plates originate from mycelial fragments 
rather than from spores. 

The proportion of Streptomyces in the total number of micro-organisms 
ranges between 10 and 70%. The absolute numbers of Actinomycetes 
decreases with the depth of soil, but they increase in proportion to the bacteria 
by from 10 to 65% (Waksman, 1959, p. 31). Also the number of different 
species in deeper layers is much reduced. Szabo et al. (1958, 1959) confirmed 
this observation and found that sterile types dominate in deeper layers 
(B-horizon), while sporulating types more frequently occur in the A-horizon. 
They explain this by the better aeration and dryness of the upper layers in 
comparison with the wet B-horizon. Streptomycetes which were isolated 
from deep layers at low temperatures are quite sensitive towards higher 

5 + S.B. 
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temperatures (Marton, 1962). This indicates a close ecophysiological relation-
ship between the micro-organisms and their habitat. Decreasing moisture 
and increasing temperature stimulate the growth of soil Streptomycetes. 
The low incidence or near absence of Streptomyces in acid peat is caused not 
only by its acidity but also by the poor aeration (Waksman and Purvis, 1932). 
The frequent occurrence of Streptomyces in saline soils (Szik soils in Hun-
gary, Szabo et al, 1959; Marsh soils) and sea water (Grein and Meyers, 
1958) may be due to their high salt tolerance. The enormous influence of 
added lime on development has been shown by Jensen (1930). Cultivation 
of soil which usually creates better aeration often results in a higher number 
of Streptomycetes. 

In comparison with cultivated soil the percentage of Streptomyces is higher 
in grassland because it is richer in plant roots. Kutzner (1956) reported a 
considerable number of chromogenous, i.e. peptone-browning strains in 
grassland. This fact may probably also be related to the so-called soil fertility, 
as Singh (1937) found earlier when comparing manured and unmanured soils. 
The frequency of antibiotic-producing strains is also particularly high in 
grassland and fallow land (Lindner and Wallhäusser, 1955; Chun, 1956; 
Craven et al, 1960; and others). Kutzner (1956) calculated an "antibiotic 
index" for a soil sample and obtained the highest one from grassland. 
However, this cannot be generalized, because the search has only been intense 
for antibiotic-producing strains, and resulted in the conclusion that this 
attribute occurs very frequently with Streptomyces and is not limited to a 
certain soil type. It may be interesting to note that antagonistic Streptomyces 
isolated from a soil rich in organic matter lose their antibiotic properties 
under laboratory conditions and storage, more readily than those from 
poor soils (Valyi-Nagy, Hernadi and Jeney, 1961). Our own experience 
confirms that an alkaline, dry, loamy soil rich in organic matter (roots, 
manure, etc.) is the best natural habitat for Streptomyces, and that this is true 
for Streptomyces in general as well as for specialized strains (antagonists, etc.). 

Thermophilic Actinomycetes occur primarily in manure, compost (Waks-
man, Umbreit and Cordon, 1939; Henssen, 1957), and mouldy hay (Corbaz, 
Gregory and Lacey, 1963), but also in nearly all kinds of soil (Kosmachev, 
1956; Craven and Pagani, 1962; Küster and Locci, 1963). The geographical 
distribution of Streptomyces is world wide. Their occurrence is not limited 
to any particular climate, although they are more abundant in the warmer 
zones. Streptomyces have been found even under the most extreme conditions 
in deserts. 

B. ACTIVITY IN SOIL 

1. Decomposition and transformation of organic matter 
There are many carbon- and/or nitrogen-containing substances which 

occur in soil as residues from plants and animals and which are usually 
classed as soil organic matter. Some of these are attacked and decomposed 
to a great extent by Actinomycetes, under natural conditions in the soil. 
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Water-soluble carbohydrates are the most readily attacked, then the hemi-
celluloses, and finally the celluloses. The ability to decompose cellulose and 
other polysaccharides is wide-spread among Actinomycetes. Streptomyces 
spp. are very active in the decomposition of hemicelluloses (Waksman and 
Diehm, 1931), particularly of mannans and xylans, probably by means of the 
extracellular enzyme xylanase (S0rensen, 1957). The formation of pectinase 
by Streptomyces has recently been recorded by Bilimoria and Bhat (1961). 
Other enzymes which are formed by Nocardia cause a degradation of lamina-
rin and alginates in seaweeds (Chesters, Apinis and Turner, 1956). Even 
agar can be decomposed by Streptomyces and Nocardia (Stanier, 1942). 
Although these latter substances do not appear as soil organic matter, it is of 
interest to mention them to give an idea of the large range of carbon com-
pounds present in nature which can be utilized by Actinomycetes. Cellulolytic 
enzymes have not yet been demonstrated in Streptomyces and Nocardia, 
although these organisms play an important role in the decomposition of 
cellulose in soil. Under appropriate conditions thermophilic Actinomycetes 
exhibit a strong cellulolytic activity (Henssen, 1957). Anaerobic cellulose-
decomposers, e.g. Micromonosporapropionici, belonging to the Actinomycetes 
have also been found (Hungate, 1946). Among the cellulose-decomposing 
Actinomycetes isolated from forest litter some Streptosporangium have been 
identified (van Brummelen and Went, 1957). 

A peculiarity of Actinoplanes is its ability to attack and decompose 
keratin (Gaertner, 1955). A highly active keratinase has been prepared from 
Strept. fradiae (Noval and Nickerson, 1959; Kuchaeva et al, 1963). A 
great increase in the number of Streptomycetes after the addition of keratin-
containing material such as hoof and horn to peat compost has been recently 
observed by the author. Little is known about the decomposition of lignin 
by Actinomycetes. Waksman (1959, p. 247) supposes an ability to attack 
lignins, but satisfactory evidence such as is available for fungi has not yet 
been obtained. Streptomyces spp. (Jagnow, 1957; Kolb, 1957) and to a 
greater extent Nocardia spp. (Müller, 1950) can use oxalic acid as a carbon 
and energy source. These organisms may play an important role in the 
detoxification of the Ca-oxalate of plant residues under natural conditions. 

Chitin is another organic compound which can be utilized as a carbon 
and nitrogen source by many Actinomycetes by means of the enzyme 
chitinase (Reynolds, 1954; Horikoshi and Iida, 1959). The number of chitin-
decomposing Streptomyces is lower in forest soils than in other soil types 
probably because of the lack of arthropods in these (Jagnow, 1957). Urea is 
used as a nitrogen source by many Streptomycetes (Stapp and Spicher, 1954) 
and an active urease has been found in the mycelium of Strept. griseus 
(Simon, 1955). 

There are contradictory reports on nitrogen fixation by Actinomycetes but 
the introduction of the tracer technique with 15N should clarify this problem. 
It seems unlikely that fixation of atmospheric nitrogen will occur to any 
great extent. Recently Metcalfe and Brown (1957) described two Nocardia 
species isolated from grassland which are able to fix nitrogen at a rate of up 
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to 12 mg N/g of decomposed cellulose. The breakdown of plant residues by 
micro-organisms, especially by Actinomycetes, is an important step in the 
carbon and nitrogen cycles in nature. The organically fixed nitrogen is more 
or less mineralized by microbial activity, but the carbon compounds are 
partially transformed into humic acids which are very important for soil 
fertility. Even in this process of humic acid formation the soil Actinomycetes 
play a unique role. This is true not only in soil, but also particularly in manure 
and composts in which these transforming processes take place at higher 
temperatures and by the activity of thermophilic Actinomycetes (Henssen, 
1957). As is well known, the first reactions which lead to humic acids are 
induced by micro-organisms. The break down of high-molecular plant 
components and the formation of humic acid precursors are the main 
function of micro-organisms in the origin of humic acids; whereas the further 
reactions which result in the formation of highly polymerized humic acids are 
chemical ones. After autolysis, many Streptomyces spp. form dark brown 
substances which exhibit chemical and physical properties very similar to 
those of humic acids extracted from soil (Flaig et al, 1952, Bremner, Flaig 
and Küster, 1955). The Streptomycetes are therefore good objects for studying 
humic acid formation. It was demonstrated that micro-organisms in general 
and Streptomyces spp. in particular only produce humus-like substances 
when they are able to form quinonoid metabolic products by means of 
phenolases (Küster, 1955). How far these processes are important for humic 
acid formation in nature may be illustrated by the following consideration : 
the ability of chromogenous Streptomycetes to brown peptone-containing 
media depends on the presence and activity of phenolases (Küster, 1958), and 
the numbers of chromogenous Streptomycetes are relatively high in grassland 
soils (Kutzner, 1956) which are known to be rich in humus and of high 
fertility. Humic acids are considered as substances quite resistant to chemical 
and microbial attack. However, some micro-organisms, mainly Nocardia spp., 
are capable of decomposing humic acids, probably because of their ability to 
utilize heterocyclic N-compounds (Küster, 1950, 1952). 

2. Plant pathogenicity 

In spite of the many different species of Actinomycetes present in soil, 
only a very few act as plant pathogens. The most important plant disease 
caused by an Actinomycete is potato scab. Hoffmann (1958) found that 
Strept. scabies is the sole pathogen of this disease, whereas various other 
species previously reported as parasitic forms of scab are saprophytic 
accompanying organisms only. The previously supposed relationship between 
the tyrosinase reaction (brown ring test) and the ability to cause potato scab 
could not be confirmed by genetic studies, which proved that tyrosinase is not 
associated with the virulence of Strept. scabies (Gregory and Vaisey, 1956). 
Another plant disease caused by an Actinomycete (Strept. ipomoed) is the 
sweet potato pox or soft rot (Stapp, 1956). It was believed that Strept. alni 
infected the roots of the alder bush (Alnus glutinosa) and formed nodules on 
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them (von Plotho, 1941), but recent studies have shown that Strept. alni is not 
responsible for this phenomenon (Pommer, 1959). 

3. Antibiosis 

(a) Formation of antibiotics. Many Streptomyces spp. isolated from soil 
are capable of producing antibiotics of medical and industrial importance 
under artificial and optimal conditions in the laboratory in large amounts. 
Formation of antibiotics in soil occurs, if at all, to a very slight extent and is 
limited to small zones surrounding the antibiotic-producing colony. The 
restricted formation and appearance of antibiotics in soil is due to poor 
nutritional conditions in the soil, strong competition by other organisms, 
and inactivation by microbial activity and physical-chemical reactions. A 
partial or complete sterilization of soil favours the growth and antibiotic 
production of certain strains. Likewise, an addition of organic matter 
stimulates the production of antibiotics, as reported by Grossbard (1952) with 
fungi. The amounts of antibiotics formed and present in soil are mostly too 
small to be detected, but they can exert localized inhibitory effects. This has 
been successfully proved with actinomycin {Strept. antibioticus) (Stevenson, 
1956) and chloromycetin {Strept. venezuelae) (Gottlieb and Siminoff, 1952). 
In spite of their low productivity antibiotic-producing Streptomycetes can 
play a role in natural soil fungitoxicity (Lockwood, 1959). Attempts to control 
pathogenic fungi by inoculating the soil with very heavy infections of Strepto-
myces which are known to form antibiotics active against the pathogen have 
met with only limited and temporary success (Mach, 1956; Rehm, 1959). 

Besides the antibiotic effects the beneficial ones which are exerted by Strepto-
mycetes on other soil organisms should also be briefly mentioned. Katznelson 
and Henderson (1962) recently isolated Streptomyces spp. from plant roots 
and found that they attracted nematodes, probably due to their metabolic 
products and not by serving as food for the worm. 

(b) Inactivation of antibiotics. If antibiotics are produced in or added to 
soil they are very easily inactivated. Some organisms of the original soil 
microflora decompose antibiotics by means of specific enzymes or by using 
them as a carbon and/or nitrogen-source (Abd-el-Malek, Monib and Hazem, 
1961). Clay minerals adsorb antibiotics and inactivate them. Basic and 
amphoteric antibiotics, such as tetracyclines and streptomycin, are readily 
adsorbed, while acidic and neutral ones, such as penicillin and actidione, are 
only slightly inactivated and are more effective and stable in soil (Martin and 
Gottlieb, 1952; Gottlieb, Siminoff and Martin, 1952; Krüger, 1961). Most 
antibiotics cause flocculation of soil colloids which is generally correlated 
with adsorption. 

4. Microbial equilibrium 
Any soil which is a natural habitat for micro-organisms possesses its own 

microflora which is well-balanced and typical. This microbial equilibrium 
depends on all the factors which characterize the particular soil. By the 
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cultivation of a crop, for example, this equilibrium is disturbed and the Strepto-
mycetes decrease in number, as has been shown with barley (Rehm, 1960). 
Each artificial change only causes a temporary change in the microflora. After 
a relatively short time this change is compensated for and the original equili-
brium is restored. A single application of organic or inorganic fertilizers 
favours all types of micro-organisms, useful as well as undesirable ones. The 
addition of antibiotics to prevent plant diseases is also ineffective after a short 
time because of the above-mentioned factors of inactivation. The importance 
of an inoculation with antibiotic-producing organisms is limited to a very 
small area of efficiency. Considering all these factors, we come to the con-
clusion that a high range of soil fertility and health can be obtained and 
maintained by factors such as fertilization, cultivation, and vegetation which 
create a desired microflora, of which the Actinomycetes are not the least 
important because of their favourable physiological properties. 
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