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Introduction

The isolation and subsequent screening of bacteria from diverse habitats
has led to the discovery of many novel and useful secondary metabolites.
Surprisingly, the approach to the search for potentially valuable bacteria has
been largely empirical and restricted to sampling a tiny fraction of the
microbial community found in nataral habitats. In essence, many rep-
resentatives of a few well-established bacterial taxa are isolated and then
screened in the hope that something useful turns up. However, it is now
essential to develop new and more objective procedures for the selective
isolation of uncommon and novel (that is, previously undiscovered) micro-
organisms in order to improve the biological quality of the material screened.
Taxonomical expertise is needed to apply rapid and reliable methods to
differentiate between microbial taxa in order to reduce the rediscovery of
known bioactive compounds to an acceptable minimum. The value of increas-
ing the proportion of novel actinomycetes in screening programmes is illus-
trated by the spectacular increase from six to over 95 in the antibiotics
discovered from actinoplanetes between 1974 and 1984 (Bérdy, 1974, 1984),
by the clinically significant leads provided by the gentamycin C complex
from micromonosporae (Parenti and Coronelli, 1979} and by the rifampicin
group of mycolateless nocardiae (Alderson et af., 1981). New bioactive
compounds can also be expected from new, rare or neglected bacteria other
than actinomycetes.

Some kinds of bacteria are a richer source of secondary metabolites than
athers and this influences isolation procedures. Among the bacteria, the
actinomycetes and aerobic endospore-forming bacteria have proved to be a
particularty rich source of antibiotics, enzymes, enzyme inhibitors and
vitamins. With respect to the actinomycetes, initial attention was focused on
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the genus Strepromyces, given the important discovery of the antibiotics
actinomycin, neomycin, streptomycin and streptothricin in the laboratory of
Selman Waksman. The capacity of streptomycetes to produce commercially
significant compounds, especially antibiotics, remains unsurpassed, possibly
because of the extra-large DNA complement of the bacteria (Hopwood and
Chater, 1980; Gtadek and Zakrzewska, 1984), their capacity for genetic
exchange and the presence of plasmids (Chater and Hopwood, 1984). It is
now becoming clear that actinomycetes other than streptomycetes are an
important source of new antibiotics (Table 1).

Table 1. Number of antibictics preduced by selected actinomycete taxa*

Genus 1974 1980 1984
Streptomyces 1934 2784 3477
Micromonospora 41 129 269
Nocardia 45 74 107
Actinoplanes 6 40 95
Streptoverticillium 19 4] 64
Actinpmadura 0 16 51
Saccharopolyspora — 4 33
Streptosporangium 7 20 26
Actinosynnenta —_ 0 25
Dacevlosporangium 0 4 19
Actinomyces 0 14 17
Streproalloteichus — 3 i4
Pseudonocardiu ] 3 8
Micropolyspora 2 4 7
Microbispora 4 6 6
Thermomonospora 1 3 4

“Faken from Bérdy (1974, 1984) and Nisbet [1982).

Actinomycetes were once considered to be related to both bacteria and
fungi but in recent years it has been unequivocally shown that they are
prokaryotic organisms. Classically, actinomycetes were seen as Gram-positive
bacteria that formed branching hyphae which often developed into a
mycelium, but the group is now also considered to include some coccoid and
pleomorphic organisms. Reproduction is by fragmentation of the hyphae or
by production of spores in special areas of the mycelium. In addition to
being a rich source of antibiotics, the actinomycetes are important for the
production of enzymes, such as amylases (e.g. Thermomonospora curvata),
cellulases (e.g. Thermomonospora spp.), chitinases, pectinases (e.g. Micro-
monospora spp.), ligninases (e.g. Nocardia auwtotrophica), peptidases,
proteases (e.g. Nocardia spp.), sugar isomerases (e.g. Actinoplanes mis-
souriensis) and xylanases (e.g. Microbispora spp.), and enzyme inhibitors
including elasnin (e.p. Streptomyces noboritoensis), esterastin (e.g. Strep-
tomyces lavendulae) and leupeptin (e.g. Streptomyces spp.) (see Cross, 1982;
Williams, Lanning and Wellington, 1984). Actinomycetes are also important
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for transforming aromatic, sterol and steroid compounds, and for the degra-
dation of recalcitrant molecules (see Cain, 1980; Peczynska-Czoch and Mor-
darski, 1984; Lechevalier and Lechevalier, 1985).

There are three general areas of industrial applications of the aerobic
endospore-forming bacteria: enzymes, antibiotics and insecticides. Bacillus
species produce an extensive range of industrially useful enzymes. Those
that hydrolysg starch—a-amylase, B-amylase and amyloglucosidases—are
the most important commercially and find extensive usage in the brewing
and food industries. The proteases, including esterases, metalloproteases and
alkaline serine proteases, are important for diagnostic and industrial
purposes, and are used extensively in biological detergents (Atkinson and
Mavituna, 1983; Godfrey, 1983; Reichelt, 1983).

Bacillus species produce a range of antibiotics, namely peptides, which
are primarily active against Gram-positive bacteria. The three main classes
are bacitracins (which inhibit cefl-wall synthesis), edeines (which inhibit
DNA synthesis), and the gramicidin-polymixin-tyrocidin group (which mod-
ify membrane function). The most important species are Bacillus brevis and
Bacillus subtilis (Katz and Demain, 1977). Many bacilli also have insecticidal
properties. Bacillus thuringiensis insecticide has been produced on a large
scale and is active against moths and mosquito larvae. It is produced as a
large proteinaceous crystal which is synthesized during sporulation (see Dean,
1984). Other important insect pathogens are Bacillus lentimorbus and Bacillus
popillivze (Bulla and Hoch, 1985).

The realization that new bioactive compounds are produced by a wide
range of actinomycetes and aerobic endospore-forming bacilli has stimulated
work designed to produce sclective isolation technigues. The aim of such
techniques is to efliminate the growth of fungi and discourage that of the
more readily isolated bacterial genera in order to uncover rare and novel
taxa. An alternative, but sometimes complementary, strategy involves the
development of extremely sensitive screening methods for particular types
of metabolites (Nisbet, 1982; Bérdy, 1984). This approach has been applied
successfully in the search for monocyclic B-lactam antibiotics from a range
of Gram-negative bacteria (Imada er al., 1981; Sykes er al., 1981). This
review concentrates on some of the more objective isolation strategies that
are being developed and applied in the quest for novel and uncommon
bacteria which might be expected to yield new commercially significant
compounds. Pride of place is given to methods intended to isolate selec-
tively new and uncommon actinomycetes, aerobic endospore-forming bacilli,
methylotrophic and C,-utilizing autotrophic bacteria. This emphasis is tes-
timony to the importance of these groups in industrial microbiology, but also
reflects our own interests.

The development of selective isolation procedures has been hindered by
the reliance placed on classical approaches and by poor classification which
has made it difficult to choose representative strains for screening pro-
grammes and genetic engineering. However, recent improvements in classi-
fication and identification are being exploited to devise selective isclation
procedures for specific established (Williams, Goodfeliow and Vickers, 1984}
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and novel taxa (Goodfellow and Dickinson, 1985). In addition, the intro-
duction of rapid methods for the identification of isolates growing on selective
media helps to optimize specific isolation procedures and provides infor-
mation on the heterogeneity and distribution of new and uncommon strains.
The growing links between advances in bacterial systematics and the devel-
opment of selective isolation and screening techniques are explored with
particular reference to the actinomycetes. The C, autotrophic and methylo-
trophic bacteria are considered separately, as a taxonomic approach to these
organisms is not yet practicable.

Application of systematics to the development of selective isolation
techniques

The application of new and reliable biochemical, chemical and molecular
biological techniques are revolutionizing actinomycete systematics (Good-
fellow and Cross, 1984; Goodfellow, 1986). As a result, established acti-
nomycete genera and species have been defined more precisely, new taxa
have been proposed for novel centres of variation, and misclassified and
poorly circumscribed species have been reduced to synonyms of well-defined
taxospecies. The number of recognized actinomycete genera has risen sharply
to over 60 (see Table 3) and one of the four volumes of the forthcoming
edition of Bergey’'s Manual of Systematic Bacteriology (Williams, 1987) will
be devoted to these organisms. The improvements in the classification of
actinomycetes are providing an essential base for the introduction of accurate
and standardized methods for the identification of unknown isolates to
established genera and species (Williams, Vickers and Goodfellow, 1985),
for the circumscription of novel taxa (O'Donnell, 1986) and for the devel-
opiment of objective procedures for the isolation of specific antibiotic-
producing actinomycetes (Vickers, Williams and Ross, 1984).

The genus Bacillus is generally considered to include those rod-shaped
bacteria able to form heat-resistant endospores under aerobic conditions.
This definition encompasses a wide range of organisms endowed with mark-
edly different biochemical and physiological properties which allow members
of the taxon apparently to prosper in extreme habitats such as acid hot
springs {pH 2-3; 75-80°C) and the snow fields of Antarctica (Slepecky,
1975). With the application of modern taxonomic methods, such as chemo-
taxonomy, numerical taxonomy and nucleic acid analyses, has come the
realization that the genus, as at present defined, includes bacteria of widely
different properties and genetic composition (see Berkeley and Goodfellow,
1981). The application of the newer taxonomic methods has also helped to
clarify the status of the genera Sporolactobacillus, Sporosarcina and Ther-
moactinomyces which contain aerobic endospore-forming bactera (Cross and
Unsworth, 1981; Norris, 1981). Improvements in Bacillus1( systematics have
led to tighter descriptions of species, to the recognition of novel species, and
to the provision of miniaturized test systems and computer-assisted methods
for the identification of unknown strains (Suzuki, 1983; Logan and Berkeley,
[984; Bryant, Capey and Berkeley, 1985). In addition, scveral species of
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Bacillus originally omitted from the Approved Lists of Bacterial Names
(Skerman, McGowan and Sneath, 1980) have been redescribed {Moore,
Cato and Moore, 1985). These taxa include Bacillus amyloliquefaciens which
is responsible for much of the world’s production of a-amylase and protease
(Priest er al., 1986).

Most of the methods currently applied in bacterial systematics are of
limited value in detecting relationships among distantly related genera and
species. However, a number of powerful methods have recently been intro-
duced for establishing suprageneric relationships (Table 2). In an impressive
series of 16S ribosomal (r) RNA cataloguing studies the actinomycetes have
been found to form a distinct evolutionary line that fused with a second
phyletic branch which encompassed most of the remaining Gram-positive
taxa (Stackebrandt and Woese, 1981). The actinomycete branch, which
includes taxa once assigned to the ‘coryneform group of bacteria’ (Minnikin,
Goodfellow and Collins, 1978), accommodates organisms containing DNA
with a guanine {G) plus cytosine (C) content above ¢. 55 mole % and can
thereby be distinguished from the tow G plus C (<50 mole %) Bacillus—
Clostridium—Lactobacillus branch (Stackebrandt and Woese, 1981). Infer-
estingly, the thermophilic genus Thermoactinomyces, long regarded as a
bona fide actinomycete given its capacity to form branched hyphae which
carry lateral spores on both substrate and aenal hyphae, is phylogenetically
close to the family Bacillaceae (Goodfellow and Cross, 1984).

Table 2. Methods for constructing bacterial phylogenies

Macromolecules Method Ranks covered
DNA DNA-DNA pairing Closely related species
RNA DNA 165/235 rRNA pairing Specics—family
165 rRNA oligonucleotide sequencing Species—kingdom
Cataloguing of 55 rRNA Specics—kingdom
Proteins Specilic proteins
Amino acid sequencing Species-—order
Immunological analysis Species—family
Groups of proteins
Electrophoretic patterns Closely related species
Enzyme patterns and activities Specics—sgenera

VALUE OF PHYLOGENETIC CLASSIFICATIONS

The ribosomal RNA oligenucleotide cataloguing method provides a most
exacting way of elucidating phylogenetic relationships among bacteria (Stack-
ebrandt and Woese, 1981; Fowler, Ludwig and Stackebrandt, 1985). In this
method, purified RNA is digested by T1 ribonuclease and the oligo-
nucleotides separated by two-dimensional electrophoresis are sequenced by
a combination of endonuclease digestion procedures which give a catalogue
of sequences of the strain under consideration. The oligonuclectides of any
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two test strains are compared one with another and oligonucleotides of six
residues or larger, common to any two catalogues, are scored to produce an
‘Sap value’ characteristic of that pair of organisms. The function S,y is
equivalent to twice the number of residues in sequences common to a pair
of catalogues, divided by the total number of residues in all of the sequences
in the two catalogues. Sip values are analysed using standard clustering
algorithms and the results are presented as evolutionary trees.

It is not yet possible to compile a comprehensive phylogeny of the pro-
karyotes by this approach but the outline of such a natural classification is
emerging (Stackebrandt and Woese, 1981). Already the eubacteria, the most
thoroughly characterized group with over 300 species catalogued to date,
can be assigned to about 10 major groups (Woese ef al., 1984). As the
phylogeny of the eubacteria unfolds, it becomes increasingly evident that
many of the markers previously used to define suprageneric taxa have little
or no predictive value. This is certainly so with respect to taxa classified in
the family Bacillaceae and the order Actinomycetales. Thus, in the case of
the actinomycetes, the genus Micromonospora has been shown to be closely
related to sporangia-forming taxa such as Actinoplanes and Dactylo-
sporangium, but sharply distinct from other monosporic genera such as
Thermomonospora and Thermoactinomyces with which it was recently associ-
ated.

Actinomycetes can be assigned to 10 aggregate proups on the basis of
their phylogenetic diversity {Goodfellow, 1986; Table 3). It is particularly
interesting that many of the phenotypic properties of actinomycetes, notably
morphological features traditionally weighted in the classification and identi-
fication of these organisms, are not discontinuously distributed along phy-
logenetically defined lines (Stackebrandt and Schleifer, 1984; Stackebrandt,
1986). Nevertheless, the cohesiveness of aggregate groups such as the Acti-
noplanetes, Maduromycetes, Nocardioforms and Streptomycetes is apparent
(see Goodfellow and Cross, 1984). In contrast, it seems likely that aggregate
taxa such as the Actinobacteria and Thermomonosporas are markedly het-
erogeneous and in need of further study. Indeed, a number of possible
evolutionary lines can be recognized among the Actinobacteria (Table 3).
The aerobic, endospore-forming bacteria also form a recognizable phyletic
branch together with the genera Planococcus and Staphylococcus (Stack-
ebrandt and Woese, 1981).

A whole panoply of modern taxonomic methods can be applied to unrav-
elling the fine structure of major evolutionary lines detected in FRNA sequ-
encing studies. Data derived from comparative studies on the same group
of organisms can readily be examined to see which, if any, properties
make good phylogenetic markers. Among the actinomycetes some chemical
markers have been shown to be useful indicators of evolutionary relationships
(Stackebrandt and Schleifer, 1984; Stackebrandt, 1986). Chemotaxonomy or
chemical systematics is a rapidly expanding discipline in which information
derived from chemical analyses of whole organisms or cell fractions is used
for classification and identification. A wide array of chemical techniques
have been recommended, including ones for determining DNA base, whole-
organism, lipid, wail sugar and amino-acid composition of bacteria {see
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Goodfellow and Minnikin, 1985). Chemical features have been invaluable
in clarifying the taxonomic affinities of the genus Thermoactinomyces and
the suprageneric affinities of actinomycete taxa (Goeodfellow and Cross,
1984; Table 3). Nocardioform actinomycetes, for example, have a wall chem-
otype IV sensu Lechevalier and Lechevalier (1970), that 1s, they have meso-
diaminopimelic acid as the diamino acid of the wall peptidoglycan, and
arabinose and galactose as major wall sugars, an Al, peptidoglycan (Schleifer
and Kandler, 1972), and major amounts of straight-chain saturated and
monounsaturated fatty acids, diphosphatidylglycerol, phosphatidylinositol
and phosphatidylinositol mannosides as major phospholipids and charac-
teristic 2-atkyl-branched 3-hydroxy acids, the mycolic acids.

For the first time ever it is possible to classify bacteria into a hierarchic
system on the basis of their natural or evolutionary relationships. Now that
several major lines of descent leading to recent actinomycetes have been
detected (Fischer, Kroppenstedt and Stackebrandt, 1983; Stackebrandt et
al., 1983; Stackebrandt and Schleifer, 1984; Fowler, Ludwig and Stack-
ebrandt, 1985), representative strains are the subject of extensive study using
a variety of methods designed to elucidate the fine structure of the higher
taxa. The product of such comparative studies will be a stable classification
of the actinomycetes. The benefits of sound classification are wide and varied
but include the possibility of relating the distribution of particular bioactive
compounds to defined taxonomic groups. Clearly, such information will have
a dramatic impact on the development of isolation strategies.

NUMERICAL CLASSIFICATION

The application of high-speed electronic computers to taxonomic data has
led to major advances in the fields of bacterial classification and identification
in recent years. The method is usually called numerical taxonomy but is
also referred to as computer-assisted taxonomy. Conventional numerical
taxonomy has been applied to the reclassification of many bacterial taxa but
has been shown to be very effective in determining relationships among
actinomycetes and aerobic, endospore-forming bacteria, albeit at the sub-
generic level. The theoretical basis of the subject 1s well documented (Sneath
and Sokal, 1973; Goodfellow, Jones and Priest, 1985) and its impact on the
classification of bacilli and actinomycete taxa has been considered in detail
elsewhere (Logan and Berkeley, 1981; Priest, Goodfellow and Todd, 1981;
Goodfellow and Cross, 1984).

In essence, numerical taxonomy involves the comparison of many phenetic
(i.e. observable) characters of one organism with the same phenetic features
of other organisms. The degree of similarity between the test strains is then
computed and the organisms are assigned to groups on this basis. Bacteria
which share many features in common, that is, have a high percentage
similarity {%3S), will cluster together and on the basis of this clustering a
classification can be constructed. Initially, all characters are given equal
weight but, once a numerical taxonomy has been obtained, cluster-specific
properties can be abstracted from the data base and weighted for identi-
fication. This approach is in sharp contrast to traditional practice in Bacillus
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Table 3. Supragencric groups of actinomycetes and some of their chemical properties

Group/Genus Wall Peptidoglycan  Fatty acid Phospholipid Mole %
chemotype” type** patternt types G+ C§
ACTINOBACTERIA
A. Arthrobacter A2 Alda 2c 1 59-66
Cellulomonas ViII A4 2c 5 71-77
Dermatophilus Il Aly ia 1 57-39
Micrococcus Vi Ala 2c 1 G675
Oerskovia VI Ada 2c 5 T0-75
Promicromonospora VI Ada ND 5 73-75
Renibacterium VI Alda 2c 1 53-34
Rothia VI Ada 2c 1 5457
Stomatococcus VI Alda ND ND S56-60)
B. Agromyces VIE B2y 2 1 71-76
Aureobacteriun VIH B2p 2¢ 1 65-75
Clavibacter'| VI B2y 2c 1 65-75
Curtobacterium VI B2B 2¢ 1 69-75
Microbacterium VI Ble 2c 1 69-7()
C. Actinomyces V., VI Ada,A4PB la,ic 2 60-73
Ada, ASB
Arcanobacterium Vi Ada ia ND 50-52
D. Arachnia I AJvy 2e H 63-65
Pimelobacter I Ady 3a i 6974
E. Brevibacrerium 111 Aly, AdR 2c { 60-64
ACTINOPLANETES
Actinaplanes 28 2y 72-73
Amorphosporangium 2d 2% 71
Ampullariella I Aly 2d 2 72-73
Dactylosporangium 2d Zt 71-73
Pilimelia 2d 2% ND
Glycomyces It ND et 1 71-73
Micromonospora It Aly 3h 2 Ti-73
KITASATOSPORIA
Kiasatosporia LI ND ND ND 66-73
MADUROMYCETES
Actinomadura A 3c 45 H6-69
Microbispora 3c 4 70-74
Microtetraspora A 3¢ 4 ND
Planobispora 1 Aly 3c 4 70-72
Plunomonospora 3a 4 72
Streptosporangium 3¢ 4 71-73
Spiriliospora il Aty 3a 12 69-71
MICROPOLYSPORAS
Actinopolyspora 2d 3 64
Amyeolatal! 3b 3 68-72
Amycolatopsisi! Iy NI 2e 2 6669
Kibdelosporangium# 2ct 2 66
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Wall Peptidoglycan  Fatty acid Phospholipid Mole %
Group/Genus chemotype™® type™® patternt types G + C§
Micrapolyspora 2d 3 ND
Pseudonocardia v Ady 2b 3 79
Saccharemonospora 2a 2 74-75
Saccharopolyspora 2d 3 77

MULTILOCULAR SPORANGIA

Frankia It ND ND 1 68-72
Geodermatophilus HE Aly 2b 2 73-75
NOCARDIOQOFORMS
Caseobacter 1b ND 60-67
Corynebacierilim la 1 51-59
Mycobacterium v Alvy 1b 2 62-70
Nocardia b 2 64-69
Rhodococcus It 2 59-69
‘aurantiaca’ taxon 1t 2 ND
NOCARDIOIDES
Nocardioides I Ady 3a 1 ND
STREPTOMYCETES
Intrasporangium 2b 4 ND
Sporichthya 3¢ ND ND
Streplomyces [ Aldy 2 2 6978
Streproverticillium 2c 2 69-~73
Kineosporia ND 3 ND
THERMOMONOSPORAS
Actinomadura B Aty 3a i 63-70
Actinosynnema Zat 2 ND
Microteiraspora B 3ai 1 ND
Nocardiapsis I ND 34 3 63-76
Saccharothrix Zet 2 73
Streptoalioteichus ND ND ND
Thermaomonaspora 3c 2.4% ND

For explanation of characteristics, see the following references:

* Lechevalier and Lechevalier (1970, 1980); Geodfellow and Cross (1984)

**Schlgifer and Kandler (1972): Kusser and Fiedler (1983): Goodicllow and Cross (1984)

+ Goodfellow and Cross (1984): Kroppenstedt {1985): R. M. Kroppenstedt. unpublished data

% Lechevaiier, De Biévre and Lechevalier €1977): Lechevalier and Lechevalier (1980): Lechevatlicr,
Stern and Lechevalier (1981)

§ Goodfellow and Cross {1984)

NI not determined

For information an new taxa, see the following references:

4 Davis er af. {1984)

# Lechevalier ef al. (1986)

# Shearer e al. (1986)
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and actinomycete taxonomy, as species are defined not by a small number
of subjectively chosen morphological and staining properties but by overall
similarities based on many equally weighted features. The clusters defined
in numerical phenetic surveys are polythetic, i.e. no single character is either
indispensable or sufficient to entitle an organism to group membership.

A lot of work has been devoted to constructing numerical taxonomies of
both bacilli and actinomycetes (Tuble 4). In particular, numerical phenetic
surveys have provided sound taxonomic frameworks for the genera Myco-
bacterium (Goodfellow and Wayne, 1982), Nocardia {Goodfellow and Min-
nikin, 1981) and Streptoverticillium (Locci et al., 1981), have led to the
reintroduction of the genus Rhodococcus (Goodfellow and Cross, 1984), and
have underscored proposals for the recognition of the genera Actinomadura
{Goodfellow, Alderson and Lacey, 1979), Nocardiopsis (Athalye et al.,
1985), Cerskovia {Goodfellow, 1971) and Rothia (Holmberg and Hallander,
1973). However, it is the reclassification of the genus Strepfomyces which is
especially interesting as the definition of species within this taxon has pro-
vided taxonomists with a major problem for many years. Hundreds of
streptomycete species have been described (Pridham and Tresner, 1974) and
included in the Approved Lists of Bacterial Names {Skerman, McGowan and
Sneath, 1980). Still more have been cited in the patent literature (Trejo,
1970). However, in an extensive numerical phenetic survey (Williams ef al.,
1983a) the type strains of over 300 species of Streptomyces were assigned to
23 clusters or subclusters (6-38 strains), 37 minor clusters (<5 strains)
and 13 single-member clusters. The minor and single-member clusters were
considered to form species and the major clusters were equated with species
groups. The genera Actinopycnidium, Actinosporangium, Chainia, Ely-
trosporangium, Kitasatoa and Microellobosporia, all defined on the basis
of single morphological properties, were found to be closely related to
streptomycetes. They were subsequently reduced to synonyms of the genus
Streptomyces (Goodfellow, Williams and Alderson, 1986a,b.c,d).

Numerical taxonomy with its emphasis on many strains and tests (Table
4) remains the method of choice for circumscribing species. It is, however,
imperative to evaluate numerical taxonomies using other powerful taxonomic
methods, as similarities between strains can be distorted by factors such as
test and sampling errors, the statistics used, and failure to allow for dif-
ferences in growth rates and metabolic activities (Jones and Sackin, 198().
Indeed, the congruence found between classifications obtained by the appli-
cation of several independent taxonemic methods can be taken as an index
of the rehiance that can be placed in a classification. Ideally, following
numerical analyses, strains should be chosen to represent the whole range
of variation within defined clusters and examined using the more analytical
techniques that cannot readily be applied to large numbers of strains. Chemi-
cal, nucleic-acid pairing, serological and phage host-range studies have all
been successfully used to evaluate numerical taxonomies of actinomycetes
(Goodfellow and Cross, 1984). This multifaceted or polyphasic approach to
classification has been most rigorously applied to the genera Mycobacterium
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(Goodfellow and Wayne, 1982}, Nocardia and Rhodococcus {Goodfellow
and Minaikin, 1981). Statistical procedures are now being developed for
comparing quantitative data obtained by applying different taxonomic
methods to common strains (Sneath, 1983). In an interesting preliminary
study (Mordarski et al., 1986), partial congruence was found between numeri-
cal phenetic and DNA homology values obtained with a common set of
streptomycete strains.

COMPUTER-ASSISTED IDENTIFICATION

The lack of objective criteria for the differentiation of microbial taxa makes
it difficult to choose balanced sets of strains for industrial screening pro-
grammes and genetic engineering. The problem is partly a historical one as
the need to identify unknown bacteria has rarely been seen as a distinctive
and major task for industrial microbiologists. Consequently, current practice
mainly consists of a tangled web of more or less useful diagnostic techniques
with little evidence of any rational design. This situation contrasts markedly
with that faced by the diagnostic medical or veterinary bacteriodogist.

Identification of actinomycetes can be seen as a twofold procedure.
Reliable criteria are needed to assign organisms to the genus level and
appropriate diagnostic tests are required for identification to individual spec-
ies. A combination of chemical and morphological properties has been
recommended for assigning unknown strains to certain actinomycete genera
{(Minnikin, Goodfellow and Collins, 1978; Lechevalier and Lechevalier, 1980,
1981; Minnikin and Goodfellow, 1980; Schaal, 1985) but few well-tested
schemes are available for the differentiation of species. There is also con-
siderable room for improvement in the identification of aerobic endospore-
forming rods. Classical test systems using few characters do not usually allow
identification of atypical and intermediate strains, in spite of the excellent
work of Gordon and her colleagues (Smith, Gordon and Clark, 1952;
Gordon, Haynes and Pang, 1973).

It 1s not always appreciated that sound classifications with high information
contents are needed for the construction of accurate identification schemes.
One of the advantages of conventional numerical taxonomy is that it provides
a pool of quantitative data on the test reactions of the strains within each
of the defined clusters. This is usually expressed as the percentage of strains
within each cluster which show a positive state for each character used to
construct the classification. When classification is complete, data bases can
be trawled and presumptive diagnostic characters abstracted. Presumptive
diagnostic tests shown to be reproducible can then be used (a posteriori
weighting) to construct dichotomous keys, diagnostic tables and com-
puterized identification matrices.

Computer-assisted probabilistic identification schemes have many advan-
tages over the widely used monothetic sequential keys and diagnostic tables
which are very susceptible to test error (Sneath, 1974). Numerical taxonomies
are now being used to construct identification matrices (see Goodfellow,
Jones and Priest, 1985), which contain the minimum number of characters
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needed to discriminate between taxa. Once formed, the matrices can be
used for the probabilistic identification of unknown strains. Surprisingly few
numerical classifications of bacteria have been supported by probabilistic
identification schemes, possibly because of the extensive work associated
with reproducibility studies (Wayne et al., 1976). However, theoretically
sound, workable computer-assisted procedures based on numerical classi-
fications are available for the identification of slow-growing mycobacteria
(Wayne er al., 1980), streptomycetes (Williams er al., 1983b). strep-
toverticillia (Williams er al., 1985) and vibrios (Dawson and Sneath, 1985),
and for bacteria isolated from Alaskan outer continental shelf regions (Davis,
Atlas and Krichevsky, 1983). Probabilistic identification schemes have also
been constructed using data less comprehensive than those provided by
numerical classifications. They include systems for the identification of Bacil-
lus {Willemse-Collinet, Tromp and Huizinga, 1980) and Micrococcus species
(Feltham and Sneath, 1982). Improved identification systems based on
numerical taxonomies are available for actinobacteria (Seiler, 1983) and
nearly all of the recognized species of Bacillus {Logan and Berkeley, 1984).

The theoretical basis of numerical identification and the- use of this method
to identify streptomycetes have been reviewed in detail elsewhere (Hill,
1974; Willcox, Lapage and Holmes, 1980; Williams er al., 1984; Williams,
Vickers and Goodfellow, 1985). The streptomycete probabilistic matrix was
based on 23 clusters which included all of the major clusters and Strepromyces
fradiae, a well-known source of antibiotics. Forty-one characters found to
be most diagnostic for these taxa (Table 5) were abstracted from the data
base containing the 139 tests used to construct the numerical classification
(Willlams er al., 1983b). The rather high number of tests required reflected
the variation within the clusters and the necessity of having at least as many
tests as taxa in the matrix {Sneath and Chater, 1978). Identification of strains
against the matrix was achieved using three coefficients from the MATIDEN
program (Sneath, 1979). The three coefficients were Willcox probability
(Willcox et al., 1973), taxonomic distance and the standard error of taxonomic
distance:

1. Willcox probability. This is the likelihood of unknown character-state
values against a particular group divided by the sum of the likelihoods
against all groups; the closer the score is to 1, the better is the fit;

2. The taxonomic distance. This gives the distance of an unknown from the
centroid of the group with which it is being compared: a low score
indicates relatedness to the group, and ideally it is less than about 0-15;

3. Standard error of taxonomic distance. This is based on the assumption
that groups are in hyperspherical normal clusters. An acceptable score 1s
less than about 2-0-3-0, and about half the members of a taxon will have
negative scores, that is, they are closer to the centroid than average.

The criteria adopted for a successful identification were:

1. A Willcox probability greater than (-850 with low scores for taxonomic
distance and its standard error;



226 M. GooDpFELLOW aND E. WILLIAMS

Table 5. Characters sefected for construction of the Strepromyces
identification matrix

Type of test *Tests and unit characters

Antibiosis Inhibition of: Aspergillus niger, soil isolate; Baciflus
subtifis NCIB 3610; Streptoniyces murinus ATCC
19788

Antibiotic inhibition Neomycin sulphate
Rifampicin

Degradation Allantoin
Arbutin

Hydrogen sulphide production
Lecithinase producticn
Nitrate reduction

Pectin

Xanthine

Merphological Acerial spore mass colour—green, grey or red
Fragmentation of substrate mycelium
Spore chain shape-—biverticiliate, rectus-fiexibilis,
retinaculum aperturn or spiral
Substrate pigment colour—red/orange or yellow/
brown
Melanin production

Nutritional Utilization of sole carbon sources—adenitol,
cellebiose, fractose, mositel, inulin, mannitel,
raffinose, rhamnose and xylose
Utilization of sole nitrogen sources—c-aminobutyric
acid, r-bistidine and p-hydroxyproline

Physiological Growth in presence of: phenol (0-19%,w/v), sodium

azide (0:01%, w/v) and sodium chloride (7%, wiv)
Growth at 45°C

*See Williams er ai. {1983b) for details of tests

2. A first group score significantly better than those against the next best
two alternatives;

3. A small number of characters of the unknown listed as being atypical of
those of the group in which it is placed.

An example of the print-out provided by the MATIDEN program is given
in Table 6. Similarly, examples to illustrate the range of scores obtained for
identifled and non-identified isolates are shown in Table 7.

The probability matrix and identification program have been successfully
used to identify unknown streptomycetes from soil {Williams et af., 1983b;
Williams, Goodfellow and Vickers, 1984), fresh water (Stanton, 1984) and
marine habitats (Goodfellow and Haynes, 1984). To date, over 70% of
isolates tested have been identified to one of the major clusters in the
matrix (Williams, Vickers and Goodfellow, 1985). The computer-assisted
identification procedure, like its counterparts for slow-growing mycobacteria
and streptoverticillia, provides a practical and reliable way of identifying
unknown isolates.
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Table 6. Example of the output provided by the MATIDEN program to identify an unknown
strain against the identification matrix

INPUT THE CHARACTER VALUES OF THE UNKNOWN

REFERENCE NUMBER OF UNKNOWN IS S149

ISOLATE 5149 BEST IDENTIFICATION IS 5. ALBIDOFLAVUS

SCORES FOR COEFFICIENT: 1 (Willcox probability). 2 (Taxonomic distance),
3 (Standard error of taxoromic distance)

! 2 3
S. ALBIDOFLAVUS 0-998 0382 1-233
S. EXFOLIATUS 0215 x 10-* 0-438 2-589
S. ATROOLIVACEUS 0-627 x 10°° 0-439 3657

ADDITIONAL CHARACTERS THAT ASSIST IN SEPARATING S, ALBIDOFLAVUS
FROM:

S. EXFOLIATUS: NONE
5. ATROOLIVACEUS: NONE

TFable 7. Examples of identification scores for unknown strains isclated from marine habitats

Identification scores

Standard

error of
Isolate Willcox Taxonomic taxononic
number Cluster identification probability distance distance
25 Streptamyces albidoflavus 0-998 0-37 0-75
148 Streptomyees albidoflavus 0998 0-39 1-23
64 Streptomyces griseoflavus (-997 0-38 0-38
52 Streptomyces chromofuscus (-996 (-36 0-78
63 Strepromyces rocher 0-987 0-34 0-11
41 Streptomyces diastaticus 0-984 3-34 —0-38
78 Streptomyces albidoflavus 0-976 0-37 -85
146 Streptomyeces atroolivaceus 0943 036 1-41
239 Not identified 0792 0-46 4-15
246 Not identified 0-584 0-48 316
57 Not identificd 0-470 0-46 5-12

FORMULATION AND EVALUATION OF SELECTIVE MEDIA

Most selective isolation media have been developed on an empirical basis
without regard either to the nutritional and growth requirements or to the
tolerances of the organisms under investigation (Williams, Goodfellow and
Vickers, 1984). Semi-defined media containing supplements such as peptone
and yeast extract for soil bacteria (Goodfellow, Hill and Gray, 1968) or beef
extract and peptone for aerobic endospore-forming bacilli (Norris er al.,
1981) are widely used to provide growth factors, but innumerable more ill-
defined and bizarre supplements have also been recommended. These
include canned tomato juice for lactobacilli (Yoshizurmi, 1975), hay extract
for facultatively anaerobic spirochaetes (Canale-Parola, 1981), paraffin wax
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for nocardiae (Gordon and Hagan, 1936) and sheep dung extract for ther-
mophilic streptomycetes (Tendler and Burkholder, 1961).

The rationale behind the formulation of more defined media such as
colloidal chitin (Lingappa and Lockwood, 1962) and starch-casein agars
(Kiister and Williams, 1964} is not always clear. The selectivity of the widely
used colloidal chitin was considered to rest on the virtual universal ability
of streptomycetes to hydrolyse this compound (Hsu and Lockwood, 1975),
yet only 25% of the strains included in the numerical phenetic survey on
Streptomyces were strongly chitinolytic (Williams er af., 1983a). Similarly,
starch—casein agar supplemented with sodium chloride (4:6%, w/v) to reduce
the growth of spreading Gram-negative bacteria {Mackay, 1977) will not
support the growth of streptomycetes unable to tolerate salt at this con-
centration (Williams et af., 1983a). However, given recent improvements in
classification and identification of some bacterial groups, notably strep-
tomycetes, it is now possible to prepare selective isolation media on sound
objective criteria and to identify accurately the strains thus isolated.

The multiplicity of approaches to the selective isolation of actinomycetes
{Cross, 1982; Williams and Wellington, 1982a,b; Wellington and Cross, 1983)
clearly show that differences in the nutritional, physiological and antibiotic-
sensitivity profiles of different groups can be exploited for the isolation of
particular taxa from natural habitats. Physical characteristics of actinomycetes
such as resistance to desiccation, heat and salt also provide grist to the
selective isolation mill. Numerical taxonomic data bases which contain exten-
sive information on the biochemical, nutritional and physiological require-
ments of taxa provide an ideal resource for the formulation of new selective
isolation media. Indeed, information abstracted from data matrices has alre-
ady been successfully used in the isolation of particular actinomycete taxa
(Table 8), the most comprehensive studies having been carried out on
streptomycetes. The emphasis on streptomycetes is not surprising for until
recently the inability to identify these organisms below the genus level made
it impossible to choose representative strains for screening programmes,

Information in the streptomycete identification matrix (Williams ef al.,
1983b) has been used to design and evaluate media intended for the isolation
of members of the streptomycete community other than those, such as
Strepromyces albidoflavus, which predominate on colleidal chitin and starch—
casein agars. The formulation of the new media was assisted by the
application of the DIACHAR program (Sneath, 1980), which selects the
most diagnostic characters for individual clusters within the matrix. Not
surprisingly, the highest diagnostic scores were given by those characters
which were either consistently positive or negative for species of one major
cluster when compared with those of all of the other numerically defined
taxa studied. As the identification tests included ones for nutritional and
tolerance characters, the program highlighted those constituents which could
be used in a medium to isclate selectively a particular group of strep-
tomycetes. Initial experiments were designed to select against members of
the Streptomyces albidoflavus group in the expectation that less-commonly
isolated streptomycete species would develop more readily. The data matrix
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Table 8. Selective isolation media based on information taken from numerical taxonomic
data bascs

Taxon Selective agent Relcrence

Actinomadura spp. Rifampicin Athalye, Laccy and Goodfchow (19813;
Athalye e al. (1985)

Faenia rectivirgula Hippurate D. Rose, J. Lacey and M. Goodfellow
{unpublished data)

Nocardia asteroides Chiortetracycline; Goodfellow and QOrchard (1974);
demethylchlorietracycline: Orchard and Goodfellow (1974)
methacycline

Streptomyces diastaticus  Rifampicin Williams, Goodfellow and Vickers

(1984)

Streptamyces Raffinose. histidine Vickers, Witlams and Ross {1984)

chromofuscus, 5. cyaneus,

S. rochei

Thermomonaspora Kanamycin McCarthy and Cross (1981)

chromogesna

Table 9. Examples of scores included in the percentage positive probabitity matrix for
streptomycete clusters (from Williams er af.. 1983b}

Characters™
Utilization of: Resistance to:
Neomycin Rifampicin
Clusters™ Raffinose  Xylose Histidine (50 pg/mi) (30 pg/miy
S. albidoflavus 0-17 0-93 0-65 0-01 (54
8. chromofuscus 0-22 0-99 078 0-01 (33
S. cvaneus 0-99 0-90 0-85 0-61 (46
S. diastaticus -84 0-90 0-68 0-01 0-68
S. fulvissimus 0-89 0.99 0-99 0-89 (0-99
8. griseoruber 0-99 0-89 0-99 0-01 0-78
8. griseoviridis (51 0-83 0-83 (:01 0-83
S. lavenduiae 0-08 033 -G8 (30 0-33
S. platensis 0-82 0-27 0-36 18 0-09
S. rochei 0-09 1-96 0-77 0-08 0-89

*Only ten of the 23 species groups and five of the 41 characters included in the full matrix
arc listed in this Table.

(Table 9) showed that a medium based on raffinose and histidine as major
carbon and nitrogen sources, respectively, might support reduced numbers
of Streptomyces albidoflavus, while allowing growth of a variety of other
streptomycete species. The isolates obtained on control and test isolation
media were identified using the computer probability matrix and identi-
fication programs described earlier.

The use of objectively formulated media, and the subsequent identification
of isolates, allowed clear gualitative differences to be detected in strep-
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Table 18. Computer-assisted identification of streptomycetes isolated from a sample of
sand-dune soil using three different selective media {from Williams, Goodfellow and
Vickers, 1984)

Percentage of total isolates on:

Starch—cascin

medium +

Starch-casein rifampicin Raffinose-histidine
Species-groups medium (50 pg/mi} medium
Streptomyces
albidoflavus G5 13-3 0
S. chromofuscus 22 0 0
S. cyaneus 283 0 63-6
S, diastaticus 0 80-0 2-3
S. platensis 37-0 0 4.3
S. rochei 87 66 13-6
Unidentified
isolates 17-4 0 15-9

tomycetes isolated from the same soil sample (Table 10). Comparison of
these results with information in the data matrix (Table 9) made it possible
to determine whether an observed increase or decrease in numbers of a
major cluster on the new media, compared with that on the control, was
mainly due to selection by media constituents or to the effects of competition.
Thus, from the data matrix, it was evident that all (or nearly all) of the
Streptomyces cyaneus group were able to use raffinose and histidine, whereas
the Streptomyces albidoflavus group was only 17% and 65% positive for
raffinose and histidine respectively. Competition on the selective isolation
plates may account for the reduction in the number of strains of other
groups, notably Streptomiyces platensis, on the raffinose-histidine medium.
Conversely, the isolation of large numbers of Strepromyces diastaticus strains
on the starch—casein medium supplemented with rifampicin suggested that
competition had previously excluded this group from both the control and
raffinose-histidine media. The results of these and other experiments (Vick-
ers, Williams and Ross, 1984), demonstrate that the concept of a non-
selective medium for streptomycetes is not plausible and that several selective
media must be used if representatives of the indigenous streptomycete flora
are to be isolated from natural habitats.

The ability fo isolate and characterize large numbers of unusual strep-
tomycetes has clear implications for industrial screening programmes,
especially where it has been shown that particular antimicrobial activities are
associated with certain species-groups defined by overall phenetic similarity
(Table 11). Good examples of this phenomenon are the high activity of
members of the Streptomyces lavendulae cluster against Gram-negative bac-
teria and fungi, and the activity of Streptomyces fulvissimus, Streptomyces
griseoviridis and  Streptomyces platensis strains against Gram-positive
bacteria. Similarly, Streptomyces cyaneus and Streptomyces diastaticus are
notable for their ability to produce B-lactamase, and Strepromyces chro-
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Table 11, Antimicrobial activity (percentage positive reactions) within some streptomycete
species-groups defined by numerical classification (from Williams er af., 1983a)

)
‘.'g 2 i ] 5 2 W
£ % ¢ & £ 0§ % I &z
= w0 w = = =
T 3 oy =2 3, B S = =, 2
Inhibition of:
Aspergillus niger 320 10 11 2 0 33 75 w0 27
Candida albicans 34 0 3 0 11 0 33 67 27 19
Saccharomyces cerevisiae 32 0 5 0 22 0 3 67 27 15
Escherichia coli g 0 3 0 G ] 0 83 0 8
Pseudomonas fluorescens 4 { 0 0 ¢ 0 0 50 0 8
Bacillus subtilis 28 11 44 21 78 0 100 G2 73 35
Micrococcus luteus 39 11 33 21 89 0 100 23 100 35
Streptomyces murinus 3% 22 a2 5 100 22 80 100 100 39
Production of:
B-Lactamasc 69 25 87 a0 40 22 33 92 40 36
B-Lactamase inhibitor 3 38 0 0 20 11 0 0 0 8

mofuscus for a capacity to provide B-lactamase inhibitors. It is, however,
well known that the ability to produce a particular type of antibiotic is not
necessarily confined to a single species or genus. It has, for instance, been
shown on the basis of recent sensitive screening methods that diverse micro-
organisms are able to produce B-lactam antibiotics.

The development and application of new selective media is altering our
understanding of the numbers, types and distribution of actinomycetes in
natural habitats (Cross, 1981: Orchard, 1981; Goodfellow and Williams,
1983; Goodfellow and Haynes, 1984). Thus, it has been found that nocardiae
are common in soil (Table 12; Orchard and Goodfellow, 1974; Orchard,
Goodfellow and Williams, 1977) and that media containing tetracyclines are
useful for studying their distribution and numbers. It is also interesting
that many of the nocardiae growing on selective isolation plates cannot be
accommodated into established taxa but form distinct numerically defined
clusters (Orchard and Goodfellow, 1980; Hookey, 1983). Similarly, large
numbers of actinoplanetes {Makkar and Cross, 1982), actinomadurae
{Athalye, Lacey and Goodfellow, 1981}, and rhodococci {Rowbotham and
Cross, 1977b) have been isolated from a variety of natural habitats. An
increased ability to relate the distribution of specific antibiotic-producing
taxa with particular habitats or microsites should help in the development
of more objective approaches to the search for novel antibiotics. At present,
very little is known about the geographical or ecological distribution of
antibiotic-producing actinomycetes although this is partly because workers
rarely provide precise descriptions of the habitats from which they have
isolated commercially significant strains (Cross, 1982; Williams, Goodfellow
and Vickers, 1984).
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DETECTION AND CHARACTERIZATION OF NOVEL TAXA

It is not always realized by industrial microbiologists that a sound classi-
fication is needed to prove novelty in its broadest sense. Indeed, novelty is
still often perceived as a product of the aims, interests and judgement of
the investigator (Williams, Goodfellow and Vickers, 1984). As these vary
considerably, so do the criteria invoked to justify novelty. Thus, the isolation
of Thermosulfobacterium commune (Zeikus et al., 1983) during ecological
studies of decomposing algal-bacterial mats associated with hot aguatic
habitats in Yellowstone National Park led to the discovery of an organism
with a highly unusual combination of biochemical, chemical, physiological
and structural properties. Other very unusual bacteria isolated from ‘exotic’
habitats include Aceroanaerobium (Sleat, Mah and Robinson, 1985), Acido-
philus {Harrison, 1981}, Dictyoglomus (Saiki et al., 1985), Erythrobacter
(Shiba and Simidu, 1982), Methanothermus (Stetter er al., 1981), Stella
(Vasilyeva, 1985), Thermococcus (Zillig et al., 1983) and Thermoproteus
(Zillig et al., 1981). At the other extreme, many newly isolated actinomycete
species, such as Dactylosporangium rosewm (Shomura ef al., 1985), Mic-
robispora viridis (Mivadoh er al., 1985) and Swrepromyces sulfonofaciens
(Miyadoh er al., 1983), differ from established species by little other than
their ability to produce a novel secondary metabolite.

An idea of some of the previous and present disparities in the number of
species assigned to bacterial genera can be obtained from Table 13. The
number of species in a genus is partly a measure of its natural diversity, and
reflects how comprehensively it has been studied, but is also influenced by
the criteria used to define the species and by the objectives of the inves-
tigator. Thus, improved classification has led to fewer but better-described
species being recognized in the genera Corynebacterium, Nocardia, Rhi-
zobium and Streptomyces, and extensive taxonomic surveys have resulted in
the circumscription of new species of Actinomyces, Actinoplanes, Azoto-
bacter, Bacillus, Micrococcus, Mycobacterium, Thermomonospora and
Vibrio. Similarly, comprehensive taxonomic studies have led to the estab-
lishment or redescription of genera such as Actinomadura, Oerskovia and
Rhodococcus (Goodfellow and Cross, 1984).

The introduction of the Approved Lists of Bacterial Names {Skerman,
McGowan and Sneath, 1980) caused the demise of many bacterial taxa that
had been defined by a few subjectively weighted characters, notably staining
and morphological features. Recommendation 30b of the [aternational Code
of Naomenclature of Bacteria (Lapage et al., 1975), which called for the
establishment of recommended minimal standards for the definition of new
species, was intended to prevent any further proliferation of poorly described
species. Although thesec measures are to be welcomed, the criteria for
recogrition of species and higher taxa can still be expected to vary between
different taxonomists and microbial groups. The philosophy of taxonomists
is still reflected in the subdivisions they create (‘lumpers’ or ‘splitters’) and
the group on which they work (Cowan, 1963).
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Table 13.  Number of species in sclected bacterial genera. Compiled from Bergey's Manual
of Determinative Bacteriology (Buchanan and Gibbons, 1974) and the forthcoming edition of
Bergey’s Manual of Systematic Bacteriology

Genus 1974 1986
Streptomyces 463 142
Clostridium 61 83
Mycobacrerium 29 55
Lactobacillus 26 50
Bacillus 48 34
Actinomadura — 28
Streptococcus 21 25
Vibrio 3 20
Staphylococcus 3 i9
Corynebacterium 39 i6
Arthrobacter 7 15
Actinoplanes 4 14
Rhodococcus — 14
Streptoverticillium 11 13
Actinomyces 5 10
Micrococcus 3 9
Nocardia 31 9
Cellulomonas 1 7
Thermoactinomyces 2 7
Azotobacter 4 6
Thermomonospora 2 5
Acetobacter 3 4
Agrobacterium 4 4
Leuconostoc 6 4
Rhizobium 6 3
Qerskovia — 2
Frankia 10 1
Sporolactobacilius i i

Procedures used to distinguish new from established taxa must be based
on sound taxonomic principles. Numerical phenetic surveys of restricted
groups of bacteria have resulted in the discovery of many new centres of
variation (see Goodfellow and Dickinson, 1985). This approach has, for
instance, led to the discovery of new actinoplanetes (Stanton, 1984), myco-
bacteria (see Goodfellow and Wayne, 1982), nocardiae (Qrchard and Good-
tellow, 1980; Hookey, 1983), rhodococci (Rowbotham and Cross, 1977a)},
thermomonosporas (McCarthy and Cross, 1984) and wall chemotype IV taxa
tacking mycolic acids (Goodfellow, Alderson and Lacey, 1979).

Numerical taxonomy has also revealed that acidophilic streptomycetes,
which grow between pH 3-5 and 6-5, but not at pH 7-0, are a diverse group.
Thus, in a study based on the simple matching coefficient and average
linkage clustering, over 200 representative strains were assigned to 11 major
(64% of the strains), 20 minor (26% of the strains) and 10 single-member
clusters (Lonsdale, 1985). The low test error, high cophenetic correlation
values and good congruence between classifications based on different resem-
blance coefficients indicated that confidence could be placed in the numerical
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classification. Information from the data base has been used to devise and
evaluate media designed to isolate specific fractions of the acidophilic strep-
tomycete community from natural habitats. These organisms are common in
natural and man-made acidic soils (Williams et al., 1971; Khan and Williams,
1975). Acidophilic streptomycetes are probably active in decomposition pro-
cesses in such soils and their exo-enzymes, chitinases and diastases, are
adapted to function at a lower pH than these from neutrophilic strep-
tomycetes (Williams and Flowers, 1978; Williams and Robinson, 1981).

Rapid and reliable chemical techniques are widely employed in bacterial
systematics {(see Goodfellow and Minnikin, 1985). This is particularly true
of the actinomycetes, for which the most useful chemical information has
been derived from analyses of wall amino-acid and sugar composition and
whole-organism lipid patterns (Table 3). Indeed, for many actinomycete
genera, details of their wall diamino acid and lipid composition is an integral
part of the generic description (Goodfellow and Cross, 1984). Most chemo-
systematic studies have been restricted to a visual comparison of quantitative
data generated by analytical techniques such as gas chromatography and
high performance liquid chromatography. To date, chemical markers have
proved to be most useful in the classification of actinomycetes at generic and
supra-generic levels but analysis of quantitative data, by appropriate cluster
analysis techniques, has given valuable information for the characterization
of species and subspecies (O'Donnell, 1985). It is essential in such quan-
titative studies to know that the chemical data are suitable for multivariate
analysis (Saddler et al., 1986). Preliminary studies suggest that the exam-
ination of fatty acid profiles using a microcomputer-based package called
SIMCA may provide a quick and accurate way of detecting novel strep-
tomycetes (O’Donnell, 1986).

Statistically, the characterization and detection of novel isolates is primarily
a matter of pattern recognition in which the unknown fatty acid profile is
compared with a library of known profiles and its similarity or dissimilarity
determined. SIMCA (Soft Independent Modelling of Class Analogy), a
commercially available package (SEPANOVA AB. Enskede, Sweden), uses
the well-established statistical technique of principal components analysis
{Gower, 1966) to identify unknown isolates. The basis of the SIMCA method
of identification is to describe each taxon or group of strains by a separate
principal components model. An advantage of the SIMCA approach over
some discriminant analyses, such as canomnical variates, is that it does not
assume equal interspecies homogeneity and thereby accommodates the dif-
ferent degrees of homogeneity found within microbial taxa. The allocation
of unknown profiles to each class model is determined by linear multiple
regression. Using this procedure, successful identification depends on the
residual standard deviation, obtained when the unknown is tested against a
given principal components model, being within the known standard devi-
ation of the test class or taxon. Samples which are not assigned to any of
the class models used to describe a particular taxon may belong to hitherto
undiscovered classes and therefore constitute novel isolates, This strategy
could be incorporated into screening programmes designed to select novel
isolates (see O'Donnell, 1986).
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OTHER TAXONOMIC CRITERIA

Most substrates require some form of treatment before their incorporation
into selective isolation media. Actinomycete spores are relatively resistant
to desiccation so that simply air-drying soil samples will significantly enhance
the chances of recovering spore-forming taxa. Resistance to desiccation is
often accompanied by some degree of resistance to heat and dry soils can
be heated to over 100°C to reduce the numbers of unwanted bacteria. Less
severe heat treatments have been successfully used to isolate a variety of
actinomycete genera (Table 14) although the basis of this practice is not
clearly understood. It appears, however, that many actinomycete propagules,
both spores (e.g. streptomycetes) and hyphal fragments (e.g. rhodococci),
are more resistant to heat than vegetative cells of Gram-negative bacteria.
It may be possible to design taxon-specific heat pretreatment regimes as
some actinomycetes vary with respect to their heat-sensitivity profiles
(Haynes, 1982; Goodfellow and Simpson, 1986). The endospores of Bacillus
species survive mild heat treatments but the subsequent use of isolation
media lacking peptone or the amino acids necessary to trigger germination
can help to restrict the number of their colonies on isolation plates (Cross,
1982). Pasteurization at 80°C for 10 minutes, or some similar temperature
and time, is a standard initial step in the selection of aerobic endospore-
forming bacilli.

Selective isolation of actinomycetes: ground rules

CHOICE OF SUBSTRATE

Soil is the primary reservoir of most actinomycetes (Williams, Lanning and
Wellington, 1984). Streptomycetes tend to predominate, but actinomadurae,
arthrobacters, micromonosporas, nocardiae and rhodococel are common in
most soils. Actinomycetes can also be isolated readily from freshwater (Cross,
1981} and marine environments {Goodfellow and Haynes, 1984) and from
more defined habitats such as root nodules of Comptonia (Callaham, Tredici
and Torrey, 1978) and the gut microflora of Bibio marci larvae (Szabo et
al., 1967). Samples may be taken at random or from habitats where the
microbial community is adapted to relatively extreme environmental factors.
In order to obtain new strains likely to produce novel metabolites it is
advisable to examine samples from diverse habitats and to use media and
incubation conditions which will facilitate the isolation of acidophilic, alka-
lophilie, neutrophilic, mesophilic, psychrophilic, thermophilic and osmophilic
strains. To date, the screening of anaerobic actinomycetes has received little
attention (Bull, Ellwood and Ratledge, 1979).

PRETREATMENT OF MATERIAL

In order to isolate actinomycetes from natural habitats it is necessary to
eliminate or reduce fungal and bacterial growth on selective isolation media
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without adversely affecting the target organisms. This is usually achieved by
applying appropriate selective pressures at various stages of the dilution
plate procedure (Williams and Wellington, 1982a). Fungal contaminants
can usually be eliminated by supplementing isolation media with antifungal
antibiotics such as actidione, nystatin and pimaricin (Williams and Davies,
1965).

Selectivity may be enhanced by chemical or physical pretreatment of
material or propagules in suspensions prior to plating on to selective isolation
media (Table 15). Membrane filtration and centrifugation have been used
to concentrate actinomycete propagules in soil, water and sediment samples
(Trolldenier, 1966; Goodfellow and Haynes, 1984) and nutrient enrichment
of material en masse has been employed to increase the numbers of strep-
tomycetes prior to isolation (Williams and Mayfield, 1971). A further depar-
ture from the dilution plate technique has been to isolate thermophilic
actinomycetes from dry, self-heating plant material. The latter is shaken in
a wind tunnel (Gregory and Lacey, 1963, Lacey, 1971; Lacey and Dutkiewicz,
1976a) or sedimentation chamber (Lacey and Dutkiewicz, 1976b) and the
spore cloud impacted on to plates of surface-dried medium in an Andersen
(1958) sampler. As this latter procedure has rarely been used in selective
isolation work it is described in detail here.

The Andersen sampler consists of six aluminium stages that are held
together by three strong springs which clamp the sampler together and seal
with O-ring gaskets. Each of the stages has a section containing 400 holes
for the intake of air. The holes become progressively smaller at each stage:
they range from 0-118 c¢m at the top to 0-0254 cm at the bottom (Figure I).
Each stage holds a Petri dish to collect the spores. Unimpacted particles
flow around the Petri dish and into the next stage.

Table 15. Examples of physical and chemical pretreatments for isolation of streptomycetes (from
Goodfellow and Simpson, 1986}

Treatineat Material Predominant isolates
Physicai:
Agitation 1n sedimentation chamber Mouldy hay Thermophilic streptomycetes
Centrifugation Seawater and mud  Strepromyces spp.
Membrane filtration Soil Streptomyces spp.
Water Micromonospora and

Streptomyces spp.

Chemical:
Ammonia and sodium hypechlorite Water Strepromyces spp.
Chloramine Water Micromonospora and
Strepromyces spp.
Calcium carbonate to increase pH Sail Streptomyces spp.
with incubation
Natrient enrichment with chitin Soil Streptomyces spp.

and incubaticn
Phenot Soil and water Streplomyces spp.
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Figure 1.  Andersen sampler.

Soil or compost samples are dried overnight and placed in a mushn
bag suspended in a sedimentation chamber (Figure 2). The bag is agitated
vigorously to produce an aerial suspension of spores and small particles from
the sample. Overnight drying of the samples improves the development of
the aerial suspension and decreases the counts of non-sporing organisms.
The aerial suspension of spores is mixed thoroughly with an electric fan, and
is then allowed to sediment slowly to separate the spore types. The air
from the sedimentation chamber is then withdrawn and passed through the
Andersen sampler at the rate of one cubic foot per minute. Typical sampling
times are 10-30 seconds. As air is drawn through the sampler, a jet from
each of the 400 holes is directed on to the surface of the agar medium. The
size of the holes, and hence the jet velocity, is constant for each stage but
as the holes become smaller at each stage, the jet velocity increases. A spore
will leave the air stream and become impinged on the surface of the agar

ANDERSEN
SAMPLER

FA

| N ;
MLUSELIN & SEDIMENTATION
BAG + /CHAHBER
SAMPLE

Figure 2. Sedimentation chamber of Andersen sampler containing & spore suspension.
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medium when the velocity is sufficiently great to allow it to overcome the
aerodynamic drag; otherwise, it remains in the air stream and proceeds to
the next stage. All pariicles of T pm or more may be collected by the
sampler. The plates are removed, inverted in their lids and incubated.
Colonies may be counted by direct observation or by using a microscope.
Alternatively, on plates containing many colonies the ‘positive hote’ method
may be used. This is a count of the jets which delivered viable spores to the
plates. It is based on the assumption that, as the number of viable spores
increases, the probability of a spore passing through an unused hole
decreases. The viable count is determined from a ‘positive hole’ probability
table, based on the formula:

i 1 1 1

where P, is the expected number of viable spores to produce 7 positive holes
and N is the total number of holes per stage.

If several hours are allowed for sedimentation, and the sampling times are
short (10-20 seconds), fairly clean and easily counted plates are usually
obtained. Alternatively, using the “positive hole” method and counting micro-
colonies before they merge, counts as high as 4 X 10% can be made per
sample (Andersen, 1958). Although equating counts obtained from the
Andersen sampler to actual numbers of spores in soils or composts is prob-
lematical, the Andersen sampler is a good method for the collection and
separation of spores from these environments and for the isolation of novel
types of spore-forming bacteria.

GROWTH ON LABORATORY MEDIA

Most actinomycetes are outgrown by other inhabitants of the microbial
community when soil dilutions are plated out on to the surface of standard
isolation media such as peptone-yeast extract agar. However, many isolation
media are available which will allow the growth of actinomycetes but will
discourage that of other bacteria. It has already been demonstrated that the
sensitivity of an isolation medium can be influenced by its nutrient compo-
sition, its pH and by the addition of selective inhibitors. Incorporation of
antifungal antibiotics such as actidione and nystatin into isolation media is
essential when dealing with most soils, and such antibiotics are not active
against actinomycetes. It is advisable to dry isolation plates, as free moisture
on the surface of agar encourages the growth and spread of Gram-negative
bacteria which can significantly reduce the germination and subsequent
outgrowth of actinomycete spores. It is also good practice to dry the agar
surface further when the spread-plate technique is used. It should also be
remembered that absolute selectivity is rarely achieved,
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INCUBATION

Actinomycete isolation plates are usually incubated at 25-30°C under aerobic
conditions. Thermophilic actinomycetes are isolated at 45-55°C and psy-
chrophilic strains at 4-HPC. Little attention has been paid to the selective
isolation of psychrophilic and anaerobic taxa. The major variable is the
length of the incubation period before colony selection. Commonly isolated
mesophilic taxa, such as Micromonospora and Nocardia, can be selected at
7-14 days; common thermophilic strains, such as Faenia rectivirgula, require
only 1 to 2 days. There i1s some evidence that novel or unusual isolates may
be overlooked unless longer periods of incubation are used. Thus, Nonomura
and Ohara (1971} discovered several new taxa by incubating plates at 30°
and 40°C for up to one month. Goodfellow and Haynes (1984} isolated
actinomycetes from marine habitats after incubation at 18°C for up to 10
weeks.

COLONY SELECTION

The final, but frequently the most critical, stage in the isolation of an
actinomycete is its recognition and transfer to axenic culture. When selective
isolation media are used the target organism(s) can often be identified
tentatively by microscopic examination of the isolation plate using a high-
power objective with a long working distance. However, it is rarely possible
to distinguish between different species of the same genus on isolation plates.
In such instances the consequent selection of large numbers of colonies can
sometimes lead to considerable duplication and wasted effort in screening
programimes. This can be overcome by overlaying isolation plates with appro-
priate sensitive strains or by the use of replica-plating techniques which allow
colonies to be studied against a battery of sensitive test organisms. Such
strategies have their limitations and there is still a need for more efficient
methods for choosing colonies which produce interesting metabolites.

Isolation of methylotrophs and C;-utilizing autotrophs

Methylotrophs are defined by Anthony (1982) as ‘those micro-organisms
able to grow at the expense of reduced carbon compeounds containing one
or more carbon atoms but containing no carbon-carbon bends’. Reduced
C, compounds are widespread in nature and are produced by a variety of
mechanisms, including biological, photochemical and anthropogenic (Table
16). Two groups are recognized: obligate methyvlotrophs, which grow only
on reduced C, compounds, and facultative metflylotrophs, which are able to
grow on reduced C, compounds and also on a variety of multicarbon com-
pounds. The definition of an autotroph has changed with time and under
pressure from these organisms which are able to grow autotrophically, het-
erotrophically or methylotrophically according to the carbon substrate pre-
sent in the growth medium. One definition is ‘an organism able to grow with
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Table 16. Distribution of reduced C, campounds in nature (from Anthony, 1982; Kim and
Hegeman, 1983; Large. 1983)

C, compound Chemical formufa QOccurrence

Methane CH, Produced by methanogenic bacteria in
anacrobic environments, ¢.g. lakes, paddy
fields

Methano! CH,OH Decomposition of lignin, hemicetlulose and
pectin; photooxidation of methane

Formaldehyde HCHO Oxidation of methanol; waste from
chemical processing

Formate HCOOH Oxidation of formaldehyde; mixed acid

fermentation; tanning and rubber
processing

Formamide HCONH, [ndustrial waste

Cyanide CN Produced by plants, bacterta and fungi;
industrial waste

Carbon monoxide CO Produced biotogically by animals, bacteria,
algae and fungi; incomplete combustion
processes; photochemical oxidation of
organic matter

Methylated smines CH:NH,; (CH3),NH; Decomposition of fish; industrial waste
(CH:):N: (CHL)LN?

Trimethytamine N-oxide {CH,),NO Decomposition of fish and invertebrates

Dimethyl sulphide; (CH,).S; (CH,),50; Plants and algac

sulphoxide; sulphone (CH,).LS0,

Dimethyl ether (CH,)L0 Photochemical oxidation of methane

CO, as its major carbon source, using light or the oxidation of reduced
inorganic compounds as energy source’. However, the distinctions between
autotrophs and methylotrophs are not always clear. For example, some
organisms such as Methylococeus capsulatus (Taylor, Dalton and Dow, 1981)
may assimilate carbon as formaldehyde or CO, (via the ribulosebisphosphate
carboxylase cycle), and some autotrophs such as Rhodopseudomonas spp.
(Hirsch, 1968), Rhodopseudomonas gelatinosa (Uffen, 1975, 1976) and ‘Rho-
dopseudomonas rubrum’ (Uffen, 1981) may assimilate reduced C, com-
pounds.

Methylotrophs and autotrophs have often been isolated with a specific
biotechnological application in mind. The impetus for much of the work in
this area came from the commercial desire to produce a cheap and com-
petitive source of single-cell protein, taking advantage of the ubiquitous
nature and relative cheapness of methane, methanol and carbon monoxide.
These applications have been extensively reviewed (Hamer and Harrison,
1980; Meyer, 1980, 1981; Smith, 1981; Vasey and Powell, 1984). The main
characteristics desired in organisms for single-cell protein production are:

L. A high yield coefficient on the chosen substrate (mass of dry microbial
cells or biomass produced per unit mass of substrate utilized);
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. A high growth rate;

. A high optimum growth temperature (over 40°C for fermentation);
. A high affinity for the substrate;

Ability to grow at high cell densities;

6. No expensive growth factor requirement;

7. Stable growth in continuous culture;

8. High nutritional value.

Lh B Ly b

These requirements have influenced the methods of isolation of methy-
lotrophs and particularly the criteria for selecting organisms from isolation
media. The most obvious of these is the selection for high growth rates and
the rejection of stow-growing organisms. This has been particularly important
as many methylotrophs have been isolated by liquid enrichment culture, a
technique that favours the fastest-growing organisms from the sample of
natural material used (Whittenbury, Phillips and Wilkinson, 1970).

Other biotechnological applications of methylotrophs include the oxidation
of hydrocarbons and their derivatives {Dalton, 1980), electroenzymology and
biofuel cells (Higgins et al., 1980), and the overproduction of metabolites
such as vitamins, carboxylic acids and amino acids (Tani and Yamada, 1980;
Tani, 1985). The main reason for the choice of C, compound for these
applications is again availability and price. However most C, compounds are
toxic or inhibitory to those micro-organisms unable to oxidize or assimilate
them. They may therefore be used to select large numbers of novel micro-
organisms that may be exploited for the production of unusual primary or
secondary metabolites.

The taxonomic status of C, autotrophic and methylotrophic bacteria has
often to be treated with caution as the organisms have rarely been the subject
of detailed taxonomic studies. In this review, binomials in inverted commas
are not on the Approved Lists of Bacterial Names (Skerman, McGowan and
Sneath, 1980) and have not been validly published since 1 January 1980.
The application of taxonomy to selective isolation of Ci-utilizing micro-
organisms is therefore not possible at present. Methylotrophs are a phy-
siologically related group of micro-organisms with special properties. They
have mostly been isolated on C; substrates and do net easily fit into pre-
viously characterized groups. The obligate methylotrophs have very few
properties that may be used in conventional numerical taxonomic studies
{Byrom, 1981; Green and Bousfield, 1981). In addition, there is a wide
variety of micro-organisms able to utilize C, compounds, and a great bio-
logical and biochemical diversity amongst these microbes (Tables 17 and [8).
Some of these methylotrophs belong to genera of importance in biote-
chaology. Methods for the isolation of methylotrophs on various C, com-
pounds are described below.

METHANE

Methanotrophs are a specialized group of micro-organisms able to grow on
methane. Some methanotrophs are able to grow on methanol or dimethyl
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Table 17. Bacteriz and yeasts able to grow on methane {methanotrophic)

Organisms

Growth

on methanol

Obligate Gram-negative bacteria
Genus: Methvlococecus G + C content 62--64%

Methylococeus capsulains
‘Methylococcus minimus’
Methylococcus mobilis
Methylococcus thermiophilus

Genus Methylomonas G + C content 50-54%

Methylomonas methanica
‘Methylomonas albus
‘Methylomonuas streptobacterium’
‘Methylomonas agile’
‘Methyvlomonas rubrum’
‘Methylomaonas rosaceus’

Genus: “Methylobacter’ G + C content 50-34%

‘Methylobacter hovis’
‘Methylobacter capsudams’
‘Methylobacter chroococcum’
‘Methyviobacter vinelandit’

Genus: *Methylosinus G + C content 62-5%

‘Methanomonuas methanooxidans’
‘Metiylosinus sporivm’
‘Metirylosinus trichosporium’
‘Psendomonas methanica’

Genus: ~Methyvlocysiis’ G + C content 62-3%
‘Methylocystis parvus’
‘Methylovibrio sohngenii'
Facultative Gram-negative bacteria
Genus: Methylobacierium G + C content 38-66%

‘Methylobacterium ethanolicum’
‘Methylobacterium hypolimneticim®
Methylobacierinm organophilim
Methylobacteritum strain R6

Gram-positive bacteria
Mycobacterium sp.
Nocardia sp.

Yeasts

Rhadotorula gluinis
Rhodororuta ribra
Sporobolomyces gracilis
Sporobolontyces roseus

ND
ND

ND: not determined
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Fable 18. Gram-positive facultative methylotrophs upable to grow on methane

Growth on
Organism Growth or methanol methylamine
‘Arthrobacter rufescens’ + +
Arthrobacrer globiformis SK-200 - +
Arthrobacrer globiformis B-175. B-126, B-53 - +
Arthrobacrer strains 1A1, 1A2, 2B2 + -+
Arthrobacier strain Pl - +
Bacillus cereus M-33-1 + -
Bacillus strain PM6 - +
RBacitius strain SZA1 - +
‘Brevibacterium fuscum’ 24 - +
Mycobacterium vaccae + +
Strepromyces strain 239 + ND

NI): not determined

ether. Unlike most of the C| compounds, methane is non-toxic and therefore
exerts no selective pressure. Organisms unable to use methane can often
outgrow methanotrophs on agar medium containing no added carbon source.
Direct isolation on plates is therefore difficult and liquid enrichment pro-
cedures have mainly been used.

Before 1970 it was considered extremely difficult to isolate methanotrophs
and only four strains had been described: ‘Bacillus methanicus’ (S6hngen,
1906}, reisolated and renamed as ‘Pseudomonas methanica® by Dworkin
and Foster (1956); ‘Methanomonas methanooxidans’ (Brown, Strawinski and
McCleskey, 1964); ‘Pseudomonas methanitrificans’ (Davis, Coty and Stanley,
1904), and Methylococcus capsulatus (Foster and Davis, 1966). In 1970,
Whittenbury, Phillips and Wilkinson isolated over 100 strains of obligate
methanotrophs from samples of mud and water, taken from ponds, rivers,
streams and ditches, and soil samples from various habitats. Approximately
1 g of the material was added to 25 ml of mineral salts minimum medium
(pH ©-8) containing either ammonia or aitrate as nitrogen source in a 250 ml
bottle, sealed with a Suba-seal top. Methane (20 ml) was injected with a
hypodermic syringe and the liquid enrichments were incubated statically at
30, 45 and 55°C. After 34 days a surface pellicle formed and the flasks
became turbid. Other workers had previously described the successful devel-
opment of enrichment cultures, but had experienced great difficulty in iso-
lating pure cultures from the primary enrichment flasks (Vary and Johnson,
1967). Turbid cultures were serially diluted in sterile tap water and spread
on to mineral saits agar plates, then incubated in methane:air mixtures
(approximately 30:70 v/v) in vacuum desiccators or “Tupperware’ polythene
containers. Methanotrophs appeared after 5-7 days and continued to increase
in size over 2-3 weeks. Colonies unable to utilize methane reached their
maximum size in 3 days. The counts of colonies unable to use methane, and
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presumably using dissolved organic materials in the agar, were often 10-100-
fold more than counts of methanotrophs. Isolates were transferred to mineral
salts plates at the small-colony stage (G-2 mm diameter) using a straight wire
and a plate microscope. The ability to use methane was determined by
analysing gas samples at intervals.

The organisms were classified into five genera (Methylobacter, Methylo-
coceus, "‘Methylocystis’, Methylomonas and ‘Methylosinus’) on the basis of
morphology, fine structure, the type of resting stage formed (either exospore
or cyst), and subgrouped on other properties, such as growth temperature,
growth on methanol, motility, and enhancement of growth on methane by
the addition of yeast extract, malate, acetate, or succinate. All of the isolates
are (ram-negative rods or cocci, catalase- and oxidase-positive, strictly
aerobic, obligate methanotrophs, utilizing only methane and, in some cases,
methanol for growth. The main isolates are listed in Table 17. *Pseudomonas
methanica’, ‘Methanomonas methanooxidans’, ‘Pseudomonas methan-
itrificans” and Methylococcus capsulatus have characteristics in common with
the obligate methanotrophs of Whittenbury, Phillips and Wilkinson (1970),
and are included in Table 17 in the most appropriate group.

The isolation of facultative methanotrophs has been described, mostly
from freshwater lakes and from depths where the oxygen concentration is
low (Patt er al., 1974; Patel, Hou and Felix, 1978; Lynch, Wopat and
O’Conner, 1980). They are all Gram-negative rods and are able to grow on
multicarbon compounds as well as methane (Table I7). The ability to grow
on methane has often been reported to be an unstable character and a recent
report questions the existence of these organisms, as ‘Merhylobacterium
ethanolicum’ H414 was demonstrated to be a mixture of an obligate methan-
otroph, similar to ‘Methylocystis’ sp. and a Xanthobacter sp. which grows
on methanol and multicarbon compounds (Lidstrom-O’Connor, Fulton and
Wopat, 1983).

Whittenbury, Phillips and Wilkinson (1970), commented on their failure
to isolate any Gram-positive bacterium or yeast able to utilize methane,
although their methods were not specifically designed to isolate these organ-
isms. Seto, Sakayanagi and Lizuka (1975) described a number of Gram-
positive bacteria (Mycobacterium sp. and Nocardia sp.} able to grow on
methane, but the descriptions were incomplete and little information has
been reported.

Five strains of methane-utilizing yeasts belonging to four species (Rho-
dotorula glutinis, Rhodotorula rubra, Sporobolomyces gracilis and Spo-
robolomyces roseus) have been described in detail (Wolf and Hanson, 1979;
Wolf, 1981). They grow very slowly on methane, with a generation time of
more than two days, do not grow on methanol, but utilize methylamine,
higher alkanes and complex organic compounds such as dicarboxylic acids,
alcohols and saccharides. Although the first strain was isolated from an
enrichment for methane-utilizing bacteria, an enrichment procedure to select
specifically for methanotrophic yeasts was subsequently developed (Wolf,
1981). This consisted of inoculating a rich medium at pH 3-5 with lake
samples and incubating at 25°C until turbidity developed. Dilution series
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were then performed on filters or plates of ammonia mineral salts medium
at pH 6:0, incubated with 70% methane: 10% carbon dioxide: 20% air.
Single colonies containing budding cells were transferred and grown under
methane to establish pure cultures. Classification of the strains was based
on the type of asexual reproduction, the formation of spores and the ability
to use various carbon and nitrogen sources (Table 17).

Methane is producéd anaerobically by methanogenic bacteria and diffuses
upwards to the more aerobic zones. Approximately 10'* g are produced
annually, mainly in paddy fields, swamps and marshes, ruminants, and river
and lake muds. Anthropogenic sources are coal mining, lignite mining,
automobile exhaust and natural gas wells (Ehhalt, 1976). Although much of
the methane produced by methanogenic bacteria is oxidized anaerobically
by sulphate-reducing bacteria (Zehnder and Brock, 1979), some reaches the
aerobic zones and is oxidized by methanotrophic bacteria. In a freshwater
lake these organisms are found on or near the thermocline and may be the
main reason for the sudden fall in oxygen concentration at the thermocline
(Patt et al., 1974; Large, 1983). Many methanotrophs fix atmospheric nitro-
gen under reduced oxygen tensions, but this property has not been exploited
in isolation procedures.

METHANOL AND METHYLATED AMINES

Growth on methanol is a difficult property to establish and many methan-
otrophs will grow on methanol only if it is supplied in the vapour phase.
However, methanol is produced by the oxidation of methane, and by the
hydrolysis of structural components of plants, particularly pectin and lignin,
and is therefore widespread in nature. Trimethylamine is produced by the
anaerobic degradation of carnitine and lecithin. It is also produced from
trimethylamine N-oxide during the decomposition of fish. Methylamine is
found in some plant material and is produced by the oxidation of di-
methylamine, which in turn is produced by the oxidation of trimethylamine
(Hanson, 1980).

Methanol and methylated amine-utilizing micro-organisms can be isolated
from most samples of soil, water or sewage. More bacteria are able to grow
on methylated amines than on methanol. Methylotrophs isolated on methanol
can usually grow on methylated amines, but many of those isolated on
methylated amines are unable to use methanol (Large, 1981). Liquid enrich-
ment in mineral salts medium containing methanol is the usual method of
isolation, followed by plating on to the same medium solidified with agar.
However, a selective isolation method for Hyphomicrobium species is to
incubate the sample with methanol or methylated amines and nitrate under
anaerobic conditions, the nitrate acting as terminal electron acceptar (Colby,
Dalton and Whittenbury, 1979; Large, 1981; Anthony, 1982).

Methytotrophic bacteria isolated on methanol or methylated amines are
usually placed into several artificial groups. The obligate bacteria are all
Gram-negative, oxidase- and catalase-positive, aerobic rods, motile by a
single polar flagellum. G + C contents vary between 52% and 56%. They
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include organisms named as various Pseudomonas species, ‘Methylomonas
methylovora’, ‘Methylophilus methylotrophus’ (the organism used by ICI for
single-cell protein ‘Pruteen’ production; Vasey and Powell, 1984), ‘Methyio-
monas amincfaciens’, *Methylomonas clara’ and ‘Methylomonas methanolica’.
Anthony (1982) suggests that they could all be included in a single genus,
‘Methylophilus’.

The facultative bacteria are divided by Anthony (1982) into seven groups.
Group 1 consists of Gram-negative, catalase- and oxidase-positive, motile
rods with a G + C ratio of between 60 and 70 mol %. They all produce
carotenoid pigments and colonies appear pink-red. Although they are usually
deseribed as Pseudomonas species, it has been suggested that they might be
included in a single genus, Methylobacterium (Green and Bousfield, 1981).
Group 2 consists of bacteria which resemble Group 1 organisms, except that
they are non-pigmented. Methylotrophs of this type have predominantly
been isolated on methylated amines, not methanol, and many strains are
unable to grow on methanol. They have again been designated as Pseudo-
monas species. Group 3 are a diverse collection of Gram-negative, non-
motile rods and coccoid-rods, usually assigned to the genera Alcaligenes,
Achromobacter, Acinetobacter or Klebsiellu. Group 4 are the Gram-positive
methylotrophs. The Gram-variable Arthrobacter spp. described in Group 3
are included with the Gram-positive methylotrophs in Table 18. Group 5
represents a diverse range of autotrophs and phototrophs that are able to
grow on methanol or formate. It includes Alcaligenes eutrophus, 'Blastobacter
viscosus', Microcyclus aquaticus, ‘Microcyclus ebrunous’, *Nitrobacter agilis’,
Paracoccus denitrificans, ‘Pseudomonas gazotropha’ (also grows on carbon
monoxide), ‘Pseudomonas oxalaticus’, Rhodopseudomonas acidophila, Rho-
dopseudomonas palustris and Thiobacillus novellus. Group 6 are Gram-
negative stalked motile bacteria that reproduce by budding: the hypho-
microbia. Group 7 are Gram-negative non-sporing motile rods isolated from
Marine environments.

Three species of mycelial fungi have been shown to grow on methanol,
formaldehyde and formate: Gliocladium deliquescens, Paecilomyces varioti
and Trichoderma lignorum (Hanson, 1980). Methanol utilization by yeasts
i1s more widespread and occurs in some members of the genera Candida,
Hansenula, Pichia and Torulopsis, but is not as common as bacterial meth-
anol utilization. Yeasts can be isolated by enrichment with 0-1-0-5% meth-
anol at pH 4-5 in a mineral salts medium containing vitamins and antibacterial
antibiotics. Most strains grow best at temperatures below 30°C. The most
successful sources of material are samples rich in organic material (Tani,
Kato and Yamada, 1978; Van Dijken, Harder and Quayle, 1981; Anthony,
1982; Large, 1983; Goldberg, 1985).

Although this short review of the methylotrophs has indicated the enor-
mous diversity of micro-organisms capable of utilizing one-carbon
compounds, the methods used for their isolation have been conservative.
For example, heat treatment of samples has been successfully used to isolate
Bacillus species, but this method has only rarely been used. A more imagin-
ative approach to selective isolation might be expected to extend considerably
the diversity of methylotrophs and C,-utilizing autotrophs.
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Conclusions

The selective isolation and characterization of novel and rare micro-
organisms from natural habitats is an integral part of industrial screening
programmes designed to discover and evaluate new metabolites. The con-
tinued detection of novel isolates will remain a matter of chance to some
extent, but methods are now available which allow the preferential isolation
and rapid characterization of uncommon and new microbes. The new
methods involve the use of selective isolation media and pretreatment of the
substrate to reduce the number of unwanted bacteria. They have mainly
been applied to the isolation of actinomycetes but are equally applicable to
other industrially important groups of bacteria, given the necessary high-
quality taxonomic data bases. Extensive numerical taxonomic data bases are
available for many bacterial taxa, including the aerobic endospore-forming
bacteria (Logan and Berkeley, 1984; Priest er al., 1986) and some Gram-
negative facultatively methylotrophic organisms {Green and Bousfield, 1982).

The concept of the general isolation medium is no longer tenable. Organ-
isms exhibit a bewildering variety of nutritional profiles and a battery of
selective media must be used if a representative sample of bacteria are to
be isolated from the complex microbial communities found in nature. The
pioneering studies on the actinomycetes underline the limitations of con-
ventional isolation procedures and reinforce the view that even in intensively
studied habitats many novel microbes await discovery (Williams, Goodfellow
and Vickers, 1984). In the final analysis the microbes should be seen as
friends and partners who may well take care of our future if we seek them
out and treat them sensitively and tmaginatively.
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