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Abstract
In an extensive numerical phenetic survey, a number
of blue, red and gray spored streptomycete strains
were grouped together as Streptomyces cyaneus
species-group, a taxon which encompasses strains
known to produce antitumor antibiotics, notably anthra-
cyclines. In the present investigation these and related
streptomycetes were the subject of morphological and
16S rRNA sequencing studies designed to clarify their
taxonomic relationships. It is evident from these results
that the Streptomyces cyaneus species-group encom-
passes misclassified strains and members of several
distinct species. However, some of the red-spored
strains (e.g. Streptomyces janthinus ISP 5206T,
Streptomyces roseoviolaceus ISP 5277T and
Streptomyces violatus ISP 5209T) formed a distinct
clade. In contrast, most of the blue and gray-spored
strains showed much less sequence homology
between and with one another and were scattered
throughout the 16S rRNA Streptomyces tree. The
improved classification of this group of streptomycetes
provides an essential basis for establishing their indus-
trial and economical significance.
Keywords: 16S rDNA sequencing; Streptomycetes;
Streptomyces cyaneus.

INTRODUCTION

Traditional streptomycete taxonomy was dependent on
morphological characteristics such as aerial spore mass

colouration, diffusible pigments and spore chain
morphology. The subjective nature of such tests, the
high natural morphological diversity and intense
economic interest in these organisms led to a massive
overspeciation of the genus (Trejo, 1970). The second
largest phenon (cluster 18) delineated in the numerical
phenetic survey of the genus Streptomyces carried out
by Williams et al. (1983) and encompassed the type
strains of 31 validly described species. This taxon was
designated the Streptomyces cyaneus species-group as
the earliest validly described species it contained was
Streptomyces cyaneus (Krassilnikov, 1941) Waksman
1953. A taxon which encompasses strains known to
produce antitumour antibiotics, notably anthracyclines
(Brockmann and Bauer, 1950; Oki, 1977; Omura et al.,
1978; Yoshimoto et al., 1980; Oki et al., 1981; Kawai
et al., 1987; Fedorova et al.,1996). Strains assigned to
this species group still showed heterogeneity in respect
to the coloures the aerial spore mass produced by them.
The taxonomic integrity of cluster 18 was further
brought into doubt by the results of fatty acid analysis
(Saddler et al., 1987), total protein pattern (Manchester
et al., 1990), DNA: DNA relatedness (Labeda and
Lyons, 1991), numerical phenetic survey (Goodfellow
et al., 1992) and the LFRFA (Beyazova and
Lechevalier, 1993) studies. It is evident from the
results of the studies outlined above that the
Streptomyces cyaneus species-group recognized by
Williams et al. (1983) encompasses a taxonomically
diverse group of strains. The DNA: DNA relatedness
and associated studies show that some of these strains
can be considered as synonyms of Streptomyces
coeruleorubidus and Streptomyces purpurascens
(Labeda and Lyons, 1991). However, it is difficult in
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light of the inconsistences in some of the other datasets
to know which of the remaining strains might be suffi-
ciently closely related to be included in any additional
DNA: DNA pairing studies. It is evident that the
current classification of streptomycetes can be critical
in establishing taxonomic relationships between
strains which produce commercially significant bioac-
tive compounds, notably antibiotics. This aspect is
exemplified in the present study which was designed
to establish taxonomic relationships between strepto-
mycetes belonging to the Streptomyces cyaneus
species-group (Williams et al., 1983) based on 16S
rDNA sequencing data. 

MATERIALS AND METHODS

Organisms and growth conditions: Thirty seven
strains of Streptomysetes were obtained from different
sources (Table 1). Working stock cultures were main-
tained on yeast extract-malt extract agar slants at 4°C.
Biomass used for the extraction of DNA was grown on
non-sporulating agar plates for 3-5 days at 28°C.
Approximately 50 mg (one loopful or rise grain size of
biomass) was needed for DNA extraction.

Colour grouping: The strains were examined for
aerial spore mass colour, substrate mycelium colour
and soluble pigment production following incubation
on oatmeal agar at 28ºC for up to 21 days. Peptone-
yeast extract- iron agar plates were used to detect the
formation of melanin pigments following incubation at
28ºC for up to 4 days.

Morphology: The Spore chain morphology was
observed by light and in some cases by scanning
electron microscopy (SEM) of 21-day-old cultures
grown at 28ºC on oatmeal agar plates.

Isolation of genomic DNA: Chromosomal DNA was
extracted and purified using Genomic G2 Kits (Helena
BioScience, Sunderland, UK) with some minor modi-
fications in the recommended procedure; like lyses by
lysozyme.

PCR amplification of 16S rDNA: The 16S rRNA
genes of the test strains were amplified using con-
served primers (Lane, 1991). PCR was performed for
30 cycles at 95°C for 45 seconds, 45°C for 45 seconds,
and 72°C for 1.5 minutes. 

16S rRNA sequencing: Approximately 10 µl of each
of the purified PCR product alongwith  10 µl of each
of the oligonucleotide primers specifically designed
for hybridising to conserved sites in the 16S rRNA
molecule (Lane, 1991) were sequenced using the
dideoxy method. Sequencing reactions were run on an
ABI Prism 377 automated sequencer. 

Data analysis: The 16S rRNA sequences were aligned
automatically or manually by using the CLUSTAL X
(Thompson et al., 1997) and PHYDIT (Chun, 1995)
programs against those of reference streptomycete
nucleotide sequences retrieved from the RDP (Maidak
et al., 2001) and EMBL-GenBank (Benson et al.,
2000, Stoesser et al., 2001) databases. Phylogenetic
trees were inferred by using the neighbour-joining
(Saitou and Nei, 1987), maximum-parsimony, least-
squares algorithms and generated by either the
PHYLIP software package (Felsenstein, 1993) or the
TREECON program (Van de Peer and De Wachter,
1994).  

RESULTS

The tested strains were divided into four groups on the
basis of the production of aerial spore mass pigments
on oatmeal agar (Table 2). Nearly all of the organisms
assigned to these groups can be distinguished from one
another on the basis of diffusible pigment and sub-
strate mycelial colour and by their ability to produce
melanin pigments on peptone yeast iron agar. The test-
ed strains showed a range of spore chain morphologies
and spore surface ornamentations when grown on
oatmeal agar plates at 28°C for 21 days. Many of the
strains formed chains of spiral, spiny spores (Fig. 1).

Almost complete 16S rDNA sequences (>1,400
nucleotides) were obtained for all of the strains. The
data was compared with 27 corresponding and almost
complete nucleotide sequences of representatives of
the genus Streptomyces retrieved from the RDP data-
base. The accession numbers of all of the strains are
given in figure 2. The strains can be assigned to four
loose multimembered aggregate groups, clades A to D,
based on the results of the neighbour-joining analysis.
Generally the 16S rDNA sequencing data support the
grouping of the red-spored strains  viz, S. violatus, S.
roseoviolaceus, S. janthinus, S. violarus, S. fumanus
and S. pallidus in one group. On the other hand, the
blue spored strains had much less 16S sequences
homology with each other and are widely dispersed on
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the tree. It is evident that S. cyaneus, the type strain of
the cluster 18, had little 16S sequence homology in
common with the other strains and was separated from
the remaining strains in the cluster. Our study supports
the suggestion that members of the species-group
demonstrated a high degree of heterogeneity.

DISCUSSION

The 16S rDNA sequence data generated in the present
investigation indicate that the Streptomyces cyaneus
species-group sensu Williams et al. (1983) is marked-
ly heterogeneous, a finding which underpins the
results of earlier DNA: DNA pairing (Labeda and
Lyons, 1991), fatty acid (Saddler et al., 1987) and total
protein pattern (Manchester et al., 1990) studies.
However, an important advantage of the 16S rDNA
sequence data over the results of these earlier studies is
that they provide a measure of the taxonomic diversity
encompassed within the Streptomyces cyaneus
species-group. In the present study, it was particularly
interesting that the type strains of validly described
species assigned to the taxon by Williams et al. (1983)
were recovered in two out of the four 16S rDNA clades
recognized in the streptomycete tree. It was also inter-
esting that 19 out of the 31 type strains were assigned
to 16S rDNA clade A together with 14 representatives

of validly described Streptomyces species. It is evident
from the 16S rDNA sequence data that streptomycetes
which produce a blue aerial spore mass on oatmeal
agar form a markedly heterogeneous group. These
results although interesting are not surprising as it is
now realised that streptomycete species need to be
delineated not on the basis of a few subjectively cho-
sen morphological and pigmentation properties but by
using a combination of reliable genotypic and pheno-
typic data (Manfio et al., 1995; Atalan et al., 2000;
Sembiring et al., 2000). The results of the 16S rDNA
sequencing studies carried out in the present investiga-
tion have gone someway towards clarifying relation-
ships between members of the Streptomyces cyaneus
species-group and between them and representatives
of validly described Streptomyces species included in
the RDP database. The next step is to determine the
taxonomic status of the 16S rDNA subclades by
evaluating their composition in light of available geno-
typic and phenotypic data. 

There is some evidence that only streptomycetes
from certain phyletic lines can produce specific
metabolites, as exemplified by the production of
clavulanic acid from members of the Streptomyces
clavuligerus subclade (Payne et al., 2001). In the
present study, anthracycline-like antibiotics were
detected in eleven out of the thirty-seven members of
the Streptomyces cyaneus species-group (Dr. E. Lacey,

Figure 1. Scanning electron micrographs of “Streptomyces thermotolerans” ISP 5227 grown on oat-
meal agar plates for 21 days at 28°C: (a) Spiral spore chains; (b) Spiny spores.
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Figure 2. Neighbour-joining tree based on almost complete 16S rDNA sequences showing relationships between members of the
Streptomyces cyaneus species-group and some representative strains of the genus Streptomyces. The numbers at the nodes indicate the
level of bootstrap support (%) based on a neighbour-joining analysis of 1000 resampled datasets. The scale bar indicates 0.02 substitu-
tions per nucleotide position.
Abbreviation: Letter A corresponds to the strains that produce anthracycline compounds (unpublished data provided by Dr. E. Lacey);
B=blue, G= gray, R=red and Y=yellow refer to aerial spore mass colours.
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unpublished data). However, seven out of the eleven
strains were assigned to the Streptomyces cyaneus and
Streptomyces purpurascens subclades, a result which
suggest that it may be possible to predict strepto-
mycete metabolite potential from good quality taxo-
nomic data. Additional comparative studies are needed
to test this hypothesis. 

In general, the results of the present study are very
encouraging, especially when taken together with ear-
lier findings, as they indicate that relationships
between taxonomically complex groups, such as the
Streptomyces cyaneus species-group sensu (Williams
et al., 1983) can be resolved using appropriate combi-
nations of genotypic and phenotypic data.
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