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Abstract Nine strains isolated from mycetoma

patients and received as Streptomyces somaliensis

were the subject of a polyphasic taxonomic study. The

organisms shared chemical markers consistent with

their classification in the genus Streptomyces and

formed two distinct monophyletic subclades in the

Streptomyces 16S rRNA gene tree. The first subclade

contained four organisms, including the type strain of

S. somaliensis, and the second clade the remaining

five strains which had almost identical 16S rRNA

sequences. Members of the two subclades were

sharply separated using DNA:DNA relatedness and

phenotypic data which also showed that the subclade

1 strains formed an heterogeneous group. In contrast,

the subclade 2 strains were assigned to a single

genomic species and had identical phenotypic pro-

files. It is evident from these data that the subclade 2

strains should be recognised as a new species of

Streptomyces. The name proposed for this new species

Erika T. Quintana and Katarzyna Wierzbicka contributed

equally to this work.

The GenBank accession numbers for the 16S rRNA gene

sequences of Streptomyces somaliensis DSM 40738T and

Streptomyces sudanensis DSM 41607, DSM 41608, DSM

41609, SD 504T and SD 509 are EF540897, EF540898,

EF540999, EF515876 and EF540900.
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is Streptomyces sudanensis sp. nov. The type strain is

SD 504T (DSM = 41923T = NRRL B-24575T).

Keywords Mycetoma � Polyphasic taxonomy �
Streptomyces

Introduction

Most aerobic filamentous actinomycetes are soil

saprophytes but some are serious pathogens of man.

The latter include organisms that cause actinomyce-

toma, a localised chronic, destructive and progressive

infection of skin, subcutaneous tissue and eventually

bone (McNeil and Brown 1994; Develoux et al.

1999). This disease is endemic in certain tropical and

subtropical regions where it has a devastating effect

on patients as it frequently leads to deformities,

disabilities and eventually amputation of the affected

organs. The main causal agents are considered to be

Actinomadura madurae, Actinomadura pelletieri,

Nocardia brasiliensis, Nocardia otitidiscaviarum,

Nocardia transvalensis and Streptomyces somaliensis

(Trujillo and Goodfellow 2003).

Actinomycetoma is a major health problem in

parts of Sudan (Mahgoub 1985; Fahal and Hassan

1992; Fahal 2004, 2006) where most cases are

attributed to S. somaliensis (Gumaa and Mahgoub

1975; Taha 1983; Gumaa 1994; Fahal 2006). The

causal agents of the disease still tend to be identified

by the colour of grains (macroscopic pigmented

colonies of the causal organism surrounded by

masses of inflammatory cells) discharged from

sinuses or from biopsy material and by the morpho-

logical characteristics of strains growing on standard

cultivation media. Such practices, while understand-

able, are inappropriate for the accurate classification

and identification of the causal organisms. It seems

likely that patients who do not respond to standard

therapeutic treatment may be infected with unknown

actinomycetes and thereby require specific antibiotic

treatment regimes. This is a serious problem as

actinomycetoma becomes dangerous to health, or

even life, when treatment is inadequate or delayed.

A thorough microbiological diagnosis while desir-

able is not always possible due to difficulties in

isolating and characterising the causal agents. A

co-ordinated approach from the collection of spec-

imens through to the identification of the causal

agents of actinomycetoma has been described by

Goodfellow (1996).

It is evident from the application of genotypic and

phenotypic procedures that the genus Streptomyces as

a whole is underspeciated (Manfio et al. 2003;

Saintpierre-Bonaccio et al. 2004; Xu et al. 2006)

though molecular systematic data show that some

established species described using phenotypic crite-

ria should be reduced to synonyms of previously

described species (Lanoot et al. 2004, 2005; Liu et al.

2005). Members of the genus are generally consid-

ered to be non-pathogenic but the taxon does

encompass pathogenic species, notably Streptomyces

scabies and Streptomyces somaliensis (Williams

et al. 1989; Bouchek-Mechiche et al. 2006). The

present study was designed to clarify the taxonomy of

actinomycetes isolated from mycetoma patients in the

Sudan and presumptively identified as S. somaliensis.

It was evident from the resultant polyphasic taxo-

nomic study that some of these organisms belong to a

new species of Streptomyces. The name proposed for

this taxon is Streptomyces sudanensis sp. nov.

Materials and methods

Organisms and cultural conditions

The sources and strain histories of the organisms are

given in Table 1. The SD coded strains were isolated

on Sabouraud dextrose agar plates (MacFaddin 1985)

which had been incubated at 37�C following inocu-

lation with grains taken from deep excision biopsy

material then washed several times in normal saline

to remove debris and blood. The isolation plates were

examined daily until actinomycete colonies were

evident; the colonies were subcultured onto fresh

Sabouraud dextrose agar plates and incubated at 37�C

for 7 days. Biomass for the chemotaxonomic studies

and for DNA isolation was obtained by growing each

of the strains in 250 ml shake flasks (150 revolutions

per minute) containing 50 ml-1 of either glucose–

yeast extract broth (Gordon and Mihm 1962) or

modified Sauton’s broth (Mordarska et al. 1972),

respectively at 28�C for 7 days. The biomass for the

chemical analyses was washed twice in distilled

water then freeze-dried, and that for the molecular

systematic studies in NaCl–EDTA (0.1 M EDTA, pH

8.0, 0.1 M NaCl) prior to storage at -20�C.
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Chemotaxonomic and phenotypic properties

Standard chromatographic procedures were used to

determine the isomers of diaminopimelic acid (Sta-

neck and Roberts 1974) and the menaquinone

composition (Collins 1994) of the test strains and

appropriate marker organisms; the presence of

mycolic acids were sought using an alkaline meth-

anolysis procedure (Minnikin et al. 1980). The strains

were examined for an extensive range of phenotypic

properties using a standard inoculum (McFarland

turbidity 5 in ¼ strength Ringer’s solution) with

media and methods described by Williams et al.

(1983). They were also examined for their ability to

grow on tryptone–yeast extract, yeast–malt extract,

inorganic salts–starch and glycerol asparagine agars,

that is, on ISP media 1, 2, 4 and 5, after Shirling and

Gottlieb (1966).

16S rRNA gene sequencing analyses

Isolation of chromosomal DNA, PCR amplification

and direct sequencing of 16S rRNA genes of the test

strains was carried out as described previously (Kim

et al. 1998). The resultant almost complete 16S

rRNA sequences were compared with corresponding

sequences of members of the genus Streptomyces

obtained from GenBank (http://www.ncbi.nlm.nih.

gov). The 16S rRNA secondary structure models

were downloaded as DCSE files from the European

Ribosomal RNA Database (http://www.psb.ugent.

be/rRNA/). The sequences were aligned using

CLUSTAL X 1.83 software (Thompson et al. 1997).

Sites suitable for further phylogenetic analyses were

extracted from the alignments using Gblocks 0.91b

(Castresana 2000) assuming less stringent criteria.

Two phylogenetic analyses were carried out. In the

first one, standard methods assuming independent

substitutions in sites were used while the second one

involved the use of methods that consider RNA

secondary structure constraints and assume a corre-

lation between substitutions in paired regions of RNA

helices. In the first method phylogenetic trees were

constructed by using five tree-making algorithms,

neighbor-joining (NJ), minimum-evolution (ME),

weighted least-squares (WLS), maximum-parsimony

(MP) and maximum-likelihood (ML), from the Paup*

4.0b program (Swofford 1998). In the case of the ME,

WLS, MP and ML methods, the trees were searched

from 10 starting trees obtained by stepwise addition

with random-addition sequences, followed by the use

of the TBR branch-swapping algorithm on each

starting tree; bootstrap analyses were performed on

2,000 replicates for each of the methods. The

MrBayes 3.1.2 program (Ronquist and Huelsenbeck

2003) was used to find the Bayesian tree by

application of two independent runs and 7 Markov

chains. Trees were sampled every 100 generations of

40 million generations and the first 25,266,000

Table 1 Sources and strain histories

DSM 40738T S. somaliensis; R.E. Gordon, Rutgers University, New Brunswick, USA; F. Mariat, IP 733; mycetoma of the

foot of a 20-year old male

DSM 41607 S. somaliensis; F. Mariat, Institut Pasteur, Paris, France; IP 314; London School of Hygiene and Tropical

Medicine, A-310

DSM 41608 S. somaliensis, D. Mackenzie, Mycological Reference Laboratory, Bristol, England, NCPF 1069; Khartoum,

Sudan in 1970

DSM 41609 S. somaliensis, D. Mackenzie, NCPF 1070; Khartoum, Sudan in 1970

DSM 41610 S. somaliensis, D. Mackenzie, NCPF 1220; Khartoum, Sudan in 1970

SD 504 S. somaliensis; A.H. Fahal, Mycetoma Research Centre, University of Khartoum, Khartoum; white grain from

mycetoma with sinuses on the right foot of a 20-year old pregnant woman from Kordofan, Western Sudan,

1999

SD 509 S. somaliensis; A.H. Fahal, white grain from mycetoma on the right foot of a 42-year old man from El Rahad,

Kordofan, Western Sudan, 1999

SD 511 S. somaliensis; M.E. Hamid, Department of Preventive Medicine and Public Health, University of Khartoum,

Khartoum, Sudan; mycetoma, 1999

SD 534 S. somaliensis; M.E. Hamid; mycetoma, 1999

DSM, Deutsche Sammlung von Mikroorganismen, Mascheroder Weg 1b, D-38124, Braunschweig, Germany
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generations discarded. In the distance, maximum-

likelihood and Bayesian analyses, the GTR+I+C
model was applied using the Modeltest 3.7 program

(Posada and Crandall 1998). In the MP analysis,

transversions were weighted two times transitions.

Three programs were used in the second approach

which considered the secondary structure of RNA

genes. In inferring the ML tree by TREEFINDER

(Jobb et al. 2004) the bactSLT+I+C model of nucle-

otide substitutions and 2,000 replicates in the

bootstrap analysis were applied. In searching for a

tree using MrBayes 3.1.2 (Ronquist and Huelsenbeck

2003) two independent runs and 7 Markov chains

were carried out. The doublet GTR+I+C model for

stem regions of rRNA sequences and the simple

GTR+I+C model for loops were used. Trees were

sampled every 100 generations out of 20 million

generations and the first 11,246,000 generations

discarded. In the case of PHASE (Jow et al. 2002)

the paired-site RNA16A+I+C model for stems and

the simple GTR+I+C model for loops were used. This

analysis ran through 2 million initial generations, the

trees were sampled every 100 generations during the

additional 1 million generations. The 50,000 sampled

trees generated from the five independent runs were

concatenated to produce the consensus tree (Fig. 1).

DNA base composition

Chromosomal DNA was extracted from wet biomass

of S. somaliensis DSM 40738T and SD 504T after

Mordarski et al. (1976). The thermal denaturation

procedure of Marmur and Doty (1962) was used to

determine the guanine (G) plus cystosine (C) content

of the DNA preparations, using the following equa-

tion: mol.% G+C = (Tm -53.9) 2.44, where Tm is

the melting temperature. The preparations were

examined either three or four times in 0.19 SSC

(19 SSC is 0.15 M NaCl plus 0.015 M - trisodium

citrate, pH 7.0) with DNA taken from Streptomyces

avermitilis MA-4680 (70.7 mol.% GC) used as the

control.

DNA:DNA relatedness studies

Purified DNA was prepared from all of the test strains

following the procedure described by Mordarski

et al. (1976). The DNA:DNA relatedness studies

were carried out using the nitrocellulose filter

method, as described by Kim et al. (1998), using

probes prepared from strains DSM 40738T, DSM

41607, DSM 41608, DSM 41609, SD 504T, SD 509

and SD 511. The experiments were performed at least

three times under optimal hybridization conditions.

The amount of bound probe DNA was estimated by

scintillation counting and relatedness values

expressed as the percentage of probe bound (mean

of hybridization assays) relative to the corresponding

homologous reactions.

Results

16S rRNA gene sequences

Comparison of the nearly complete 16S rRNA gene

sequences of the strains (1,363–1,521 nucleotides)

with corresponding sequences of streptomycete type

strains available from GenBank confirmed that all of

the tested strains belong to the genus Streptomyces

(data not shown). It is apparent from Fig. 1 that the

nine strains fall into two subclades which are

sharply separated from one another and from

representatives of phylogenetically related taxa.

The monophyly of each of the two subclades is

supported by all of the tree-making algorithms and

by high bootstrap values.

Subclade 1 encompasses four organisms, Strepto-

myces somaliensis DSM 40738T, DSM 41610, SD

511 and SD 534, which form a relatively heteroge-

neous taxon. The two most closely related organisms,

S. somaliensis DSM 40738T and DSM 41610, share a

16S rRNA gene sequence similarity of 99.9%. The

type strain shares lower sequence similarities with

strains SD 511 and SD 534, namely 99.3% and

99.0%, respectively. In turn, strains SD 511 and SD

534 have the lowest sequence similarity, 98.5%, in

common. In contrast, the five organisms which

formed subclade 2, strains DSM 41607, DSM

41608, DSM 41609, SD 504 and SD 509, have 16S

rRNA sequence similarities within the range 99.8–

99.9%. The highest sequence similarity found

between S. somaliensis DSM 40738T and a member

of the second subclade is with strain DSM 41607;

these organisms shared a 16S rRNA sequence

similarity of 97.6%.
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DNA:DNA relatedness studies

It can be seen from Table 2 that the five subclade 2

strains share DNA:DNA relatedness values between

70% and 100% using probe DNA from each of the

five strains. It is evident that the mean DNA:DNA

relatedness values for each of the reciprocal crosses is

above the recommended 70% cut-off point (Wayne

et al. 1987). It can, therefore, be concluded that

strains DSM 41607, DSM 41608, DSM 41609, SD

504 and SD 509 belong to a single genomic species.

In contrast, S. somaliensis DSM 40738T is relatively

closely related to strain SD 511. It is also apparent

from Table 2 that the members of the two subclades

share DNA:DNA relatedness values within the range

of 16–65%.

Morphological, cultural, chemical and phenotypic

characteristics

All of the tested strains had phenotypic properties

consistent with their assignment to the genus Strep-

tomyces (Williams et al. 1989; Manfio et al. 1995).
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Fig. 1 Phylogenetic tree based on 16S rRNA sequences

(1,563 sites) of 34 representatives of the family Streptomyce-
taceae. The tree was constructed using a Bayesian approach

based on the MrBayes 3.1.2 program that considers RNA

secondary structure constraints. The doublet GTR+I+C model

was assumed for the stem regions of the rRNA sequences and

the simple GTR+I+C model was applied for the loops. The

numbers at the nodes in the order shown correspond to

bootstrap percentages or posterior probabilities (in the case of

the Bayesian approach: MB1, MB2, PH) based on (i) standard

phylogenetic methods without RNA secondary structure

constraints, namely the neighbor-joining (NJ), minimum-

evolution (ME), weighted least-squares (WLS), maximum-

parsimony (MP) and maximum-likelihood (ML) tree-making

algorithms, Bayesian method by MrBayes 3.1.2 (MB1) and (ii)

methods considering RNA secondary structure constraints:

maximum-likelihood by TREEFINDER (TF), Bayesian

method by PHASE (PH) and by MrBayes 3.1.2 (MB2).

Bootstrap percentages and posterior probabilities lower or

equal to 50% were omitted or are indicated by a dash ‘‘-’’

(Felsenstein 1985)
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The organisms are aerobic, Gram-positive actino-

mycetes which form extensively branched substrate

mycelia, have whole-organism hydrolysates rich in

LL-diaminopimelic acid, lack mycolic acids, and

have hexahydrogenated menaquinones with nine

isoprene units as the predominant isoprenologue

(52.2–52.3% of the total menaquinone composition),

the corresponding octahydrogenated component

forms the balance of the menaquinones. None of

the organisms formed aerial hyphae on glycerol–

asparagine, inorganic salts–starch, tryptone–yeast

extract or yeast–malt extract agars. These results

are in line with those from previous studies on

S. somaliensis strains but nevertheless are unusual as

members of the genus Streptomyces typically form an

aerial spore mass (Williams et al. 1983, 1989). The

mean DNA base composition of strain DSM

40378T and SD 504T are 70.5 and 70.1 mol.%,

respectively.

Discussion

The strains received as S. somaliensis formed two

distinct subclades in the 16S rRNA gene tree. The

four strains assigned to subclade 1, which include

the type strain of S. somaliensis, constituted a

relatively heterogeneous group whereas the five

subclade 2 organisms shared very high 16S rRNA

gene similarities. DNA:DNA relatedness studies are

used routinely to resolve the finer relationships

between streptomycetes which share virtually iden-

tical 16S rRNA gene similarities, as exemplified by

studies on representatives of the S. griseus (Liu

et al. 2005) and S. violaceusniger (Goodfellow et al.

2007) subclades. The minimal level of DNA relat-

edness between strains required to circumscribe a

genomic species is recommended as 70% (Wayne

et al. 1987) though extensive DNA:DNA studies on

Streptomyces strains implied that genomic related-

ness values above 80% may correspond to species

level relatedness in this genus (Labeda 1993, 1998;

Labeda and Lyons 1992). It is evident from these

recommended guidelines that the subclade 2 strains

belong to a single genomic species.

Good congruence was found between the molec-

ular systematic and corresponding phenotypic data.

This is particularly so with the subclade 2 strains as

these organisms shared identical phenotypic prop-

erties, some of which readily distinguished them

from the strains assigned to subclade 1. It is evident

from the combined genotypic and phenotypic data

that the subclade 2 strains, that is, the strains

received as S. somaliensis DSM 41607, DSM

41608, DSM 41609, SD 504T and SD 509 should

be recognised as a new species in the genus

Streptomyces. The name proposed for this taxon is

Streptomyces sudanensis.

Table 2 DNA:DNA relatedness values between the tested strains

Source of unlabelled DNA DNA binding (%)

Source of 3H labelled DNA

DSM 40738T SD 511 DSM 41607 DSM 41608 DSM 41609 SD 504 SD 509

DSM 40738T 100 70 (19) 51 33 49 49 (7) 40

DSM 41610 57 (7) 33 (5) 30 21 31 29 (8) 32 (11)

SD 511 77 (16) 100 65 46 62 55 (7) 45 (22)

SD 534 21 (4) 29 (9) 23 16 23 25 (8) 17 (10)

DSM 41607 52 (15) 44 (4) 100 81 86 100 80 (5)

DSM 41608 51 45 100 100 100 100 100

DSM 41609 61 (11) 56 (3) 81 80 100 98 (3) 78

SD 504 47 (2) 45 (11) 70 100 79 100 84 (1)

SD 509 65 (3) 44 99 70 100 100 100

‘‘S. coelicolor’’ A3(2) 9 (6) 10 14 6 8 17 (8) 15

T , type strain. Standard deviations are given in brackets for the assays that were repeated several times ([3). Strains showing DNA

relatedness values of 70% or more are given in italics
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Description of Streptomyces sudanensis sp. nov.

(su.dan.en’sis. N.L. masc. adj. sudanensis, pertaining

to the Sudan, the source of the isolates).

Aerobic, Gram-positive, non-acid-alcohol-fast,

non-motile actinomycetes which form an extensively

branched, light yellow substrate mycelium on glycerol–

Table 3 Phenotypic properties that distinguish members of subclade 2 from those assigned to subclade 1

Strain numbers Subclade 1 Subclade 2

DSM 40738T DSM 41610 SD 511 SD 534 DSM 41607–DSM 41609,

SD 504T, SD 509

Morphological properties on oatmeal agar

Substrate mycelia colour Light yellow Light yellow Light yellow Yellow Light yellow

API ZYM test

Production of b-glucuronidase + - - - -

Biochemical test

Aesculin hydrolysis + - - + -

Degradation of (% [w/v])

Adenine (0.4) + - - + -

Casein (0.5) + - + - +

Hypoxanthine (0.4) + - - + -

Growth on sole carbon sources (1%, w/v)

Adonitol + + - + +

Glycerol + + - + +

Glycogen + + - + +

meso-Inositol + + - + +

D-raffinose + + - + +

L-rhamnose + + - + -

D-turanose + + - + +

D-xylose + + - + +

Growth on sole nitrogen sources (0.1%, w/v)

L-aspartic acid + - - - -

Growth at

50�C - - + + -

pH 11.0 - - + + -

Resistance to antibiotics (lg ml-1)

Clindamycin (2) + - - + -

Gentamicin sulphate (10) + - - + -

Streptomycin sulphate (10) + - + + -

+, positive; -, negative; v, variable. All of the strains degraded elastin (0.3), gelatin (0.4) and tyrosine (0.4); grew between 15 and

45�C and from pH 5.0 to 10; used L-arabinose, D- and L-arabitol, arbutin, D-cellobiose, dextran, dulcitol, meso-erythritol, D-fructose,

D-fucose, D-glucose, inulin, a-lactose, D-maltose, D-mannitol, D-melibiose, D-melezitose, D-ribose, D-sorbitol, L-sorbose, D-sucrose,

starch and xylitol as sole carbon sources for energy and growth (at 1%, w/v), and L-arginine, L-alanine, L-a-aminobutyric acid,

L-asparagine, L-aspartic acid, L-glutamic acid, L-lysine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-methionine, DL-norleucine,

DL-norvaline, L-ornithine, L-phenylalanine, L-proline, DL-serine, L-threonine and L-tryptophane as sole nitrogen sources (at 0.1% w/v)

and were resistant to amoxicillin (30), colistin sulphate (25) and penicillin G (0.6 units ml-1). In contrast, none of the organisms

produced aerial hyphae: degraded tributyrin or xanthine (0.4); grew at 10�C, reduced nitrate, produced urea; or grew in the presence

of ampicillin (30), cephaloridine (30), cephalexin (30), erythromycin (5), fusidic acid (10), novobiocin (5) or tetracycline

hydrochloride (25)
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asparagine, inorganic salts–starch, tryptone–yeast

extract and yeast–malt extract agars. Neither aerial

hyphae nor diffusible pigments are formed on these

media. The organism has an oxidative type of metab-

olism, grows between 15 and 45�C and from pH 5.0 to

10.0. Aesculin and urease reactions are negative,

nitrate is not reduced. Aesculin, L-fucose, D-galactose,

D-mannose, pectin, D-salicin and D-trehalose are used

as sole carbon sources for energy and growth (all at 1%,

w/v). Grows in the presence of filter paper discs soaked

in bacitracin (0.1 units ml-1), penicillin G (1 unit ml-1)

and sulphamethoxazole (25 lg ml-1), but not in

the presence of ampicillin (30 lg ml-1), cephalexin

(30 lg ml-1), cephaloridine (30 lg ml-1), clindamicin

(2 lg ml-1), erythromycin (5 lg ml-1), fusidic acid

(10 lg ml-1), gentamicin sulphate (10 lg ml-1), strep-

tomycin sulphate (10 lg ml-1), tetracycline hydro-

chloride (25 lg ml-1) or novobiocin (5 lg ml-1).

Additional phenotypic properties are shown in Table 3.

The mean DNA base composition of SD 504T is 70.1%

G+C.

Isolated from patients with mycetoma infections in

the Sudan. Type strain is SD 504T (= DSM 41923T =

NRRL B-24575T).

The present data show that mycetoma in the Sudan

can be caused by at least two Streptomyces species

the members of which show differences in antibiotic

sensitivity patterns. However, it seems highly likely

that the strains assigned to subcluster 1 belong to

more than one species. The type strain of S. somal-

iensis and strain SD 511 share high DNA:DNA

relatedness values and may belong to the same

genomic species, but S. somaliensis SD 511 shows

relatively low DNA gene similarities with these

strains and hence belongs to a different genomic

species. The phenotypic data show that the four

subclade 1 strains have distinct phenotypic profiles.

Further comparative taxonomic studies are needed to

clarify the taxonomic relationships between the

subclade 1 strains.

The results of the present study are in line with those

from previous investigations which indicated that

S. somaliensis strains form a heterogeneous group

(Trujillo and Goodfellow 2003). These findings under-

line the importance of isolating and characterising the

causal agents of actinomycetoma in an appropriate

clinical setting as it is evident that the colour and

texture of grains isolated from biopsy material is not a

sufficiently rigorous practice for the accurate identifi-

cation of streptomycetes that cause mycetoma.
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