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We determined almost complete 16S ribosomal DNA sequences for 12 actinomycete strains which were either
previously classified as Kitasatospora strains or defined as Strepfomyces strains but shown to contain major
amounts of meso-diaminopimelic acid in their whole-cell hydrolysates. These sequences were subjected to
phylogenetic analyses together with the sequences of 34 Streptomyces species. Phylogenetic trees were recon-
structed by using both neighbor-joining and maximum-parsimony methods. The Kitasatospora species always
formed a stable monophyletic clade. However, the genus Kitasatospora appeared to be either a sister taxon of
the genus Streptomyces or a lineage that originated from within Streptomyces species, depending on the outgroup
used. Phylogenetic trees were also constructed by using the sequences of the 16S-23S rRNA gene spacers.
Streptomyces and Kitasatospora species were consistently recovered as two distinct clades independent of the
outgroup used. On the basis of phylogenetic, chemotaxonomic, and phenotypic evidence, we propose that the
genus Kitasatospora Omura et al. 1982 should be revived.

The genus Kitasatospora was proposed by Omura et al. in
1982 for actinomycete strains which were phenotypically sim-
ilar to Streptomyces strains but contained major amounts of the
meso isomers of diaminopimelic acid (DAP) and galactose in
whole-cell hydrolysates (15, 16). Takahashi et al. (24) studied
the distribution of the two isomers of DAP in cells at different
stages of differentiation and growth and found that Streptomy-
ces species contained only LL-DAP in both aerial and vegeta-
tive mycelia, while Kitasatospora species contained LL-DAP in
the aerial mycelium and meso-DAP in the vegetative myce-
lium. Although the relative amounts of the two isomers
seemed to vary in different experiments and some Streptomyces
species were also found to contain various amounts of meso-
DAP, Kitasatospora species consistently had a much higher
ratio of meso-DAP to LL-DAP than Streptomyces species (29).
The Kitasatospora species are also characterized by their resis-
tance to polyvalent Streptomyces phages (29) and the formation
of submerged spores in liquid culture (15, 16, 24), which are
features rarely observed in Streptomyces species.

Wellington et al. (29) reported that the 16S rRNA sequence
of Kitasatospora setae showed 91.6% similarity to the 16S
rRNA sequence of Streptomyces baldaccii and that a Strepto-
myces-specific oligonucleotide probe could recognize all four
valid Kitasatospora species. On the basis of these observations
and phenotypic properties shared by Kitasatospora and Strep-
tomyces species, these authors proposed that the name Kita-
satospora should be reduced to synonymy with the name Strep-
tomyces. Ochi and Hiranuma (14) later supported this proposal
on the basis of the results of an analysis of the N-terminal
sequences of ribosomal protein AT-L30. However, the unifi-
cation of these two genera is not unequivocal. For instance,
Nakagaito et al. (12), using the results of DNA-DNA reasso-
ciation and phenetic studies, found that the Kitasatospora spe-
cies and the original Streptomyces species formed two distinct
clusters. Recently, Kim et al. (8) conducted a 16S rRNA se-
quence-based phylogenetic analysis of a large number of Strep-
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tomyces species and observed that three Kitasatospora species
formed a distant and stable clade outside the clade comprising
Streptomyces species.

In order to further clarify the phylogenetic relationship be-
tween the genera Kitasatospora and Streptomyces, we deter-
mined the nucleotide sequences of 16S rRNA genes and 16S-
23S rRNA gene spacers of 12 actinomycete strains which were
either previously classified as Kitasatospora strains or defined
as Streptomyces strains but shown to contain major amounts of
meso-DAP in their whole-cell hydrolysates. Here, we report
the results of phylogenetic analyses in which we used se-
quences of both 16S ribosomal DNAs (rDNAs) and 16S-23S
rRNA gene spacers, and we propose that the genus Kitasato-
spora Omura et al. 1982 (15) should be revived.

MATERIALS AND METHODS

Organisms and culture conditions. The actinomycete strains used in this study
were purchased from the Japan Collection of Microorganisms (Wako, Japan)
and the Institute for Fermentation (Osaka, Japan). Strain designations are listed
in Table 1. Cells were cultured in media as described by the suppliers.

Preparation of genomic DNAs. The genomic DNAs were prepared as previ-
ously described (27, 28).

PCR amplifications. The pair of oligonucleotides and PCR conditions used for
amplification of the nearly complete 16S rRNA genes have been described
previously (27, 28). For amplification of the 16S-23S rRNA gene spacers, one
primer was designed to target the conserved sequence at the end of the 16S
rRNA gene, and the second primer was specific for a conserved block at the
beginning of the 23S rRNA gene. The sequences of the two oligonucleotides are
as follows: 5" CCG GGA TCC GGT TGG ATC CAC CTC CTT3' (nucleotides
1525 to 1542; Escherichia coli numbering [1]) and 5" AAG GGA TCC TGC CAA
GGC ATC CAC C3' (nucleotides 33 to 48; E. coli numbering). The restriction
site for BamHI (underlined nucleotides) was added to each primer for
convenient cloning of the PCR-amplified fragments. The PCR conditions were
basically the same as those used for amplifying 16S rRNA genes (27, 28), except
that the elongation time was 20 s.

Cloning and sequence analysis. Cloning and sequencing of the PCR-amplified
rDNA and spacer fragments were carried out as described previously (27, 28).

Sequence t and phylogenetic analysis. Multiple alignment of se-
quences and computation of sequence similarities were carried out by using the
Clustal method of the DNASTAR program (DNASTAR, Inc., Madison, Wis.).
Evolutionary distance matrices were generated by the method of Jukes and
Cantor (6). Phylogenetic trees were constructed by using both the maximum-
parsimony method of the PAUP program (23) and the neighbor-joining method
described by Saitou and Nei (18). The confidence level of phylogenetic tree
topology was evaluated by performing 1,000 bootstrap replications and using the
bootstrap program contained in the ClustalW package (4).
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TABLE 1. Actinomycete strains used

GenBank accession no.

Taxon Strain
16S rDNA  Spacer region
Kitasatospora kifunense JCM9081T 193322 U93323
“Kitasatospora brunnea” IFO14627  U93314 U93315
“Kitasatospora cystarginea” JCM7356"  U93318 U93319
Kitasatospora griseola JCM3339"  U93320 U93321
Kitasatospora mediocidica IFO14879  U93324 U93325
“Kitasatospora melanogena” JCM3337"  U93326 U93327
Kitasatospora phosalacinea JCM3340" 193330 U93331
Kitasatospora setae JCM3304"  U93332 U93333
“Nocardiopsis streptosporus”  1FO14362  U93334 U93335
“Streptomyces azaticus” IFO13803,; U93312 U93313
“Streptomyces cochleatus” IFO14768; U93316 U93317
“Streptomyces paracochleatus” 1FO14769, U93328 U93329
“Kitasatospora grisea” JCM7249 U93336 U93337
“Kitasatospora papulosa” JCM7250 U93338 U93339

RESULTS AND DISCUSSION

Organisms used in this study. The organisms used in this
study are listed in Table 1. The original names of these organ-
isms are used below. There are four valid Kitasatospora species
(Kitasatospora setae [15], Kitasatospora griseola [25], Kitasato-
spora phosalacinea [25], and Kitasatospora mediocidica [10])
and four invalid Kitasatospora species (“Kitasatospora melano-
gena” [20], “Kitasatospora brunnea” [21], “Kitasatospora cys-
targinea” 9], and “Kitasatospora kifunense” [5)). “Streptomyces
cochleatus” and “Streptomyces paracochleatus” (12) were de-
fined after the proposed unification of the genera Kitasatospora
with Streptomyces. These two species and the previously de-
fined taxon “Streptomyces azaticus” (3, 12) were shown to con-
tain major amounts of meso-DAP in their cell walls and to
exhibit closer DNA-DNA relatedness with Kitasatospora spe-
cies than with members of the original genus Streptomyces (12).
“Nocardiopsis streptosporus” (11) was combined, by Nakagaito
et al. (12), with K phosalacinea and “K. brunnea” in one spe-
cies. For convenience, we refer to the species mentioned above
as members of the genus Kitasatospora throughout this paper.
We also included “Kitasatospora papulosa” (13) and “Kitasato-
spora grisea” (13), which were originally classified as Kitasato-
spora species but later were found to belong to the original
genus Streptomyces because no meso-DAP was detected in
their cell walls (12).

Analysis of 16S rDNA sequences. We obtained almost com-
plete 16S rDNA sequences (nucleotides 7 to 1507; E. coli
numbering [1]) from all of the organisms described above and
subjected them to phylogenetic analyses. The initial analysis,
which included sequences from representative species of most
actinomycete groups, confirmed that the kitasatosporae and
streptomycetes were most closely related to each other in the
order Actinomycetales (data not shown) (8, 29). We then car-
ried out more detailed analyses in which we focused on se-
quences from members of the two groups of organisms. Figure
1 presents the phylogenetic trees inferred when the neighbor-
joining method (18) was used. When the alignment gaps were
included as a fifth base and Nocardia asteroides and Bacillus
subtilis were used as outgroups (Fig. 1A), all of the Kitasato-
spora species aggregated, with a bootstrap value of 100%, in
one clade separate from the clade containing Streptomyces
species. This clade contained “S. cochleatus,” “S. paracochlea-
tus,” “S. azaticus,” and “Nocardiopsis streptosporus,” which con-
firmed the close relationships of these species with members of
the genus Kitasatospora determined by Nakagaito et al. (12).
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The misclassified taxa “K. papulosa” and “K. grisea” aggregated
closely with six Streptomyces species. When the nucleotide po-
sitions corresponding to the alignment gaps were excluded
from the analysis (Fig. 1B), the Kitasatospora clade was shown
to originate from within the radiation of the genus Streptomy-
ces and to form a sister group of the group containing several
Streptomyces species, represented by Streptomyces bikiniensis.
Similar trees were also obtained when Streptosporangium and
Micromonospora species were used as outgroups with or with-
out inclusion of the alignment gaps in the analysis and when
the maximum-parsimony method (23) was used (data not
shown). Kim et al. (8) also noticed the effect of different out-
groups on the relationship between kitasatosporae and strep-
tomycetes. However, in no case were Kitasatospora species
intermixed with Streptomyces species, and the bootstrap value
for the Kitasatospora clade was always more than 95%. The
integrity of the Kitasatospora group was also demonstrated by
the results of a pairwise analysis of the levels of nucleotide
sequence similarity (data not shown). The average level of
sequence similarity between members of the genus Kitasato-
spora was 97.65%, and the levels of sequence similarity ranged
from 95.9% (between “S. azaticus” and “K. brunnea”) to 99.5%
(between “S. cochleatus” and “S. paracochleatus”), whereas the
average level of sequence similarity between Kitasatospora and
Streptomyces species was much lower, 93% (range, 90.7 to
95.6%).

Analysis of 16S-23S rRNA gene spacers. The 16S rRNA
sequence analysis described above could not distinguish be-
tween the following two possible relationships of kitasatospo-
rae to streptomycetes: (i) both groups are monophyletic, and
the two taxa are sister taxa; and (ii) the kitasatosporae repre-
sent a lineage that originated from within the radiation of the
genus Streptomyces, in which case the genus Streptomyces
would be paraphyletic. An example of the second type of
relationship is the evolutionary origin of the genus Nocardia
from within the radiation of Rhodococcus species (17).

16S rRNA sequences are highly conserved in evolution (31),
and closely related species are often found to have identical or
nearly identical sequences (22). Thus, 16S rRNA sequence-
based phylogenetic analysis may not be powerful enough to
reliably resolve close phylogenetic relationships, such as the
relationship between the kitasatosporae and the streptomy-
cetes (22). Nucleotide sequences of genes that are evolution-
arily more variable than the rRNA genes may provide useful
information for the resolution of close relationships. To fur-
ther investigate the phylogenetic relationship between the two
groups of organisms, we analyzed the internally transcribed
spacers between the 16S and 23S rRNA genes, a region known
to be more variable than 16S rRNA genes (2). We cloned and
sequenced the 16S-23S rRNA gene spacers of all of the strains
listed in Table 1 and of species belonging to the genera Strep-
tosporangium, Micromonospora, Microtetraspora, and Micro-
bispora for use as outgroups in phylogenetic analyses. Figure 2
shows the phylogenetic trees inferred when the spacer se-
quences were used. Although considerable gaps had to be
introduced in some regions in the alignment (Fig. 3), the kita-
satosporae and streptomycetes were consistently separated
into two distinct clades irrespective of the inclusion (Fig. 2A)
or exclusion (Fig. 2B) of the gaps. The separation of the two
groups was substantiated by high bootstrap values and was not
affected by the different outgroups used. Spacers from more
distant groups of actinomycetes could not be used as out-
groups, because they exhibit very low levels of homology with
the spacers of streptomycetes and kitasatosporae. These re-
sults strongly suggest that the genera Kitasatospora and Strep-
tomyces are sister taxa.
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506 Micromonospora inositola ALCC 21773
Micromonospora olivasterospora ATCC 21819

1000| 1945 Micromonospora echinospora subsp. ferruginea ATCC 15836
Micromonospora carbonacea subsp. aurantiaca ATCC 27115
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Streptomyces ambifaciens ATCC 23877
Streptomyces albosporeus subsp. albosporeus JCM 4135
Streptomyces venezuelge ATCC 10595
Strgptomyces mauvecolor JCM 5002
treptomyces canus JCM 4212

Streptomyces albidoflavus JCM 4003
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Kitasatospora setae JCM 3304

Kitasatospora griseola JCM 3339
‘Kitasatospora cystarginea’ JCM 7356

Kitasatosporda phosalacinea JCM 3340

'Kitasatospora melanogena’ IICM 3337

993~ 'Kitasatospora kifunense’ JCM 908

‘Streptomyces azaticus’ IFO 13803

779 Kitasatospora mediocidica TFO 14879
741 Microtetraspora africana  IFO 14745

999 Microtetraspora salmonea IFO 14687

Microbispora chromogenes TFO 14876

991 Streptosporangium pseudovulgare TFO 13991

549 Streptosporangium fragile TFO 14311

0.038 Streptosporangium corrugatum IFO 13972
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FIG. 2. Neighbor-joining trees generated by using the sequences of 16S-23S rRNA gene spacers. For details, see the legend to Fig. 1. The GenBankAaccession
numbers for the spacer sequences of non-Kitasatospora species and subspecies are as follows: Micromonospora carbonacea subsp. carbonacea, AFOO4OOQ; Micromono-
spora carbonacea subsp. aurantiaca, AF004001; Micromonospora hylophytica subsp. hylophytica, AF004002; Micromonospora inositola, AF00400§; Mzcromonospom
olivasterospora, AF004004; Micromonospora echinospora subsp. ferruginea, AF004005; Micromonospora echinospora subsp. pallida, AF004006; Mzcrohzspgra chromo-
genes, AF004007; Microtetraspora africana, AF004008; Microtetraspora salmonea, AF004009; Streptosporangium amethystogenes, AF004010; Streptosporangium corruga-

tum, AF004011; Streptosporangium fragile, AF004012; and Streptosporangium pseudovulgare, AF004013.
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AAGGAGCACAT---GGCCGGTTGCG- ~AGCGAATGTCTCGCAC-GGTT-GCTCATGGGTGGAACGTTGACTATTCGGCACACACGGTTG
AAGGAGCACAT---AGCCGGATGCG- -AGCGAATGTCTCGCAC-GGTT-GCTCATGGGTGGAACGTTGACTATTCGGCACGATGAACGA
AAGGAGCACAC---GGC-AGCTTCG~ ~GGCGAATGTCCCGGAGTGCTA-GCTCATGGGTGGAACGTTGACTATTCGGCACACATGGTAG

AAGGAGCACAT

‘S. cochleatus’ AAGGAGCACAC---GGC-AGCTTCG- ===~ ==m=mm—mm e GCCGAATGTCCCGGAGTGCTT-GCTCATGGGTGGAACGTTGACTATTCGGCACACTCGGTAG
'S. paracochleatus’ AAGGAGCACAT=-=~GGC~AGCTTCG -~ ==~ ——m == ———mm—mm— e GGCGAATGTCCCGGAGTGCTT-GCTCATGGGTGGAACGTTGACTATTCGGCACAGGAAGTGA
S. albidoflavus AAGGAGCATCTAGAT-TC~~CTTCGG~-GAATCCAGAGCCACTACGTCGGCAAATGTTCGACGGTGGTCAGCTCATGGGTGGAACGTTGACTATTCGGCACGATCAATCG
S. albosporeus BAAGGAGCAC====~——=—=—m—mmm— oo oo ATAGCCGAC-TGCAAGCAAATGTCTTGCA-CGGTT-GCTCATGGGTGGAACGTTGACTACTCGGCACGGTTT--TC

S. canus

S. celluloflavus
S. fradiae

S. lavendulae
S. mauvecolor

AAGGAGCAC-TCTTA-CCGACTTCGGT--AGTACGAGGCCAACACGCAGGCACACGTTCTGCGGTGGTT-GCTCATGGGTGGAACGTTGACTATTCGGCACTCTCAGTCA
AAGGAGCACTTCTTA-GCCAGCTTGCTTGGTTCAGAGGCCAGTACATCGGCGARTGTCCGGTGCTGGTT-GCTCATGGGTGGAACGTTGACTATTCGGCACAT -GGGTTG
ARGGAGCACTTCTCAGCCRAGCTTGCTTGGTTCAGAGGCCAGTACATCAGCGAACGTCTGATGACTGGTTGCTCATGGGTGGAACGTTGACTACTCGATCTGGTTCACGG
AAGGAGCAT----—=————-———————-——==——— ATAGCCGAC-TGCGATCGAATGAATCGCA~CGGTT-GCTCATGGGTGGAACGTTGATTATTTGGCACGGTTT~--CC
AAGGAGCAC--———-———=--——————mmmmm e AGCACCGTC-TGCAGGCAGATGTCCTGCA~-CGGTCAGCTCATGGGTGGAACGTTGACTATTCGGCACAGTTAAGTT

S. platensis AAGGAGCACTTCTTA-CCAAGCCTGGCTTG~TCAGAGGCCAGTACATCAGCGAGTGTCTGATGCTGGTT-GCTCATGGGTGGAACGTTGACTACTCGGCACGGTCGGTTC
S. sulphureus AAGGAGCATTTCTTA-CCGAGCTTGTCTTGGTCAGAGGCCAGTACATCGGCGAATGTCCGGTGCTGGTT-GCTCATGGGTGGAACGTTGACTATTCGGCACATCGGGTTG
‘K. grisea” AAGGAGCATCTA--—--- GATTCCGC-~AAGTCAGAGGCCACTACGTCGGCAAATGTTCGACGGTGGTTAGCTCATGGGTGGAACGTTGACTATTCGGCACGATGAGCAC
‘K. papulosa’ AAGGAGCACTTCTTA-CCGAGTTCGC--TCGTCAGAGGCCACTACGTCGGCAAATGTTCGACGGTGGTT-GCTCATGGGTGGAACGTTGACTATTCGGCACGATGAGCAC
KSPr
'S. azaticus’ ATGGTTCGT-GAGACI] JAAAGCGTT~CTTGAGTCTGGT-~GTGTCGGGCACGIIGTTGGGTFCCTGAGGGAATGGCCGTCATGGTCTGA
‘K. brunnea’ -CGGACTGC-CAGFACS AACGCAGGTCCTGAAGCGGGT - -GTGCCGGGCACG[IIGTTGGG T CICTGAGGGAACGGCTTT-GCCGTTGT -
‘K. cystarginea’ ATCGGCCAC-TAGIIACIG! AACGTGGGTTTGTGACTGGGTC -GTGTCGGGCACGIGTTGGGT|CCTGAGGGAGCGGCCGTT~TGGCTGGT
K. griseola ATGAC-CGT-CAGIACTG AACGCGGGTTCGGAGTCGGGT - -GTGTCGGGCACGIIGTTGGGTCICTGAGGGAACGA-~GTGATCGTTT -~
‘K. kifunense’ ATGGTTCGT-GAG[TAC[H] AAAGCGTTTCTTGAGTCTGGT - -GTGTCGGGCACGTGTTGGGT-CICTGAGGGAACGA~~GTAATCGT T~ -
K. mediocidica GTTG-TTAC-CAGTACES] AAAGCTTCAGCGGGGTCGGGT - -GTGTCGGGCACGETGTTGGGTCICTGAGGGAACGGCC-TTATCGT-GGT
'K. melanogena’ ATGGC-CGC-CAGITACKS AAGACGGTTCATGGGTCGGGT-~GTGTCGGGCACG|IGTTGGGTHCCTGAGGGAACGGCCGTCATGGTCGTT
K. phosalacinea G-GATCTGC-CAGIACIG GGGGCGTGGARGACAGGGACC - -GCTTGGT - -GTGTCGGGCACGTGTTGGGTHCICTGAGGGAACGGC—— -~ TTGCCGTT
K. setae GACGAGCGG-TAGIACTS GGC~~GTGGARAGCGCTTCGTCTGGTCG-TC-GGGTCGGGCACGIIGTTGGGTHCCTGAGGGAACGA~~GTAATCGTTGT -
'N. streptosporus’ ~~GACCTGC-CAGIIAC[IGCCCTCTTCTCGGGGGCETIGGAACGC ~GGTACCGC--TGGGT - -GTGCCGGGCACGETGTTGGG T CICTGAGGGAACGGT T T T-TCCGTTGT -
'S. cochleatus’ G--GATCACT-AGIACIGCTTC-~~ =~~~ GGCGTGGAAGACG-TGGTCACCAGCTTGGT - ~GTGTCGGGCACGIGTTGGG T CICTGAGGGACGGAGTG-~ATCGTTGC -
'S. paracochleatus’ ACAGAGAGCTCAGIACIELCTCT- -~ ———— TG-GCGCCGGAAG-AGATTCTGGATGCAGT - -GTGTCGGGCACGIGTTGGGTECCTGAGGGAACGGGTA~~ATCGTTGC -
S. albidoflavus GTT----- TCTGCTAGTAC-TGCTTC--~-GGCGTGGAACAC--A-GGAG-AAGAGGGATCGGTGTCGGGCACGTTGTTGGGTGTCTGAGGGTGCGG--CCGT-AAGCTTG

S. albosporeus
S. canus

S. celluloflavus
S. fradiae

S. lavendulae
S. mauvecolor
S. platensis

S. sulphureus
‘K. grisea’

‘K. papulosa’

‘S. azaticus’

‘K. brunnea’

‘K. cystarginen’
K. griseola

‘K. kifunense’
K. mediocidica
'K. melanogena’
K. phosalacinea
K. setae

’N. streptosporus’
'S. cochleatus’

'S. paracochleatus”

TTATGG-ATC-ACTAGTAC-TGCTTC---GGCGTGGAACGTGATTG-CTGAGAGGGGATTCGTGTCGGGCACGCTGTTGGGTATCTGAGGGAATGAGT TT-———————~~
TCTCG--GGCTGCAAGTACGTCTCTTCGGAGCGTGGARAGC-TG-ATCA-CAGTGGCGGGGGTGCCGGGCACGCTGTTGGGTGTCTGAGGGT - ~~GACGCGTTG-~--CTC
GTT----GTTT-CCAATAC-TGCTTC---GGCGTGGAACGG--G-ATGA-CGGATCGGGTG~-TGTCGGGCACGCTGTTGGGTATCTGAGGGTACGGACT -~TCAAGTCTG
GTCGAA~GGCCGCAAGTAC-TACCGCAAGGGTGTGGAACGCGTG-ATCTTCGGACGGGACCGGGTCGGGCACGCTGTTGGGTGTCTGAGGGCTCG————— GTTG---CTC
AGAACA-TCCTGTAAGTAC-TGCTTC---GGCGTGGAAAACCAGTGATAGTCGAGGGGATCGTG--GGGCACGCTGTTGGGTATCTGAGGGTACGGCCGTAA-GGT--CT
CGGTGG-GTTTGCTAGTAC-TGCTTC-~-GGCGTGGAACGTGAACA~CATCAACTGG--CTGGGCCGGGCACGCTGTTGGGTGTCTGAAGGCACGGGCTTAT-GCCTGCT
GTG--~~AACCGCTAGTAC-TGCCTTCGGGGCTTGGAACGT~~G~GGGA~TCGGCTG-ATG-TGTCGGGCACGCTGTTGGGTATCTGTGGGTG-ACGCG~~TTG~~~CTC
GTT~---GTTT-CCAGTAC-TGCTTC---GGCGTGGAACGG--G-ATGA-CGGAT ~GCGTG-TGTCGGGCACGCTGTTGGGTATCTGAGGGTACGGACT ~~TCAAGTCTG

GGT----- TTTGTTAGTAC-TGCTTC--~GGCGTGGAACAC--A-GGAT-CGGGTTGATCGG~GTCGGGCACGCTGTTGGGTATCTGAAGGTACGGGCTCGTTGAGTCTG
GGT----- TTTGTTAGTAC-TGCTTC--~-GGCGTGGAACAC--G-GGAT-CGGGTTGATCGG-GT-GGGCACGCTGTTGGGTATCTGAAGGTACGGGCTCGTTGAGTCTG
SKSPr

A--CCTCGAGGATGCCGGTCCCACGGACAGTG-~CTCGT-TTTCGGGTGGTGTAG~GTGGG TG
—--CTCGTGGA-TGCCGGCCTCATGCCGGGCGCTCCTGTAA-GGGGGTGTC~GGGTTTGGGTGICTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
A~-CCTCATGGTTGCCGGTCTCATGTGAAGGAGTCTCGTGTTCGGGGTTCTGGAGTGTGGGTGRCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT

TCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT

ix

Al
CTTCTGGGATGCCGGCCTCATGCGAGGCG-~CCCG--TGAGGGTTGCCGAGT - TTGGGTGICTGGTCGTTGTTTGAGAACTGCACAGT GGACGCGAGCATCTGT

i

I

Al

G-~-TCTC---AGTGCCGGTCCCA-~-~----~ TG--CTTGT-T--~-G--—---—— AG-GTGGGTGILCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
A--CCTCTGGA-~GCCGGTCCCACGGACATTG-CCTTATTCTTGGGGTTGTGTAG-GTGGG TGILCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
G--CTTCAGAGATGCCGGTCCCACTGACAG-G--CCTCC-TGGTGAGCGTCGTAG-GTGGGTGRACTGGTCGTTGTTTGAGAARCTGCACAGTGGACGCGAGCATCTGT
G--TCTCTTGGATGCCGGCTCCACTGGACGGG--TGTGT-TTCGCTGC-CCGATG-GTGGATGICTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
CTTCAGGTTGGCC--CCTCATGCCGGGCGTCCCTGTCTTGGGGGTGTCG-GGTTTGGGTGICTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
CTCATGGA-TGCCGGCCTCATGCGAGGCGCTCCCGTCA-GGGTGTGCT-GAGTTTGGGTGICTGGTCGTTGTTTGAGARCTGCACAGTGGACGCGAGCATCTGT
CTCATGGAGTGCCGGTCCCATGCCGGGCGTCCCTGTACTGGGGGTGT -CGGGGGTGGGTGICTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
~~~CTCATGGAGTGCCGGTCCCATGCCGGGCGTCCCTGTCTTGGGGGTGTTCGGGTTTGGG TG TGGTCGTTGTTTGAGAACTGCACAGTGGTCGCGAGCATCTGT

S. albidoflavus
S. albosporeus
S. canus

S. celluloflavus
S. fradiae

S. lnvendulae
S. mauvecolor
S. platensis

S. sulphureus
‘K. grisea’

‘K. papulosa’

TTCCTTCG~~TT--CCGGCCCCA--~-GTGAACTC-GTCC-TCAGGAC--GGGGTGGTGGGTGGCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
-=CCTTCA--GTTGCCGGCCCCA----GTGCACTCGGGAGTTT -~ TTCCCGGGGTGATGGGTGGTTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
GTCCTTCG--GATGCCGGCCCCA--~--GTGAACTC-GCCTGTGAGGGC—-GGGGTGATGGGTGGCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
GACCTTCG-TGATGCCGGCCCCA ~GTGAACTC-AGC-TTCGGGTT--GGGGTGGTGGGTGGCTGGTCGTTGCTTGAGAACTGCACAGTGGACGCGAGCATCTGT
GCCCTTCGGCGATGCCGGCCCCA--~-GTGAACTCCGGATCTTGTGTCCGGGGGTGATGGGTGGCTGGTCGTTGCTTGAGAACTGCACAGTGGACGCGAGCATCTGT
TATCTTCG-CGATGCCGGCCCCA: ~GTAAARAACTCTCGTTC~-GGCAGGGTGTGATGGGTGGCTGGTCGTTGCTTGAGAACCACACAGTGGACGCGAGCATCTGT
GGTCTTCG--GTCGCCGGCCCCA-~~~GTGCACTCACCAGGTT--CTGGTGGGGTGATGGGTGGCTGGTCGTTGTTTGAGARCTGCACAGTGGACGCGAGCATCTGT
GTCCTTCG-CGATGCCGGCCCCA-~~~GTGAACTC-AGCCTTCGGGTT - ~GGGGTGGTGGGTGGCTGGTCGTTGCTTGAGAACTGCACAGTGGACGCGAGCATCTGT
GACCTTCG-TGATGCCGGCCCCA ~GTGAACTC-AGCCTTCGGGTT--GGGGTGGTGGGTGGCTGGCTCGTTGCTTGAGAACTGCACAGTGGACGCGAGCATCTGT
GATCTTCG--GTTGCCGGCCCCA -GTGCACTC-ACCTGTAAGGGT --GGGGTGATGGGTGGCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT
GATCTTCG--GTTGCCGGCCCCA~--~GTGCACTC-ACCTGTAAGGGT -~GGGGTGATGGGTGGCTGGTCGTTGTTTGAGAACTGCACAGTGGACGCGAGCATCTGT

FIG. 3. Multiple-sequence alignment of the sequences of 16S-23S rRNA gene spacers determined by using the Clustal method of the DNASTAR program. The
sequences of members of the genus Kitasatospora and the sequences of members of the genus Streptomyces are divided by a line. The nucleotides specific for the
members of the genus Kitasatospora are enclosed in a box. The arrows indicate the positions of two oligonucleotide primers which we used for identification of
Kitasatospora species by PCR (see Fig. 4).

Specific nucleotide signatures in the spacer region. The satospora species amplified an expected fragment only from

spacer sequence alignment revealed nucleotide signatures spe- members of the genus Kitasatospora.

cific for each group of organisms. For example, there are nine Conclusion. The results of our phylogenetic analyses, based
nucleotides (Fig. 3) unique to members of the genus Kitasato- on the sequences of both 16S rRNA genes and 16S-23S gene
spora. Such signatures can be targeted by oligonucleotides for spacers, strongly suggest that the genus Kitasatospora is a taxon
convenient discrimination between kitasatosporae and strep- that is separate from the genus Streptomyces. These results do

tomycetes by hybridization or PCR. Figure 4 shows that a pair not totally disagree with the observations of Wellington et al.
of oligonucleotide primers designed to be specific for the Kita- (29) and Ochi and Hiranuma (14) in that the two groups of
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FIG. 4. Differentiation of Kitasatospora species from Streptomyces species by
PCR by using Kitasatospora-specific oligonucleotides. Genomic DNA was pre-
pared from each organism and was used as a PCR template. Lanes 1 to 8,
amplification from members of the genus Kitasatospora, (K. griseola, “S. azati-
cus,” “Nocardiopsis streptosporus,” K. phosalacinea, K. brunnea, “S. cochleatus,”
“S. paracochleatus,” and K. setae, respectively); lanes 9 to 16, amplification from
some randomly picked Streptomyces species (Streptomyces sp. strain MA6858 =
[ATCC 55098, Streptomyces griseus JCM4047, Streptomyces fradiae ATCC 19609,
Streptomyces nodosus ATCC 14899, Streptomyces hygroscopicus JCM4772, Strep-
tomyces rimosus JCM4073, Streptomyces noursei ATCC 11455, and Streptomyces
sp. strain ATCC 43620, respectively). (A) Positive control showing the successful
amplification of an approximately 1-kb fragment from all of the templates. The
forward primer (5" GAA CAG GAT TAG ATA CCC 3') targets nucleotides 781
to 796 (E. coli numbering [1]) of the 16S rRNAs of all of the organisms, and the
reverse primer is SKSPr (5" ACA GAT GCT CGC GTC CAC 3'), which targets
the end of the 16S-23S rRNA gene spacer (see Fig. 3). (B) Specific amplification
from members of the genus Kitasatospora. The forward primer (5" CCG TCG
AAG GTG GGA CCA 3') corresponds to nucleotides 1463 to 1480 of the 16S
rRNA (E. coli numbering [1]), and the reverse primer is KSPr (5" TCC CTC
AGG ACC CAA CAA 3'), as shown in Fig. 3.

organisms are indeed closely related. However, in the study of
Wellington et al. (29), which was based on partial 16S rRNA
sequences from only one Kitasatospora species, K. setae, and
four Streptomyces species, the authors could not possibly dis-
cover the phylogenetic separation of the two groups of actino-
mycetes. In addition to the phylogenetic evidence, the chemo-
taxonomic differences between the members of the genus
Kitasatospora and the members of the genus Streptomyces are
also substantial. It is well-accepted that both DAP and galac-
tose have great discriminatory value in classification and iden-
tification of actinomycetes at the generic and suprageneric
levels (7, 19). The presence of major amounts of meso-DAP
and galactose in the members of the genus Kitasatospora (12,
15, 25) but not in the members of the genus Streptomyces
reflects the phylogenetic integrity of each group and the dis-
tance between the two groups of organisms. The formation of
submerged spores in liquid culture and resistance to polyvalent
Streptomyces phages are other characteristics that may distin-
guish the members of the genus Kitasatospora from at least the
majority of Streptomyces species.

On the basis of the phylogenetic, chemotaxonomic, and phe-
notypic evidence described above, we propose that the genus
Kitasatospora Omura, Takahashi, Iwai, and Tanaka 1982 (15)
should be revived.

Nomenclature considerations. As a result of the revival of
the genus Kitasatospora, the description of the genus Strepto-
myces Waksman and Henrici 1948 (26) should follow the de-
scription given by Witt and Stackebrandt (30). On the basis of
chemotaxonomic and phenotypic properties determined by
Nakagaito et al. (12) and the result of this study, the Strepto-
myces species “S. azaticus,” “S. cochleatus,” and “S. paraco-
chleatus” should be transferred to the genus Kitasatospora.

Emended description of the genus Kitasatospora Omura, Ta-
kahashi, Iwai, and Tanaka 1982. Kitasatospora (Ki.ta.sa.to.spo'ra.
Jpn. n. Kitasato, a Japanese microbiologist; M.L. fem. n. spora
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spore; M.L. fem. n. Kitasatospora, Kitasato spore). The de-
scription below is based on data from this study and previous
studies (12, 15, 29).

The substrate mycelium is as well-developed as Streptomyces
substrate mycelium, and the aerial mycelium bears long spore
chains containing more than 20 spores. No fragmentation of
substrate mycelium occurs. No sporangia are formed. The ma-
jor constituents of the cell wall are glycine, galactose, and
meso-DAP or LL-DAP, depending on the type of cells ana-
lyzed. When cells are grown on agar media, the aerial spores
contain LL-DAP, whereas the substrate mycelium contains
meso-DAP. When cells are grown in liquid media, submerged
spores are formed, and the spores contain LL-DAP and the
filamentous mycelia contain meso-DAP. Whole-cell hydroly-
sates contain galactose, but lack arabinose, madurose, and
xylose. The phopholipid type is type II. The glycolate test is
negative. The organism is gram positive, aerobic, and che-
moorganotrophic. The growth temperature range is 15 to 42°C,
and the pH range is 5.5 to 9.0. The G+C content is 66 to 73
mol%.

The genus Kitasatospora can be distinguished from the genus
Streptomyces by the ratio of meso-DAP to LL-DAP in whole-
cell hydrolysates. The meso-DAP content is 49 to 89% in Kita-
satospora strains and 1 to 16% in Streptomyces strains. Galac-
tose is present in the whole-cell hydrolysates of Kitasatospora
strains but not in the whole-cell hydrolysates of Streptomyces
strains. In the dendrogram constructed by using 16S rRNA
sequences of actinomycete species, Kitasatospora species form
a tight clade which excludes all Streptomyces species; and in the
dendrogram based on the 16S-23S rRNA gene spacers, the
genera Kitasatospora and Streptomyces form distinct clades.
The genus Kitasatospora can be readily distinguished from the
genus Streptomyces by specific nucleotide signatures in the se-
quences of both the 16S rRNA and the 16S-23S rRNA gene
spacers.

The type species of the genus is Kitasatospora setae Omura,
Takahashi, Iwai, and Tanaka 1982 (15).

Descriptions of new combinations. The description of Kita-
satospora azatica comb. nov. (a.za'ti.ca. L. adj. azatica, referring to
the product aza amino acid, an antitumor agent) is the same as
that given by Nakagaito et al. (12).

The description of Kitasatospora cochleata comb. nov. (coch'le-
.a.ta. L. adj. cochleata, spiral, referring to the formation of spiral
aerial mycelium) is the same as that given by Nakagaito et al.
(12).

The description of Kitasatospora paracochleata comb. nov.
(pa.ra.coch’le.a.ta. L. pron. para, along side of, resembling; L.
adj. paracochleata, a species like K. cochleata) is the same as
that given by Nakagaito et al. (12).
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