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Abstract Actinomycetes are antibiotic-producing
filamentous bacteria that have a mycelial life style.
The members of the three genera classified in the
family Streptomycetaceae, namely Kitasatospora,
Streptacidiphilus and Streptomyces, are difficult to
distinguish using phenotypic properties. Here we
present biochemical and genetic evidence that helps
underpin the case for the continued recognition of the
genus Kitasatospora and for the delineation of addi-
tional Kitasatospora species. Two novel Kitasatos-
pora strains, isolates MBT63 and MBT66, and their
genome sequences are presented. The cell wall of the
Kitasatospora strains contain a mixture of meso-and
r.-diaminopimelic acid (A,pm), whereby a single
DapF surprisingly suffices to incorporate both com-
ponents into the Kitasatospora cell wall. The avail-
ability of two new Kiftasatospora genome sequences in
addition to that of the previously sequenced
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Kitasatospora setae KM-6054" allows better phylo-
genetic comparison between kitasatosporae and strep-
tomycetes. This showed that the developmental
regulator BIdB and the actin-like protein Mbl are
absent from kitasatosporae, while the cell division
activator SsgA and its transcriptional activator SsgR
have been lost from some Kitasatospora species,
strongly suggesting that Kitasatospora have evolved
different ways to control specific steps in their
development. We also show that the tetracycline-
producing strain “Streptomyces viridifaciens” DSM
40239 not only has properties consistent with its
classification in the genus Kitasatospora but also
merits species status within this taxon.
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Abbreviations

aa Amino acid

A,pm  Diaminopimelic acid
nt Nucleotide

SALP SsgA-like protein

Introduction
The phylum Actinobacteria (Goodfellow 2012)

includes many morphologically complex mycelium-
forming bacteria that are of great importance for
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biotechnology due to their ability to produce a large
array of natural products, including antibiotics, antican-
cer agents and immunosuppressants (Hopwood 2007).
The rapid spread of multiple drug resistant pathogens
and the discovery that whole genomes of filamentous
actinomycetes are rich in biosynthetic gene clusters
accounts for the renewed research focus on these
organisms (Baltz 2008). The revolution caused by
next-generation sequencing technologies (Shendure and
Lieberman Aiden 2012) has greatly accelerated the
release of new actinomycete genome sequences. Thus,
as understanding of the genetics of filamentous actino-
mycetes increases a large number of biosynthetic gene
clusters are being unveiled, offering new options for
genome mining-based drug discovery. However, new
challenges are posed by the need to find new ways to
activate gene clusters so as to identify the products they
specify (Baltz 2008; Craney et al. 2012; Zhu et al.
2014a), and by the requirement for rapid and sound
classification of putatively novel actinomycete species.
The wealth of genome data gives more detailed insights
into the evolution of genes, identifying classes of
proteins that are specific to organisms at generic and
family ranks (Kirby 2011a), while the distribution of
genes provides valuable insights into the role of proteins
or protein families in cellular processes, such as in
development and secondary metabolism.

Many biotechnologically important actinomycetes
classified in the family Streptomycetaceae, have a
complex mycelial life cycle and are a striking example
of multicellular bacteria (Claessen et al. 2014; Flardh
and Buttner 2009). Their life cycle starts with a single
spore that germinates to form young vegetative hyphae,
which then grow out following a process of hyphal
growth and branching to produce a branched vegetative
(substrate) mycelium (Chater and Losick 1997). During
the reproductive phase aerial hyphae differentiate into
long chains of spores following a complex cell division
event whereby ladders of septa are produced within a
short time span (Jakimowicz and van Wezel 2012;
McCormick 2009). Genes that control the onset of
morphological differentiation are referred to as bld
(bald) genes (Merrick 1976), and those that control the
differentiation of aerial hyphae into mature spores as
whi (white) genes, indicating the lack of production of
the grey spore pigment (Chater 1972).

Several families of developmental regulatory pro-
teins occur exclusively in filamentous actinomycetes,
such as the WhiB-like proteins (Wbl; (Soliveri et al.
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2000)) and SsgA-like proteins (SALPs), which reflects
the specific demands set by the complex sporulation
programme. The SALPs are cell division regulators
that occur exclusively in morphologically complex
actinomycetes (Jakimowicz and van Wezel 2012;
Traag and van Wezel 2008), with a suggestive linkage
between the number of SALP paralogues and the
complexity of the developmental process; as a rule of
thumb, actinomycetes which produce single spores
have a single SALP, which invariably is an orthologue
of SsgB (Xu et al. 2009), those that form short spore
chains two SALPs, while actinomycetes with complex
development, such as Frankia and Streptomyces
species, typically have multiple SALPs. The model
organisms Streptomyces coelicolor (Bentley et al.
2002) and Streptomyces lividans (Cruz-Morales et al.
2013), bona fide members of Streptomyces violaceor-
uber, contain seven SALPs (SsgA-G). All sporulating
actinomycetes contain SsgB, which is essential for
sporulation (Keijser et al. 2003) and recruits the cell
division protein FtsZ to future septum sites (Willemse
et al. 2011).

The extraordinary evolution, in particular of the
SsgB protein, with (almost) complete conservation of
its protein sequence within a particular genus (max-
imum of one amino acid [aa] change), and large
divergence even between related genera, led to a
proposed new taxonomic tool for the classification of
morphologically complex actinomycetes (Girard et al.
2013). This morpho-taxonomic approach comple-
ments the more traditional molecular analyses based
on the divergence of 16S rRNA and rpoB genes, and is
important as the latter do not always provide sufficient
resolution when comparing closely related species nor
do they confidently discriminate between or unite
sister genera within families.

The taxonomic status of the genus Kitasatospora
(Omura et al. 1982) within the family Streptomyceta-
ceae has been a matter of dispute for many years
(Ludwig et al. 2012). The genus was reduced to a
synonym of the genus Streptomyces by Wellington
et al. (1992), and then re-established as a separate
genus by Zhang et al. (1997). The status of the genus is
still a matter of debate (Kampfer 2012; Labeda et al.
2012), though relationships based on the phylogeny of
the SsgA-like proteins data suggest that Kitasatospora
should probably be seen as a sister genus to Strepto-
myces within the family Streptomycetaceae (Girard
et al. 2013). Genome sequence comparison is an
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important means of phylogenetic comparison. Until
now, the only available Kitasatospora genome
sequence was that of Kitasatospora setae KM-
6054", the type strain of the genus (Ichikawa et al.
2010). Indeed, Ishikawa and colleagues noted that
many of the genes related to morphological differen-
tiation in Streptomyces were highly conserved in the
K. setae strain though there were some differences as
exemplified by the apparent absence of the Amfs
(SapB) class of surfactant proteins and differences in
the copy number and variations of paralogous com-
ponents involved in cell wall synthesis. In addition,
multilocus phylogenetic analysis based on amino acid
sequences clearly placed the K. setae strain outside the
genus Streptomyces.

In this study, we present new insights into the
evolution and origin of Kitasatospora and provide
further phylogenetic evidence that this taxon should
retain its generic status within the family Streptomy-
cetaceae. We present the draft genome sequences of
Kitasatospora strains MBT63 and MBT66, which
were isolated from a Himalayan soil, and show that
genes related to morphological differentiation and cell
division have been lost in kitasatosporae, including
bldB, which is required for the formation of aerial
mycelia in streptomycetes (Pope et al. 1998), the
sporulation gene whiJ (Ainsa et al. 2010) and the gene
for the cytoskeletal protein Mbl (Soufo and Graumann
2003), while ssgA and its transcriptional activator gene
ssgR (Traag et al. 2004) are apparently in the process
of being lost from kitasatosporae. We also provide
preliminary, but compelling evidence that the two
Kitasatospora isolates and the invalidly described
“Streptomyces viridifaciens” strain DSM 40239 form
new centers of taxonomic variation within the genus
Kitasatospora that merit recognition as new species.

Results and discussion

Isolation, classification and whole-genome
sequencing of Kitasatospora strains MBT63
and MBT66

These strains were isolated from a Himalayan soil
sample and provisionally assigned to the genus Kitasa-
tospora on the basis of partial 16S ribosomal RNA
analysis (Zhu et al. 2014b). This assignment was
underpinned in the present study as it was shown that

whole-organism hydrolysates of their substrate mycelia
contained meso-diaminopimelic acid (meso-A,pm).
When grown on SFM agar plates strain MBT66 secretes
a brown diffusible pigment and its aerial hyphae
differentiate into chains of exospores (Fig. S1). Detailed
analysis of the spore chains by cryo-scanning electron
microscopy revealed chains that were longer than those
produced by Kitasatospora strain MBT63, which
resembled those formed by the model organism S.
coelicolor A3(2) (Fig. 1). To gain more insight into the
evolution of Kitasatospora strains, and the genes
involved in their morphological development, a draft
genome sequence was generated for strain MBT66 by
[lumina paired-end sequencing combined to Pacific
Biosciences reads, which were assembled into 45
scaffolds (Table 1). A less detailed draft genome
sequence was generated for Kitasatospora strain
MBT63 by Illumina technology, which yielded 849
contigs. The genome of Kitasatospora strain MBT63
has a G 4 C content of 73.0 %, a genome size of
9.9 Mb and encodes a predicted 8,651 proteins, while
that of Kitasatospora strain MBT66 has a G 4 C
content of 73.2 %, a genome size of 10.4 Mb and
encodes a predicted 8,827 proteins (Table 1). With
8,783,278 bp (8.8 Mb) and encoding a predicted 7,569
proteins, the genome of K. setae KM-6054" is signif-
icantly smaller (Ichikawa et al. 2010). Putative proteins
and RNAs encoded by the genomes were annotated as
described in the Materials and Methods section (Fig. S2
and Table 1). No major differences were observed for
gene function predictions by RAST between the
Himalayan Kitasatospora strains and K. setae KM-
6054" (Fig. S2).

The chromosomes of Streptomyces, unlike those of
most other bacteria, are linear, with the telomeres
containing inverted repeats that are covalently bound
by terminal proteins (Yang et al. 2002; Lin et al. 1993).
The presence of homologues of the rapA (SCO7733 in
S. coelicolor), tpgA (SCO7734) and 1trA (SCO0002 and
SCO7845) genes is an obvious marker for linearity of
the chromosome (Kirby et al. 2008), and identification
of these genes in K. setae supports the notion that its
genome is also linear (Ichikawa et al. 2010). Analysis
of the genomes of Kitasatospora strains MBT63 and
MBT66 revealed the presence of orthologues of 74,
tapA and tpgA, with the latter two immediately adjacent
to one another, suggesting they are true functional
orthologues. There is between 42 and 49 % aa identity
between the predicted TapA and TpgA proteins of
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Fig. 1 Scanning electron
micrographs of
Kitasatospora strains
MBT63 and MBT66 grown
on SFM agar plates for

5 days at 30 °C. Bar, 2 pm

Table 1 General characteristics of the Kitasatospora genome sequences and comparison to that of S. coelicolor A3(2)

Kitasatospora isolates

Strain MBT63 MBT66 K. setae KM-6054T S. coelicolor A3(2)
Total base pairs (Mbp) 9.86 10.4 8.78 8.67

Contigs number 849 45 1 1

(G + C) content (%) 73.0 73.2 74.2 72.1

RNAs 78 81 74 63

Proteins 8,651 8,990 7569 7825

Closest relative Kitasatospora setae Kitasatospora setae NA NA

Accession number JAIZ00000000 JAIY00000000 NC_016109 NC_003888

S. coelicolor and the Kitasatospora strains. The conservation and the lack of information concerning
homology between the putative #rAl and ttrA2 genes the precise location of the chromosomal ends in the
of S. coelicolor A3(2) and of the three Kitasatosporae draft MBT genomes, further and more detailed char-
is even lower (i.e. lower than 40 % aa identity between acterization is needed to ascertain the linearity of the

the predicted gene products). Considering this low genomes of Kitasatospora MBT63 and MBT66.
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Molecular taxonomy underscores the generic
status of Kitasatospora

The classification of the Kitasatospora strains based
on 16S rRNA gene sequences and RpoB and RecA
protein sequences are shown in Figs. S3, S4 and S5,
respectively. It is apparent from the 16S rRNA tree
(Fig. S3) that Kitasatospora strains MBT63 and
MBT66 cluster with the type strains of validly
published Kitasatospora species albeit within the
evolutionary radiation occupied by type strains of
Streptomyces species, a result supported by corre-
sponding RpoB and RecA sequences. Additional
genotypic and phenotypic data are needed to underpin
the generic status of Kitasatospora. We recently
showed the value of SsgA-like protein sequences
(SALPs) as additional molecular taxonomic markers
for sporulating actinomycetes (Girard et al. 2013). The
conservation of SsgB sequences—namely identical or
nearly identical within a genus and at the same time
highly variable even between related genera—allows
accurate classification of actinomycetes at the level of
the genus. The SsgB-based phylogenetic tree (Fig. S6)
shows that Kitasatospora strains MBT63 and MBT66
map with the type strain of K. setae and away from the
Streptomyces strains. With three to four aa changes

Fig. 2 Genomic region
around ssgRA in
Kitasatospora setae KM-

S. coelicolor <:| I:> Ij
SCO

between the SsgB orthologues from the Kitasatospora
and Streptomyces strains, as opposed to complete
identity or one aa change between the type strains of
Streptomyces, the differences are small but significant.
Moreover, at the nucleotide (nt) level the conservation
is also much higher between K. setae KM-6054" and
Kitasatospora strains MBT63 and MBT66 when
compared to the Streptomyces ssgB sequences (Table
S1), thereby providing further grounds for the contin-
ued recognition of the genus Kitasatospora.

A second SALP of value in the classification of
morphologically complex actinomycetes is SsgA, the
aa sequence of which is a reliable predictive marker
for the ability of streptomycetes to produce spores in
submerged culture (Girard et al. 2013). The SsgA
homologue of Kitasatospora strain MBT63 (on contig
282) only shares 50-55 % aa identity with SsgA from
streptomycetes (53 % aa identity with S. coelicolor
SsgA (SC0O3926)), and is closer to the SsgA ortho-
logue of K. setae KM-6054T (63 % aa identity) (Fig.
S7). However, gene synteny evidence identified the
gene as a true ssgA (Fig. 2). Six signature aa residues
were identified in SsgA from streptomycetes that
together serve as markers for the LSp (liquid culture
sporulation) or NLSp (no liquid culture sporulation)
branches of the streptomycetes (Girard et al. 2013).

:>[><:J

60547 and S. coelicolor ssgh SO
A3(2), and the 3922 3923 3924 3927
corresponding regions in K. setge < | | > |:> <:| Q |:> |$
Kitasatospora strains
MBT63 and MBT66, Genes kse ssgR SSOA  kse_ kse
in the MBT strains are 39750 39780 39790 39800 39810
named after the locus of
their corresponding MBT63 <:| |:> <:| |:> I:>
orthologue in K. setae. Color
codes refer to direct kse_ ssgA kse_ kse_
orthologues with 39750 39780 39800 39810
S. coelicolor (white: no
direct orthologue found in MBT66 <:| <:| |:> l:> I?
S. coelicolor) ke ke keeo fse.

39750 39780 39790 39800 39810

“S. viridifaciens” DSM 40239

(3 BHE DD
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Fig. 3 Maximum-

likelihood phylogenetic tree

for DapF protein sequences

in different actinomycetes.

The type of A,pm 5

DapF Kitasatospora sp. MBT63
4‘“E DapF “Streptomyces viridifaciens” DSM 40239
DapF Kitasatospora sp. MBT66

KSE_53750 Kitasatospora setae KM6054

78— SCO5793 Streptomyces coelicolor A3(2) wApm

(diaminopimelic acid) found

in the cell walls of the
various actinomycetes is
indicated. For input L]

L SAV_2473 (DapF1) Streptomyces avermitilis MA-4680
SGR_1727 Streptomyces griseus NBRC 13350
WP_008742938 Streptomyces sp. Mgl

NOCA3841 Nocardioides sp. 15614

KSE_32600 Kitasatospora setae KM6054

sequences see Supplemental
Data file 1

Arth_1464 Arthrobacter sp. FB24 -Lys
TFU_0816 Thermobifida fusca YX 9

471'___7_': CE_1837 Corynebacterium efficiens Y314 L meso-A,pm
55 Rv2726 Mycobacterium tuberculosis H37Rv

However, this conservation is lost in the Kitasatospora
strains as neither signature can be recognised.

The draft genome sequence of Kitasatospora strain
MBT66 was further scaffolded by alignment to the
reference genomes of S. coelicolor A3(2) and K. setae
KM-6054" using the R2CAT program (see Materials
and Methods). Subsequent analysis by genome align-
ment using MAUVE further supported the notion that
the genome of Kitasatospora strain MBT66 is more
closely related to the K. sefae strain than to S.
coelicolor A3(2). Indeed, syntenous regions were
significantly larger when the genome of Kitasatospora
strain MBT66 was compared to that of K. setae KM-
60547 (Fig. S8a) than to the S. coelicolor genome (Fig.
S8b). MAUVE analysis revealed the lowest conser-
vation at the extremities of the genomes, as described
previously (Kirby 2011a). Thus, the phylogenetic trees
together with the divergence of the different phyloge-
netic markers and the whole genome comparison
strongly support the view that the genus Kitasatospora
is distinct from the genus Streptomyces; they also
show that Kitasatospora strains MBT63 and MBT66
represent putative novel species of Kitasatospora.

A single DapF suffices for incorporation of meso-
and 1 1 -diaminopimelic acid into the spore wall
of Kitasatospora strains MBT63 and MBT66

Kitasatospora and Streptomyces strains are very
difficult to distinguish based on phenotypic character-
istics, including morphological criteria, but can be
separated on the basis of cell wall composition
(Kampfer 2012). Thus, whole-organism hydrolysates
of streptomycetes are rich in || -diaminopimelic acid
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SAV_3161 (DapF2) Streptomyces avermitilis MA-4680 w-Apm
—— KSE_53750 (DapF2) Kitasatospora setae KM6054 7
r { CA_C2624 Clostridium acetobutylicum ATCC824 L. meso-A,pm
o7 LSL_0856 Lactobacillus salicarius UCC118

(A,pm) whereas the substrate mycelium of kitasato-
sporae contain meso-A,pm, while spores contain the
corresponding | ; -isomer. DapF is responsible for the
isomerisation of pj-A,pm into meso-A,pm, whereas
MurE incorporates both types of A,pm into peptido-
glycan ((Ichikawa et al. 2010) and references therein).
Three dapF paralogues occur in K. setae KM-6054",
while only a single dapF gene is found in most
streptomycetes. KSE_32600 and KSE_53750 are
closely related to the dapF found in all Streptomyces
species whereas KSE_32630 is closer to dapF ortho-
logues found in bacteria that contain meso-A,pm. It
has been suggested that differential regulation of the
three dapF paralogues in the K. setae strain is
responsible for the changes in A,pm composition
during development (Ichikawa et al. 2010).

As anticipated, a single murE was found in
Kitasatospora strains MBT63 and MBT66, as in K.
setae KM-6054". However, only one dapF gene was
identified in strains MBT63 and MBT66, in both cases
a direct orthologue of KSE_53750 (79 % aa identity
between the predicted gene products and conserved
gene synteny; not shown). Phylogenetic analysis
indicated that the DapF orthologues of Kitasatospora
strains MBT63 and MBT66 are closest to the “i-
A,pm branch” of DapF homologues (Fig. 3). Inter-
estingly, analysis of the cell-wall composition of the
spores of Kitasatospora strains MBT63 and MBT66
revealed that, as for the K. setae strain, the hyphae of
these organisms contained a mixture of the isomers
meso-2,6-diaminopimelate (meso-A2 pm) and 1 -2,6-
diaminopimelate (;;-A2 pm), while the spores con-
tained only ;- A,pm. This strongly suggests that a
single DapF orthologue is sufficient to direct the
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differential incorporation of both the meso-and ;-
isomers of A,pm into the cell wall through various
stages of development in Kitasatospora strains.
Within the streptomycetes, Streptomyces avermitilis
MA-4680" is exceptional as it has two DapF para-
logues, as opposed to the one routinely found in
streptomycetes, whereby one (SAV_3161) does not
cluster in the | -A,pm branch (Fig. 3).

B1dB, Mbl and Whil are absent in Kitasatospora

Close inspection of the genes that play a major role in
the control of Streptomyces development and cell
division shows that many genes are conserved
between them, including genes in the dew (division
and cell wall) cluster that includes the fts (cell
division) and mur (cell wall biosynthesis) genes (Fig.
S9), and nearly all of the bld and whi developmental
regulatory genes. In contrast, bldB and whiJ are absent
from K. setae KM-6054" and Kitasatospora strains
MBT63 and MBT66. Considering the very close
relationship between Kitasatospora and Streptomyces
strains, this supports the hypothesis that bldB and whiJ
may be Streptomyces-specific genes (Kirby et al.
2011b). However, since whiJ is also absent from a
number of streptomycetes, this gene does not qualify
as a suitable marker. It was mentioned previously that
ramS/amfS, which specify the lantibiotic-like devel-
opmental signalling protein SapB (Kodani et al. 2004;
Willey et al. 1991), is also absent from K. setae
(Ichikawa et al. 2010), but considering the presence of
several genes for LanA precursors and corresponding
LanBC/LanM type modifying enzymes in kitasato-
sporae (see below), the absence of SapB in this genus
still requires experimental validation.

BIdB is a small protein that is required for the
initiation of development and antibiotic production,
but it also plays a role in carbon catabolite repression
that has not yet been resolved (Pope et al. 1998). The
nearest orthologue to BldB is KSE_16220, but this has
its highest similarity to SCO7246; there is 60-67 % aa
identity between the predicted gene products, as
opposed to 45-53 % aa identity to BldB, and gene
synteny confirms that it is indeed a direct orthologue of
SCO7246 (not shown). Streptomycetes have an
unusually extensive cytoskeleton, which plays a role
in among other cell-wall stability, apical growth, and
development (Celler et al. 2013). The cytoskeletal

genes identified in streptomycetes are largely con-
served in Kitasatospora, including scy (Holmes et al.
2013) and filP (Bagchi et al. 2008) for intermediate
filament-like proteins, but mbl for the actin-like
protein Mbl, which helps ensuring cell-wall integrity
and cell shape in streptomycetes (Heichlinger et al.
2011), is missing from the Kitasatospora genomes.
The absence of bldB is particularly intriguing. As
mentioned above, Kitasatospora and Streptomyces are
difficult to distinguish phenotypically and the nearly
complete conservation of the bld and whi genes in
these genera strongly suggests a highly similar devel-
opmental control network. Since BIdB is required for
development of streptomycetes (Eccleston et al.
2002), its absence in Kitasatospora strains could
provide new insights into the function of this gene, e.g.
by analysing how the bldB developmental checkpoint
is by-passed in Kitasatospora. It should be noted that
the requirement of many of the bld genes for
differentiation is medium-dependent in streptomy-
cetes, with a developmental block on glucose-con-
taining media, while growth on a non-repressing
carbon source such as mannitol often allows the
colonies to by-pass the developmental block and enter
aerial growth (Pope et al. 1996). In line with the notion
that carbon catabolite repression (CCR) may be a
dominant factor, deletion of the glkA gene for glucose
kinase, which controls CCR in streptomycetes (Angell
et al. 1994), allows many bld mutants to differentiate
on glucose-containing media (van Wezel and McDo-
wall 2011). Therefore, perhaps the lack of BldB
reflects a different connection between nutrient utili-
zation and development in Kitasatospora (and other
actinomycetes).

Interestingly, the bldB gene appears to be deleted
with what may be described as surgical precision from
the Kitasatospora genomes, with all flanking genes
present-though not in identical gene order-as com-
pared to S. coelicolor A3(2) (Fig. 4). This is even more
surprising when one realises that the five genes that lie
upstream of bldB in S. coelicolor (SCO5724-
SCO05728) have been lost from the S. lividans genome,
while an insertion of 11 genes occurred downstream of
bldB (Cruz-Morales et al. 2013; Lewis et al. 2010). In
other words, as compared to S. coelicolor, Kitasatos-
pora has maintained all genes except bldB, while in S.
lividans many genes around bldB have been lost, and
others sustained rearrangements (Fig. 4).
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S. coelicolor A3(2) w |

SCO SCO
5719 5720

S. lividans 66

N SLI
5980 5981

K. Setae*

53190 53200

L

SCO SCO sco
5721 5722 5723 5724 5725

==

-

(11cps)  su
5982 5983 5995

- N

53210 53220 53230 53240

* identical gene organization in Kitasatospora strains MBT63 and MBT66.

Fig. 4 Genomic region around bldB (SCO5723, inred) of the S.
coelicolor A3(2) genome and the corresponding region in S.
lividans 66 and in three Kitasatospora strains, whereby the
genome organization is identical in K. setae and Kitasatospora
strains MBT63 and MBT66. Note that apart from some

Loss of ssgRA from Kitasatospora strains

In terms of the SALPs, five (SsgA, SsgB, SsgD, SsgE
and SsgG) occur in nearly all streptomycetes, while a
few additional strain-specific SALPs are often found.
Kitasatospora setae KM-6054" contains twelve
SALPs while Kitasatospora strains MBT63 and
MBT66 likely have eight and seven SALPs, respec-
tively. Phylogenetic linkage between the Kitasatos-
pora SALPs and those from several model
streptomycetes is presented (Fig. 5). Most SALPs of
Kitasatospora strains MBT63 and MBT66 cluster
with those from the K. setae strain as opposed to those
of Streptomyces species. Of the conserved ssg genes,
likely orthologues of ssgA, ssgB, ssgD and ssgG were
identified in the Kitasatospora strains and their
presence further validated by gene synteny evidence
(Fig. S10 and S11). For the ssgD orthologues in the
Kitasatospora strains the gene synteny was less
convincing, with only one neighbouring gene (the
homologue of SCO6726 in S. coelicolor A3(2)) found
in the vicinity of ssgD (SCO6722) in Kitasatospora
strain MBT66 and in K. setae KM-6054", while it was
absent in Kitasatospora strain MBT63. However, the
three hypothetical ssgD homologues found in the
kitasatosporae convincingly cluster with the ssgD
sequences of streptomycetes (Fig. 5).
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rearrangements, only bldB is missing in the kitasatosporae,
while conversely, bldB is conserved in S. lividans while many of
the flanking genes have been lost or moved. The Kitasatospora
genes are labelled according to the K. sefae nomenclature.
Colour codes refer to direct orthologues with S. coelicolor A3(2)

SsgA has not been identified in any actinobacterial
family outside the family Streptomycetaceae. It has
been found in all sequenced Streptomyces species
while an ssgA orthologue is present in K. sefae KM-
60547, together with its activator gene ssgR, which
encodes an IcIR-family transcriptional regulator that
activates the transcription of ssgA (Traag et al. 2004).
Surprisingly, neither ssgA nor ssgR were found in
Kitasatospora strain MBT66, while only ssgA was
found in Kitasatospora strain MBT63 even though
most of the flanking genes are still present. The
absence of the sporulation activator gene ssgA in
MBT66 may explain its poor sporulation (see Fig. 1).
There are homologues to some of the neighbouring
genes (SC0O3924, SCO3922 and SCO3918), but the
gene order is shuffled (Fig. 2). Kitasatospora strain
MBT66 does not possess an ssgA homologue any-
where else in the genome. It would be interesting to
see whether re-introduction of ssgA would restore
normal development to this strain. So far, however, we
have not been able to obtain transformants with
plasmids routinely used for genetic manipulation of
streptomycetes. The absence of ssgR in Kitasatospora
strain MBT63 and of ssgRA in Kitasatospora strain
MBT66, was corroborated by PCR analysis and
resequencing (data not shown). This strongly suggests
that these genes, which activate sporulation-specific
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SVEN_2681 S. venezuelae ATCC 10712

cell division, and play an important role in germina-
tion and mycelial morphology in Streptomyces (Ka-
wamoto et al. 1997; Noens et al. 2007; van Wezel et al.
2006), are being lost from members of the genus
Kitasatospora. 1t is not clear how Kitasatospora by-
passes the important sporulation control proteins
BldB, WhiJ and SsgR/SsgA given that all other
important sporulation genes found in streptomycetes
are highly conserved in kitasatosporae.

Gene clusters for natural products

For further comparison of the three Kitasatospora
genomes, scaffolded MBT63 and MBT66 contigs and

the K. setae KM-6054" genome sequence were
aligned to one another using MAUVE. As expected,
synteny blocks are larger and show higher nucleotide
conservation in the central core region which contains
most of the highly conserved household genes, while
the chromosomal ends contain more variable genes,
such as those involved in natural products biosynthesis
(Bentley et al. 2002; Kirby 2011a). Two small
neighboring synteny blocks are striking as they are
highly conserved in the genomes of Kitasatospora
strains MBT63 and MBT66, but absent in that of the K.
setae strain (Fig. 6a). Closer inspection revealed that
this genomic region contains a lantibiotic type I
biosynthesis cluster (Fig. 6b). Lantibiotics are
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Fig. 6 Genome comparison for Kitasatospora strains a Mauve
alignment of Kitasatospora setae KM-6054" genome (top) to
MBT63 (middle) and MBT66 (bottom) R2CAT-scaffolded
contigs. Each block outlines a region of the genome sequence
that aligns to part of another genome, and is presumably
homologous and internally free from genomic rearrangements.
Blocks above the central line indicate forward orientation
relative to the first genome sequence, blocks indicate regions
that align in the reverse complement orientation. Inside each
block, the height of the similarity profile corresponds to the
average level of conservation in that region of the genome

compounds with antibiotic activity and little develop-
ment of resistance in the target organisms (Willey and
van der Donk 2007). These compounds are ideally
suited for discovery by genome mining, as the
ribosomally synthesized gene product can be pre-
dicted directly from the primary sequence (Foulston
and Bibb 2010). The region found in the genomes of
Kitasatospora strains MBT63 and MBT66 contain the
classical type I elements: two biosynthetic genes (lanB
and lanC), and a lanA gene product that contains a
conserved FDLD motif in the leader peptide (Fig. 6b).
These genes are very highly conserved between the
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sequence. The red and brown blocks marked by an asterisk are
conserved in Kitasatospora strains MBT63 and MBT66 but are
absent in K. setae KM-6054T b Part of the lantibiotic cluster (in
contig 0960 of Kitasatospora strain MBT63 and scaffold 5 of
Kitasatospora strain MBT66) found in the region marked by the
asterisk in panel (A). Colors indicate putative functions as
follows: transporter (purple), regulator (orange), lantibiotic
dehydratase/cyclase (yellow) and lantibiotic precursor (pink).
The predicted aa sequence of the LanA-type precursor peptide is
shown, with the conserved FDLD motif in the leader peptide in
red

two Himalayan genomes (90-100 % identity at nt
level). This high level of identity and the presence of
prophage proteins (50 kb upstream of the cluster) and
CRISPR genes in both strains, as well as some
transposase and integrase genes in Kitasatospora
strain MBT66, suggests that this cluster results from
horizontal transfer.

Kitasatospora strains MBT63 and MBT66 were
recently identified as promising antibiotic producers
(Zhu et al. 2014b), and produce antibiotics that inhibit
growth of a wide range of Gram-positive and Gram-
negative multi-drug resistant pathogens. However, the
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antimicrobial compounds they produce have not yet
been identified. Natural product gene clusters of
Kitasatospora strain MBT66 were predicted using
antiSMASH (Medema et al. 2011) and an in-house
developed genome annotation pipeline (GG and
GPvW, unpublished) (Table S2). In addition to the
lantibiotic cluster described above, one more cluster
was found to be common (although with lower
conservation) between Kitasatospora strains MBT63
and MBT66. Lantibiotic genes lanABC are homolo-
gous to one another between MBT63 contig 0567 and
MBT66 contig 0014, with 92 % identity at aa level for
the LanA precursors. However, the flanking regions
are different, including a phage integrase downstream
of lanC in the genome of Kitasatospora strain MBT63.
Kitasatospora strain MBT66 is further predicted to
have two more lantibiotic clusters, one of which
harbors a clear lanA. Other putative clusters for natural
products in Kitasatospora strain MBT66 are summa-
rised in Table S2 and can be visualised using the xhtml
files given in the supplementary material.

In addition to the four lantibiotic clusters mentioned
previously (two of which are conserved in K. setae
KM-6054", which has six in total), up to 20 NRPS/PKS
clusters are predicted to be encoded by the Kitasatos-
pora MBT66 genome (four of which are conserved in
the K. setae strain), as well as gene clusters for a
bacteriocin and a gamma-butyrolactone (conserved in
K. setae KM-6054", which has six in total), two for
siderophores (conserved in K. setae), six terpene
clusters (two conserved in K. setae) and three gene
clusters of unknown type (none of which were found in
K. setae). The partially assembled genome of Kitasa-
tospora strain MBT63 is too fragmented for accurate
prediction of natural product clusters. The K. setae
genome is predicted by antiSMASH to harbour 11 gene
clusters for NRPS/PKS, which is significantly less than
found in Kitasatospora strain MBT66. A majority of
the clusters found in the latter are not conserved in K.
setae KM-6054"; the general pattern of conservation
illustrates the high plasticity and a degree of horizontal
transfer for this part of the genome.

New generic assignment for “Streptomyces
viridifaciens” DSM 40239

We recently noticed that one of the strains in our
collection, which was obtained from the DSMZ strain
collection as Streptomyces viridifaciens DSM 40239

(ATCC 11989), contained an SsgB orthologue with a
Kitasatospora signature (Fig. 7a). This strain, which
produces tetracycline and chlortetracycline, was
described as S. viridifaciens by Gourevitch and Lein
(1955), but the name has not been validly published and
hence has no formal standing in nomenclature. Whole-
organism hydrolysates of the substrate mycelium and
spores of the strain contained meso-A,pm and LL-
Aopm, respectively providing further evidence that it
should be classified in the genus Kitasatospora.

To get better insight into the phylogeny of strain
DSM 40239 and to further validate the suitability of
SsgB as a phylogenetic marker, we analysed the 16S
rRNA, dapF, ssgA and ssgR genes and also checked for
the presence of bldB, mbl and whiJ. As anticipated, the
16S rRNA sequence clustered close to Kitasatospora
(Fig. 7b). This outcome was confirmed by the fact that
dapF clustered closely with the dapF of other kitasa-
tosporae, strongly suggesting it is able to incorporate
both meso-and 1 | -A,pm in its cell wall (Fig. 3), and by
the absence of bldB, mbl and whiJ. “Streptomyces
viridifaciens*“DSM 40239 contains ssgA but not ssgR,
and again ssgA belongs to the Kitasatospora branch of
the phylogenetic tree (Fig. 7c). It is clear from these
results that *S. viridifaciens’ DSM 40239 is not only an
authentic member of the genus Kitasatospora, but
merits recognition as a new putative species within this
taxon though further comparative taxonomic studies are
needed to confirm this. Screening the databases did not
identify Kitasatospora-type SsgB proteins other than
the ones discussed in this work, but it may be worthwhile
to perform such a search in strain collections.

Concluding remarks

New genome sequences provide a source of much
interesting and varied information: gene clusters for
antibiotics, anticancer agents and other natural products
as well as for industrial enzymes, but also new insights
for fundamental science, especially evolution. In this
work, the complete genome sequence of the putative
novel Kitasatospora strain MBT66, supported by the
draft sequence of Kitasatospora strain MBT63, provides
an important wealth of new genomic data, new clues for
the inferred evolution of the genera Kitasatospora and
Streptomyces, and strong evidence that the former should
retain its generic status. The evolution of developmental
regulatory proteins is remarkable. The surprising
absence of genes for the developmental proteins BldB
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and WhiJ and the actin-like cytoskeletal protein Mbl in
all of the Kitasatospora strains, as well as the gradual loss
in kitasatosporae of the genes for cell division activator
SsgA and its transcriptional activator SsgR, suggest that
the function of these proteins has been by-passed in
Kitasatospora. It should be noted, however, that neither
of these proteins is absolutely required for development
under all growth conditions. Indeed, b/dB mutants
develop aerial hyphae and spores on mannitol-contain-
ing media, while whiJ and ssgA are rare examples of
sporulation genes that are redundant under at least some
growth conditions (Ainsa et al. 2010; van Wezel et al.
2000). These findings should lead to new insights with
respect to the control of developmental processes in
members of the family Streptomycetaceae. Furthermore,
it provides biological support in addition to the strong
phylogenetic evidence that kitasatosporae clearly merits
generic status within the family Streptomycetaceae. It is
also clear that”S. viridifaciens” DSM 40239 is a bona
fide member of the genus Kitasatospora as it exhibits all
of the taxonomic markers considered in this paper (in
particular 16S rRNA, bldB, dapF, mbl and ssgRA). We
believe that this may not be the only example; indeed,
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based on the fact that a number of streptomycetes rank
closely to Kitasatospora in the 16S rRNA phylogenetic
tree (Labeda et al. 2012), additional strains classified in
the genus Streptomyces may turn out to belong to the
genus Kitasatospora, such as for example Streptomyces
purpeofuscus TSR6 (Genbank accession JF707864).
The results of the present study suggest that the genus
Kitasatospora is underspeciated. Insights into the evo-
lution of development and natural product biosynthesis
in morphologically complex actinomycetes will
undoubtedly be further enhanced as many more genome
sequences become available in the near future.

Materials and methods

Bacterial strains: source, growth, imaging and cell
wall analysis

Kitasatospora strains MBT63 and MBT66 were
isolated from Himalayan soil samples (Zhu et al.
2014b) and grown in liquid TSBS (tryptic soy broth
with 10 % (w/v) sucrose) and on SFM (soy flour
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mannitol) agar plates at 30 °C. Strains were stored as
frozen spores obtained from SFM-grown solid cultures.
Imaging of strains was done by phase contrast micros-
copy, by stereo microscopy and by cryo-scanning
electron microscopy, as described previously (Colson
et al. 2008). “Streptomyces viridifaciens” DSM 40239
(ATCC 11989; (Soliveri et al. 1993)) was obtained
from the DSMZ culture collection. For analysis of cell-
wall composition, a thin-layer-chromatographic proce-
dure was used as described previously (Staneck and
Roberts 1974) to determine the isomers of diamino-
pimelic acid in biomass of K. setae KM-6054" and
Kitasatospora MBT63 and MBT66 scraped from solid
SFM agar plates grown for a few days at 30 °C.

DNA manipulation and PCR amplification

General DNA manipulations were performed as
described previously (Ausubel et al. 1997). PCRs
were carried out with Phusion enzyme (Finnzymes,
Bioké, Leiden, the Netherlands) as previously
described (Colson et al. 2007). Primers (Table S3)
were synthesised by Eurogentec (Maastricht, The
Netherlands). For PCR of the regions around ssgRA in
Kitasatospora, primer pairs MBT63_flank_F/R and
MBT66_flank_F/R were used to amplify the region
corresponding to nt positions 4438259-4440381 of the
K. setae genome, and primer pair Kita_ssgA_F/R was
used to amplify the ssgA gene.

Genome sequencing, assembly, annotation,
scaffolding and comparisons

DNA isolation was performed as follows. Strains were
grown in 50 ml TSBS-YEME (v:v 1:1) with 5 mM
MgCl, and 0.5 % glycine at 30 °C for 48-72 h
depending on growth rate. Cells were resuspended in
10 mM NaCl, 20 mM Tris—HCl (pH 8.0), 1 mM
EDTA and incubated with lysozyme at 37 °C for
1-30 min until cells were lysed. SDS (0.5 % final
concentration) and proteinase K (40 pg) were added
and cell extracts incubated at 50 °C for 6 h or
overnight. Classical phenol/chloroform extraction
was subsequently performed on cell lysates. Extracts
were adjusted to 0.3 M NaOAC (pH 5.5) and DNA
spooled out with glass rods upon addition of 2 volumes
of 96 % ethanol. After washing and drying, DNA
preparations were dissolved in TE buffer; DNA

quality was verified by Sall digestion and agarose
gel electrophoresis.

Illumina/Solexa sequencing on Genome Analyzer
IIx and sequencing on PacBio RS were outsourced
(BaseClear, Leiden, The Netherlands for Kitasatos-
pora strain MBT66 and Service XS, Leiden, The
Netherlands for Kitasatospora MBT63). 100-nt
paired-end reads were obtained and the quality of the
short reads verified using FastQC (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc/). Depend-
ing on quality, reads were trimmed to various lengths
at both ends. Processed raw reads were subsequently
used as input for the Velvet assembly algorithm
(Zerbino and Birney 2008).

Genomes were annotated using the RAST server
(Aziz et al. 2008) with default options. Contigs were
also annotated using GeneMark.hmm (Lukashin and
Borodovsky 1998) for ORF prediction, BLASTP
(Altschul et al. 1990) for putative function prediction
and HMMER (Finn et al. 2011) for protein-domain
prediction, manually inspected for some (particularly
for lantibiotic precursor [lanA] prediction) and visu-
alized using Artemis (Berriman and Rutherford 2003).

The MBT66 genome was scaffolded against refer-
ence genomes (K. setae KM-6054" and S. coelicolor
A3(2)) using R2CAT (Husemann and Stoye 2010).
For genome comparisons using MAUVE (Darling
et al. 2010), the MBT66 genome was first reordered as
follows: contigs that could be matched against the
relevant reference genome using R2Cat were thereby
scaffolded into a new Fasta file, and unmatched
contigs were added at the end of the Fasta file. Such a
re-organized Fasta file was used as input in MAUVE
against a reference genome.

Phylogenetic analyses

RecA, RpoB, SsgA and SsgA-like proteins, SapF and
16S rRNA sequences were retrieved from GenBank.
Most sequences were published previously (Girard
et al. 2013) or provided in the online supplemental
information. Sequences were aligned with Mafft
(Katoh et al. 2009). Alignments were trimmed for
gaps where more than 5 % of the sequences were
missing, using the Extractalign tool of the eBioX
package (http://www .ebioinformatics.org/ebiox/).
Phylogenetic trees were generated using maximum-
likelihood algorithms with default parameters as
implemented in MEGA version 5 (Tamura et al.
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2011). The tree reliability was estimated by boot-
strapping with 1,000 replicates (Busarakam et al.
2014). Since groupings supported by poor bootstrap
values are not reliable, internal branches with a boot-
strap value of less than 50 % were collapsed so as to
emphasize the reliable branching patterns.

Data accessibility

The Whole Genome Shotgun projects of Kitasatos-
pora strains MBT63 and MBT66 have been deposited
at DDBJ/EMBL/GenBank under the accession num-
bers JAIZ00000000 and JAIY00000000, respectively.
All other accession numbers of the DNA and protein
sequences have been made available in the online
Supplemental Material.
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