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Streptomyces davawensis JCM 4913 synthesizes the antibiotic roseoflavin, a structural riboflavin (vitamin B2) analog. Here, we
report the 9,466,619-bp linear chromosome of S. davawensis JCM 4913 and a 89,331-bp linear plasmid. The sequence has an av-
erage G�C content of 70.58% and contains six rRNA operons (16S-23S-5S) and 69 tRNA genes. The 8,616 predicted protein-
coding sequences include 32 clusters coding for secondary metabolites, several of which are unique to S. davawensis. The chro-
mosome contains long terminal inverted repeats of 33,255 bp each and atypical telomeres. Sequence analysis with regard to
riboflavin biosynthesis revealed three different patterns of gene organization in Streptomyces species. Heterologous expression
of a set of genes present on a subgenomic fragment of S. davawensis resulted in the production of roseoflavin by the host Strepto-
myces coelicolor M1152. Phylogenetic analysis revealed that S. davawensis is a close relative of Streptomyces cinnabarinus, and
much to our surprise, we found that the latter bacterium is a roseoflavin producer as well.

The Gram-positive bacterium Streptomyces davawensis was first
isolated from a Philippine soil sample within the framework of

a screening program for novel antibiotics (45). The species name
refers to the site of sampling, which was near Davao City in the
Philippines (53). S. davawensis was found to produce a compound
which exhibited antibiotic activity against Bacillus subtilis, Staph-
ylococcus aureus, Bacillus cereus, Bacillus cereus var. mycoides, and
Micrococcus luteus (Sarcina lutea) (45). Due to its red color and its
structural similarity to riboflavin (vitamin B2), the novel antibi-
otic was named roseoflavin (45) (see Fig. S1 in the supplemental
material). Roseoflavin is taken up by many bacteria via riboflavin
transporters (18, 20, 35, 59). Subsequently, roseoflavin is activated
to roseoflavin mononucleotide (RoFMN) and roseoflavin ade-
nine dinucleotide (RoFAD) by promiscuous flavokinases (EC
2.7.1.26)/FAD synthetases (EC 2.7.7.2) (17, 48) (see Fig. S1).
RoFMN and RoFAD have different physicochemical properties
than the cofactors flavin mononucleotide (FMN) and flavin ade-
nine dinucleotide (FAD) and very likely reduce the activity of
some (if not all) flavoproteins present within a cell (52, 60). In
addition, non-protein cellular targets for RoFMN were discov-
ered. According to these works, RoFMN reduces expression of
genes controlled by FMN riboswitches in B. subtilis, Streptomyces
coelicolor, and the human pathogen Listeria monocytogenes (33, 35,
46, 47). FMN riboswitches are genetic elements involved in the
regulation of riboflavin biosynthesis and transport (62). Blocking
of FMN riboswitches leads to riboflavin auxotrophy of target cells
(33). Notably, S. davawensis carries a highly specialized FMN
riboswitch which is not negatively affected by RoFMN and thus
confers roseoflavin resistance to S. davawensis (47).

The biosynthesis of roseoflavin remains to be elucidated. It
was postulated that roseoflavin is synthesized from riboflavin
through 8-amino-8-demethyl-riboflavin and 8-methylamino-8-
demethyl-riboflavin (25, 38). Recently, a novel N,N-dimethyl-
transferase (encoded by rosA) was reported to catalyze the two

sequential S-adenosylmethionine-dependent methylation reac-
tions necessary to convert 8-amino-8-demethyl-riboflavin into
roseoflavin (24). The remaining genes (enzymes) of the roseofla-
vin biosynthetic pathway, however, could not be localized. Ribo-
flavin is synthesized in a series of enzymatic reactions starting
from guanosine-5=-triphosphate (GTP) and two molecules of rib-
ulose 5-phosphate (14). The enzymes involved are a bifunctional
GTP cyclohydrolase II/3,4-dihydroxy-2-butanone-4-phosphate
synthase (RibA; EC 3.5.4.25 and EC 4.1.99.12), a bifunctional ri-
boflavin specific deaminase/reductase (RibG; EC 3.5.4.26 and EC
1.1.1.193), a lumazine synthase (RibH; EC 2.5.1.9), and a ribofla-
vin synthase (RibB; EC 2.5.1.9) (see Fig. S2 in the supplemental
material).

We now report the chromosomal sequence of S. davawensis
and a large plasmid. The sequence was compared to the genomic
sequences of other Streptomyces strains, and special attention was
paid to the biosynthesis of riboflavin and roseoflavin.

MATERIALS AND METHODS
Strains and plasmids. S. davawensis (JCM 4913) (53) was obtained from
the Japan Collection of Microorganisms (JCM). Streptomyces cinnabari-
nus (DSM 40467) was obtained from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ).
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Culture conditions and DNA isolation. S. davawensis and S. cinnaba-
rinus were aerobically grown in a yeast-starch (YS) nutrient broth con-
taining yeast extract (2 g/liter) and soluble potato starch (10 g/liter). S.
davawensis was grown at 37°C. S. cinnabarinus was grown at 30°C. Prep-
aration of S. davawensis genomic DNA was performed using a modified
protocol of the Kirby mix procedure (28). Precipitation of genomic DNA
was done by adding polyethylene glycol 6000 (39% [wt/vol] in water).

Genome sequencing and assembly. Sequencing was performed using
the ultrafast pyrosequencing technology with special chemistry for G�C-
rich organisms as described earlier (51). For sequencing, two genomic
libraries were constructed, a standard 454 WGS library and an 8-kb
paired-end library, using standard kits (454 Life Sciences, MD). High-
throughput pyrosequencing was carried out on a Genome Sequencer FLX
system (454 Life Sciences). The subsequent assembly of the generated
reads was performed using the Newbler assembly software, version
2.0.00.22 (454 Life Sciences). Details of the sequencing and assembly pro-
cedures are described elsewhere (51).

Prediction of open reading frames and functional annotation. Po-
tential protein-coding sequences (CDSs) were identified using the GenDB
genome annotation tool. This program combines a series of programs in
an automated annotation pipeline (42). For the identification of CDSs,
the prokaryotic gene finders Prodigal (21) and GISMO (29) were em-
ployed. To optimize the results and to allow for easy manual correction,
further methods were applied by means of the Reganor software (34, 39)
utilizing the gene prediction tools Glimmer (11) and CRITICA (3). To
link the identified open reading frames to potential functions, different
software packages were used to analyze DNA and amino acid sequences.
To identify conserved sequences, similarity-based searches against public
and/or proprietary nucleotide and protein databases were performed by
employing BLASTp (10) and RPS-BLAST (36, 37). From significant se-
quence similarities of the major section of a gene, similar functions in S.
davawensis were determined. Enzymatic classification was carried out on
the basis of enzyme commission (EC) numbers (4). Primarily, they were
derived from the PRIAM database (9) using the PRIAM search tool (May
2011 version). As a second approach, when no PRIAM result was avail-
able, EC number annotations were derived from searches against the
Kyoto Encyclopedia of Genes and Genomes databases (5, 26, 27). Further
functional gene annotations were performed using the database (March
2003 version) of the cluster of orthologous groups of proteins (COG)
classification system (56–58). Secondary metabolite gene clusters were
identified using the antiSMASH software pipeline, which allows auto-
mated identification of gene clusters of all known secondary metabolite
compound classes (40). To identify potential transmembrane proteins,
the software TMHMM (30, 54) was used. Finally, the genome was exam-
ined manually using the BLASTp program (10) and Artemis (8).

Phylogenetic analysis. The 16S rRNA gene-based phylogenetic anal-
ysis was performed on DNA sequences retrieved by public BLAST (1, 2)
searches against the complete 16S rRNA gene of S. davawensis as predicted
by the online tool RNAmmer (31). From the best hits, a multiple-se-
quence alignment was built and phylogeny was derived by applying the
ClustalW2 program (16, 32). Genome-based phylogenetic analysis was
performed with the comparative genomics tool EDGAR (7). Employing
this software pipeline, a core genome of all selected Streptomyces strains
was calculated and phylogenetic distances were derived from multiple-
sequence alignments. The phylogenetic trees were generated from concat-
enated core gene alignments.

Comparative analysis of Streptomyces genomes. Comparisons on a
genomic scale were performed using EDGAR (7). For all calculations,
BLASTp was used with BLOSUM62 as the similarity matrix. To discrim-
inate between nonspecific hits and orthologous genes, EDGAR calculates
score ratio values (SRVs) for all BLAST hits of one genome versus another.
The basis for all of the analyses in this work was a calculated SRV of 0.935.
For the calculation of the core genome and genes unique to S. davawensis,
the complete genome sequences of the following Streptomyces species
were used: S. davawensis, Streptomyces avermitilis MA-4680 (NC 003155)

(22), Streptomyces coelicolor A3 (NC 003888) (2, 6), Streptomyces sp. strain
SirexAA-E (NC 015953), Streptomyces scabiei 8722 (NC 013929), Strepto-
myces flavogriseus ATCC 33331 (NC 016114), and Streptomyces griseus
subsp. griseus NBRC 13350 (NC 010572) (44). For the comparison of the
riboflavin gene clusters, additional genomes of the following Streptomyces
species were employed: Streptomyces violaceusniger Tu 4113 (NC 015957),
Streptomyces cattleya NRRL 8057 (NC 016111), and Streptomyces
bingchenggensis BCW-1 (NC 016582) (61).

Computational identification of riboswitches in S. davawensis was
done by performing profile searches. For this purpose, the covariance
models (CMs) of known riboswitch families were downloaded from the
Rfam database (version 10.0) (15), and cmsearch, which is part of infernal
1.0.2 (43), was used to search the genome of S. davawensis for sequences
that match the CMs. Matches that exceeded the gathering threshold of the
CMs were reported as family members.

Analysis of roseoflavin. The high-performance liquid chromatogra-
phy-mass spectrometry (HPLC-MS) analysis of roseoflavin and other fla-
vins was carried out as described previously (24).

Construction of a genomic S. davawensis library. A Streptomyces/
Escherichia coli P1-derived artificial chromosome (PAC) library was con-
structed using pESAC13. This plasmid is a derivative of pPAC-S1 (55) that
can be transferred from E. coli into actinomycetes by conjugation (M.
Sosio et al., unpublished data). High-molecular-weight DNA was isolated
from S. davawensis and was partially digested to yield fragments with a size
of about 120 kb. The fragments were ligated to BamHI-treated PACs.
Notably, pESAC13 contains an attP-int-tsr cassette which allows integra-
tion of DNA molecules into the chromosomes of Streptomyces species. E.
coli DH10B was used as a host for the construction of the PAC library.

Library screening and heterologous expression of S. davawensis
genes in Streptomyces coelicolor. The S. davawensis PAC library obtained
as described above was screened by PCR for clones containing the gene
rosA, which is involved in roseoflavin biosynthesis (24). First, the PAC
library clones were screened for the presence of a 500-bp internal frag-
ment using the oligonucleotides 100rosmfw (5=-GGA GGA ATG GGA
CGA GGT GAT GG-3=) and 100rosmrv (5=-GGT TGT CGT AGT AGC
GGG CGA T-3=). In a second step, positively reacting clones from step 1
were screened for the presence of a 500-bp fragment about 50 kbp up-
stream of rosA using the oligonucleotides 100ros5=fw (5=-GCC AGG TGA
CGA AGG AAG GGA A-3=) and 100ros5=rv (5=-GGA ACT GGA TGG
GGT CGG TGT A-3=). In a third step, positively reacting clones from step
2 were screened for the presence of a 500-bp fragment about 50 kbp
downstream of rosA using the oligonucleotides 100ros3=fw (5=-GGC TTC
GAG GGT GTG CAG GTT G-3=) and 100ros3=rv (5=-TCA ATG AGG
TGG GGG TAG GCG G-3=). Finally, two positive clones were identified
and used for triparental conjugation (M. Bibb, unpublished data) to move
the PAC DNA together with the helper plasmid pR9406 from E. coli
DH10B to the methylation-deficient E. coli strain GM2163, which is
needed for conjugation with Streptomyces species. The resulting E. coli
strains were used for intergeneric conjugation with S. coelicolor M1152
(�act �red �cpk �cda rpoB [C1298T]). Exconjugants were grown in liq-
uid YS for 7 days. Production of roseoflavin was monitored by HPLC-MS.

Nucleotide sequence accession numbers. The complete annotated
chromosomal sequence was deposited at the European Nucleotide Ar-
chive (EBI) under EBI HE971709. The annotated sequence of the plasmid
pSDA is available under EBI HE971710.

RESULTS
High-throughput pyrosequencing of the S. davawensis genome.
The determination of the S. davawensis genomic sequence was
accomplished by combining the data generated by paired-end and
whole-genome shotgun pyrosequencing strategies (51). Utilizing
the Newbler software, the combined assembly of both runs resulted
in a draft genome sequence comprising 184 contigs (150 contigs,
�500 bases) and 9,538,124 nucleotides at a 34.1-fold coverage assem-
bled from 1,078,304 reads. Gap closure between the remaining con-
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tigs was carried out by genomic PCR technology (341 reads). Two
small gaps in the chromosomal sequence could not be closed. The
first gap of an estimated 1,247 bp is located between positions
1,520,805 and 1,522,053, and the second gap of an estimated 200 bp is
located between positions 7,358,125 and 7,358,325.

General features of the S. davawensis genome. S. davawensis
contains a linear chromosome of 9,466,619 bp and a linear plas-
mid of 89,331 bp. General features of the chromosome and plas-
mid sequence are shown in Table 1 and Fig. 1. Both arm regions of
the S. davawensis genome show a remarkably lower G�C content
than the overall sequence (Fig. 1A and B). The S. davawensis chro-
mosome contains 8,503 CDSs with a coding percentage of 90.1%.
The hypothetical gene products of 6,144 CDSs were identified as
conserved proteins with known or putative function, and 2,032
CDSs were identified as conserved gene products with unknown
function. For the hypothetical gene products of 327 CDSs, no
significant similarity was found with any of the applied methods
for functional annotation. Classification of 4,080 CDSs with an
annotated COG category is shown in Fig. S3 in the supplemental
material.

The chromosome contains six rRNA operons with an average
G�C content of 57.48% and 69 tRNA (51 different species) genes
with an average G�C content of 62.23% (Fig. 1C). The chromo-
some has long terminal inverted repeats of 33,255 bp each, and the
corresponding telomere ends contain several palindromes whose
loop sequences are 5=-GGA-3= (see Fig. S4A in the supplemental
material), as in S. griseus IFO (44).

The S. davawensis origin of replication is highly similar to cor-
responding sequences of S. lividans, S. coelicolor, S. avermitilis, and
S. scabiei. It is located between the genes dnaN and dnaA (posi-
tions 5,046,456 to 5,047,210) and contains 19 DnaA box-like se-
quences (23).

The linear S. davawensis plasmid pSDA contains 113 CDSs
with a coding percentage of 85.5%. The hypothetical gene prod-
ucts of 23 CDSs were identified as conserved proteins with known
or putative function, and 44 CDSs were identified as conserved
proteins with unknown function. For 46 CDSs, no significant sim-
ilarity to any other protein was found. The plasmid pSDA does not
harbor genes for stable RNAs. pSDA contains imperfect terminal
inverted repeats of 191 bp (with 9 differing nucleotides). The telo-

TABLE 1 General features of the Streptomyces davawensis genome

Chromosome or plasmid parameter Value

Linear chromosome
Length (bp) 9,466,619
G�C content (%) 70.58
CDSs (n)

Conserved with protein function assigned 6,144
Conserved with unknown protein function 2,032
Nonconserved 327
Total 8,503
Avg CDS size (bp) 1,003
Coding density (per kbp) 0.90
Coding percentage 90.1

RNA (n)
rRNA (16S-23S-5S) 6
tRNA 69
tmRNA 1
4.5S RNA 1

Linear plasmid pSDA
Length (bp) 89,331
G�C content (%) 69.89
CDSs (n)

Conserved with protein function assigned 23
Conserved with unknown protein function 44
Nonconserved 46
Total 113
Avg CDS size (bp) 676
Coding density (per kbp) 1.26
Coding percentage 85.5

RNA (n) 0

FIG 1 Schematic representation of the Streptomyces davawensis genome. (A) G�C content variation for nonoverlapping 10-kb windows and a 200-bp step size. Yellow
and red are above and below the mean, respectively. (B) GC skew for nonoverlapping 10-kb windows and a 200-bp step size. Light blue and blue are above and below the
mean, respectively. (C) Distribution of rRNA gene clusters (black) and tRNA genes (red). (D) Distribution of putative secondary metabolite gene clusters (green,
nonribosomal peptide synthetases [NRPS]; blue, polyketide synthases [PKS]; yellow, terpenes; red, lantibiotics; magenta, siderophores; black, others). The gene rosA
(BN159_8032) encodes a roseoflavin-specific N,N-8-amino-8-demethyl-D-riboflavin dimethyltransferase (24). (E) Distribution of riboflavin/FMN/FAD biosynthesis
genes (black). I, ribBMAH gene cluster (BN159_7144, BN159_7145, BN159_7146, and BN159_7147); II, ribA-ribG cluster (BN159_4727 and BN159_4729); III, ribC
(BN159_2715); IV, additional bifunctional ribA (BN159_7984) and ribB (BN159_7986) and a monofunctional gene, ribA (BN159_8007), are located close to the rosA
gene cluster. Putative GTP biosynthesis genes are shown (red). (F) Core Streptomyces genome compared to the genomes of S. davawensis, Streptomyces avermitilis,
Streptomyces coelicolor, Streptomyces sp. strain SirexAA-E, Streptomyces scabiei, Streptomyces flavogriseus, and Streptomyces griseus subsp. griseus. (G) Singletons compared
to the genomes listed in line F. (H) Distribution of CDSs according to the direction of transcription (blue, negative strand; red, positive strand).
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meres contain several palindromes that form stable 5=-GCA-3=
loops (see Fig. S4B in the supplemental material). A potential
origin of replication was not identified in the sequence of pSDA.

Potential regulatory riboswitch sequences present in the ge-
nome of S. davawensis are shown in Table S1 in the supplemental
material.

Comparative analysis of the S. davawensis genome. All CDSs
of seven different Streptomyces genomes (S. davawensis, S. aver-
mitilis, S. coelicolor, Streptomyces sp. strain SirexAA-E, S. scabiei, S.
flavogriseus, and S. griseus subsp. griseus) were compared using the
software platform EDGAR (7). To create synteny plots, every CDS
of the S. davawensis genome contig was examined for a reciprocal
best BLASTp hit in the genome contig for comparison. If such a hit
was found, the stop positions of both CDSs were read from the
database and used as coordinates for a dot. The synteny plots
illustrate a highly conserved internal core region and several large
inversions centered around oriC (Fig. 2).

The CDSs of S. davawensis were also used as a reference to
calculate a core genome from the seven Streptomyces species. The
latter analysis revealed a core genome consisting of 2,932 CDSs
(Fig. 1F). The corresponding CDSs are more frequently located in
the central region of the genome than in the peripheral arm re-
gions and most likely represent highly conserved proteins among
all Streptomyces species with essential cell functions. A total of
1,694 CDSs did not have a reciprocal BLASTp analysis match with
an SRV higher or equal to the master cutoff compared to any of the

other six Streptomyces genomes (Fig. 1G). These singleton genes
are found more frequently in the arm regions of the genome and
in some cases coincide with putative secondary metabolite gene
clusters (Fig. 1D). The EDGAR tool was also used to calculate a
pangenome from the seven Streptomyces species. The pangenome
contains the core genome, genes present in two or more genomes,
and the genes that are only present within one genome (41). The
pangenome was calculated to contain 20,955 genes.

Distribution of putative riboflavin biosynthesis genes in S.
davawensis. S. davawensis naturally produces and secretes the ri-
boflavin analog roseoflavin. Riboflavin is the precursor of roseo-
flavin, and the purine nucleotide GTP in turn is the precursor of
riboflavin. Therefore, the genomic data of S. davawensis in partic-
ular were analyzed with regard to riboflavin and purine metabo-
lism (Fig. 1E). The riboflavin biosynthetic genes are distributed
over the chromosome, forming two gene clusters. One cluster
contains the genes ribBMAH (BN159_7144, BN159_7145,
BN159_7146, and BN159_7147), coding for riboflavin synthase
(RibB), a flavin transporter (RibM), bifunctional 3,4-dihydroxy-
2-butanone-4-phosphate synthase/GTP cyclohydrolase II (RibA),
and lumazine synthase (RibH) (Fig. 3A). On another subgenomic
fragment, ribG (BN159_4729), coding for bifunctional riboflavin-
specific deaminase/reductase, and ribA, coding for a monofunc-
tional GTP cyclohydrolase II (BN159_4727), are present (Fig. 3A).
The functions of the genes ribB-ribM, ribG, and monofunctional

FIG 2 Synteny plots of all annotated proteins of seven Streptomyces chromosomes (see species listed in the legend to Fig. 1F). The software pipeline EDGAR was
used to create the plots. Every CDS of the S. davawensis contig (genome) was examined for a reciprocal best BLASTp hit in the genome contig for comparison.
If a hit was found, the stop positions of both CDSs were read from the database and used as coordinates for a dot.
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FIG 3 Riboflavin biosynthetic gene clusters among 10 Streptomyces species. Prib is a promoter and RFN denotes a regulatory element (FMN riboswitch).
The genes ribA and ribG are bifunctional. (A) The ribBMAH cluster present in Streptomyces davawensis, Streptomyces coelicolor, Streptomyces avermitilis,
and Streptomyces scabiei and the second cluster with ribA, marR, and ribG present in S. davawensis, S. avermitilis, and S. scabiei. (B) The ribGBMAH cluster
present in Streptomyces griseus subsp. griseus, Streptomyces flavogriseus, Streptomyces sp. strain SirexAA-E, and Streptomyces cattleya. (C) The ribGBAH
gene cluster present in Streptomyces violaceusniger and Streptomyces bingchenggensis (lacking ribM). (D) The two ribG gene loci of S. coelicolor. In panel I,
RibG is similar to S. davawensis RibG (see panel A); in panel II, RibG is similar to RibG present in the ribGBMAH cluster of species listed in panel B.
Interestingly, the two different bifunctional RibG enzymes differ with regard to the arrangement of their deaminase/reductase functions. In panel I the
RibG reductase function is present in the N-terminal part, whereas the deaminase function is present in the C-terminal part. In panel II the situation is
reversed. Bifunctional RibA always carries its 3,4-dihydroxy-2-butanone-4-phosphate synthase function at the N terminus and its GTP-cyclohydrolase
function at the C terminus.

TABLE 2 Riboflavin biosynthesis genes in Streptomyces davawensis

CDS Protein and/or function BLASTP best hit

BN159_2715 RibC, bifunctional flavokinase (EC 2.7.1.26) (C-terminal
amino acids)/FAD synthetase (EC 2.7.7.2) (N-terminal
amino acids) (see reference 17 for experimental proof)

ref|ZP_09958537.1|; bifunctional riboflavin kinase/FMN
adenylyltransferase; Streptomyces chartreusis NRRL 12338; identity,
87%

BN159_4727 RibA, GTP cyclohydrolase II (EC:3.5.4.25), monofunctional
RibA (see reference 18 for experimental proof)

ref|YP_006246117.1|; YP_006246117.1; unnamed protein product;
Streptomyces hygroscopicus subsp. jinggangensis 5008; identity, 90%

BN159_4729 RibG, bifunctional riboflavin specific reductase (EC 1.1.1.193)
(N-terminal amino acids)/deaminase (EC 3.5.4.26) (C-
terminal amino acids) (see reference 18 for experimental
proof)

ref|ZP_06918110.1|; bifunctional enzyme deaminase/reductase;
Streptomyces sviceus ATCC 29083; identity, 84%

BN159_7144 RibB, riboflavin synthase (EC 2.5.1.9) (see reference 18 for
experimental proof)

ref|NP_625724.1|; NP_625724.1 riboflavin synthase subunit alpha;
Streptomyces coelicolor A3(2); identity, 91%

BN159_7145 RibM, riboflavin transporter (see reference 20 for
experimental proof)

ref|YP_006244025.1|; YP_006244025.1 unnamed protein product;
Streptomyces hygroscopicus subsp. jinggangensis 5008; identity, 85%

BN159_7146 RibA, bifunctional 3,4-dihydroxy-2-butanone 4-phosphate
synthase (EC 4.1.99.12) (N-terminal amino acids)/GTP
cyclohydrolase II (C-terminal amino acids) (EC 3.5.4.25),
not functional as GTP cyclohydrolase II (see reference 18
for experimental proof)

ref|ZP_06706864.1|; 3,4-dihydroxy-2-butanone-4-phosphate synthase;
Streptomyces sp. strain e14; identity, 88%

BN159_7147 RibH, 6,7-dimethyl-8-ribityllumazine synthase (EC 2.5.1.78) ref|ZP_05001584.1|; 6,7-dimethyl-8-ribityllumazine synthase;
Streptomyces sp. strain Mg1; identity, 88%

BN159_7984 RibA, monofunctional GTP cyclohydrolase II (EC 3.5.4.25) gb|EIM43989.1|; bifunctional 3,4-dihydroxy-2-butanone 4-phosphate
synthase/GTP cyclohydrolase II protein; Rhodococcus opacus M213;
Length, 381 aa; identity, 51%

BN159_7986 RibB, archaeal riboflavin synthase (EC 2.5.1.9) ref|YP_003483117.1|; riboflavin synthase; Aciduliprofundum boonei
T469; identity, 58%

BN159_8007 RibA, monofunctional 3,4-dihydroxy-2-butanone 4-
phosphate synthase (EC 4.1.99.12)

ref|YP_004404734.1|; unnamed protein product; Verrucosispora maris
AB-18-032; identity, 74%

BN159_0742 Riboflavin-specific reductase function (EC 1.1.1.193) Identity of �50% to deaminase-reductase domain-containing proteins
BN159_2369
BN159_4557
BN159_5537
BN159_7503
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ribA have been verified experimentally in an earlier work (18).
Moreover, it was recently shown that the ribBMAH genes are con-
trolled at the level of translation by an FMN riboswitch (ribB FMN
riboswitch, or RFN element) located directly upstream of
ribBMAH (47).

Interestingly, S. davawensis (like other Streptomyces species)
was found to contain additional putative riboflavin biosynthesis
genes (Table 2). The gene products of BN159_0742, BN159_2369,
BN159_4557, BN159_5537, and BN159_7503 contain a RibG C-
terminal domain that possibly is responsible for the reduction of
the ribosyl side chain of 2,5-diamino-6-ribosylamino-4(3H)-
pyrimidinone 5=-phosphate (riboflavin-specific reductase reac-
tion) (50). Moreover, a second monofunctional GTP cyclohydro-
lase II gene (BN159_7984; ribA) is present, as is a unique putative
monofunctional 3,4-dihydroxy-2-butanone-4-phosphate syn-
thase gene (BN159_8007, ribA) which could complement the

monofunctional GTP cyclohydrolase II genes (BN159_4727 and
BN159_7984). The monofunctional BN159_8007 is located in a
region not found in other Streptomyces species and is present
within a 50-kb window 25 kb upstream of the roseoflavin biosyn-
thesis gene rosA (BN159_8032) (24) (Fig. 4). Intriguingly, a sec-
ond FMN riboswitch (ribA FMN riboswitch) was found directly
upstream of BN159_8007. This functional riboswitch was found
to control BN159_8007 at the level of translation (47). A second
riboflavin synthase gene (BN159_7986; ribB) was found in a gene
cluster 25 kb upstream of monofunctional BN159_8007 (Fig. 4).
The putative gene product is very similar to archaeal riboflavin
synthases, which do not show similarity to the corresponding eu-
bacterial enzymes (14). The presence of BN159_7986 may be a
result of horizontal gene transfer. Genes similar to BN159_7986
and BN159_8007 are not present in any of the other Streptomyces
genomes (see Table S2 in the supplemental material).

FIG 4 Roseoflavin biosynthesis in Streptomyces davawensis. (A) Schematic representation of a subgenomic fragment that contains all genes/enzymes necessary
for the heterologous production of roseoflavin in Streptomyces coelicolor M1152. The fragment spans the region from nucleotide 8914686 to nucleotide 9020723.
Putative regulatory genes are presented in blue, nonribosomal peptide synthetase (NRPS) genes are presented in green, transporter genes are presented in red,
riboflavin biosynthesis genes are presented in yellow, and rosA, coding for the roseoflavin-specific N,N-8-amino-8-demethyl-D-riboflavin dimethyltransferase
(24), is shown in black. BN159_7984, bifunctional ribA. BN159_7986, archaeal riboflavin synthase gene ribB. BN159_7987. . .BN159_7988, genes for a putative
ABC transport system. BN159_7989, gene for NADPH-dependent FMN reductase. BN159_7990, gene for a CheY-like response regulator. BN159_
8000. . .BN159_8002, genes for a putative ABC transport system. BN159_8003. . .BN159_8005, cluster of NRPS genes. BN159_8007, ribA FMN riboswitch and mono-
functional ribA gene. BN159_8009, gene for a putative cytochrome P450 protein. BN159_8013, gene for a putative oxidoreductase. BN159_8015, gene for a helix-turn-
helix (HTH)-type transcriptional regulator. BN159_8016, gene for a putative dehydrogenase/reductase. BN159_8017, gene for alkaline phosphatase (ALPL).
BN159_8019, gene for a predicted pyridoxal phosphate-dependent enzyme. BN159_8020, gene for ABC-type transport system followed by two putative dehydrogenase
enzymes (BN159_8021 and BN159_8022). BN159_8023, gene for putative aminotransferase. BN159_8024, gene for putative adenylate kinase. BN159_8026. . .BN159_
8027, genes for two Fe-S oxidoreductase enzymes. BN159_8038, BN159_8039, and BN159_8041, genes for HTH-like transcriptional regulators (purR).
BN159_8042. . .BN159_8044, genes for the ABC-type transport system. BN159_8045 and BN159_8046, genes for conserved galactosidase-like enzymes. BN159_8052,
gene for an uncharacterized bacitracin resistance protein (bacA). BN159_8054, gene for L-asparagine permease. BN159_8056, gene for aspartate ammonia lyase.
BN159_8057, gene for glutaminase. (B) Heterologous production of roseoflavin by S. coelicolor M1152. Left panel, HPLC-MS analysis of a liquid culture supernatant of
S. coelicolor M1152 transformed with a PAC containing the subgenomic fragment shown in panel A. Compared to the control, a novel signal was detected with a retention
time identical to that of a roseoflavin standard. The most abundant mass-to-charge (m/z) ratio of 406.2 corresponds to roseoflavin (see the inset). Right panel, HPLC
analysis of the liquid culture supernatant of the control strain S. coelicolor M1152 not containing the subgenomic fragment shown in panel A.

Genome of Streptomyces davawensis

December 2012 Volume 194 Number 24 jb.asm.org 6823

http://jb.asm.org


Only one gene (BN159_2715) coding for the essential bifunc-
tional flavokinase/FAD synthetase function is present within the
genome of S. davawensis, and this enzyme was characterized by us
in an earlier work (17). The genes ribBMAH, ribG, and ribA, which
were described above to be responsible for riboflavin biosynthesis,
are located within the core genome region of S. davawensis.

Comparison of the organization of riboflavin biosynthetic
gene clusters. The comparison of riboflavin biosynthesis gene
clusters among 10 different Streptomyces species revealed different
patterns of organization (Fig. 3; also see Table S2 in the supple-
mental material). S. davawensis, S. coelicolor, S. avermitilis, and S.
scabiei contain the cluster ribBMAH (Fig. 3A). A second cluster
harboring a monofunctional ribA, marR (annotated as a MarR-
family transcriptional regulator), and the missing ribG is located
elsewhere in S. davawensis, S. avermitilis, and S. scabiei (Fig. 3). S.
coelicolor has two different ribG clusters (Fig. 3D; also see below).
One of the ribG clusters also harbors a monofunctional GTP cyc-
lohydrolase II gene (ribA).

S. griseus, S. flavogriseus, Streptomyces sp. strain SirexAA-E, and
S. cattleya contain a ribGBMAH cluster (Fig. 3B) in which all genes
necessary for riboflavin synthesis (and transport) are present. All
of the gene products encoded by the S. davawensis ribBMAH clus-
ter are highly conserved at the amino acid level (�80%) among all
analyzed Streptomyces species.

Only in S. violaceusniger and S. bingchenggensis is the flavin
transporter ribM not present in the major ribGBAH gene cluster
(Fig. 3C). Notably, the latter bacteria do not contain a gene similar
to ribM at another location in their genome.

Two types of ribG genes seem to be present in streptomycetes.
The enzyme encoded by ribG present in the clusters ribGBMAH
and ribGBAH of S. griseus, S. flavogriseus, Streptomyces sp. strain
SirexAA-E, S. cattleya, S. violaceusniger, and S. bingchenggensis
(Fig. 3B and C) is different (similarity at the amino acid level,
�50%) from that of RibG present in the ribA-marR-ribG clusters
of S. davawensis, S. scabiei, and S. avermitilis (Fig. 3A). S. coelicolor
is the only species to contain two ribG genes at two separate loca-
tions (Fig. 3D). RibG, encoded by the cluster shown in Fig. 3DI, is
highly similar to RibG of S. davawensis, S. scabiei, and S. avermiti-
lis, whereas RibG, shown in Fig. 3DII, is highly similar to the
enzymes of S. griseus, S. flavogriseus, Streptomyces sp. strain
SirexAA-E, S. cattleya, S. violaceusniger, and S. bingchenggensis
(Fig. 3B and C). Notably, the two bifunctional RibG enzymes dif-
fer with regard to the arrangement of the reductase/deaminase
functions (see the legend to Fig. 3).

Secondary metabolites in S. davawensis. The genome of S.
davawensis was analyzed with regard to secondary metabolism
using the software tool antiSMASH (40). This analysis revealed
the presence of 32 gene clusters carrying genes which may be in-
volved in the synthesis of secondary metabolites in S. davawensis
(Fig. 1D). Information with regard to these genes and the com-
pounds which most likely are produced by the gene products is
summarized in Table 3. Since the annotation was done automat-
ically by antiSMASH, a few gene clusters seemingly overlap. Ex-
perimental evidence for the presence of any of these secondary
metabolites currently is not available. Interestingly, many of the
secondary metabolite gene clusters appear to be unique to S. dava-
wensis and are not present in S. coelicolor, S. avermitilis, S. scabiei,
S. griseus, S. flavogriseus, Streptomyces sp. strain SirexAA-E, or S.
cattleya.

The plasmid pSDA was also analyzed with regard to secondary

metabolism; however, gene clusters of the known compound
classes were not found.

Heterologous production of roseoflavin in S. coelicolor. An
S. davawensis expression library was constructed using a modified
version of pPAC-S1 (56). A total of 1,920 different E. coli strains
were isolated carrying PACs, and they had an average insert size of
120 kb. Using three different oligonucleotide pairs in separate
PCRs, a specific strain was identified which contained a 100-kbp
subgenomic S. davawensis fragment (nucleotides 8,914,686 to
9,020,723) in which the rosA gene (BN159_8032) was centrally
located (Fig. 4A). By conjugation, the corresponding PAC was
transferred to the heterologous expression host S. coelicolor
M1152. One of the exconjugants was found to produce 1 �M
roseoflavin, which was present in the supernatant of the culture
after 7 days of growth (Fig. 4B). The control strain S. coelicolor
M1152 did not produce roseoflavin.

Streptomyces cinnabarinus is a roseoflavin producer. Whole-
genome-based phylogenetic analysis of the completely sequenced
Streptomyces species S. davawensis, S. coelicolor (6), S. avermitilis

TABLE 3 Synthesis of secondary metabolites in Streptomyces davawensis

Type Gene cluster

Compound which
most likely is
produced

Bacteriocin BN159_1027...BN159_1041
Butyrolactone BN159_4437...BN159_4443
Ectoine BN159_6645...BN159_6653
Lantibiotic BN159_7730...BN159_7752
NRPSa BN159_5552...BN159_5613 Melanin
NRPS BN159_6018...BN159_6082 Moenomycin
NRPS BN159_7504...BN159_7544
NRPS BN159_7971...BN159_8026 Meilingmycin
Oligosaccharide BN159_2334...BN159_2384 Aclacinomycin
Other BN159_0820...BN159_0862
Other BN159_6747...BN159_6783
Other BN159_6878...BN159_6920
PKSb (type 1) BN159_1344...BN159_1381 RK-682 (19)
PKS (type 3) BN159_2002...BN159_2033
PKS (type 2) BN159_2454...BN159_2482 Oxytetracycline
PKS (type 1) BN159_2472...BN159_2508 Pyrrolomycin
PKS (type 2) BN159_2498...BN159_2530 Lankamycin/

lankacidin
PKS (type 3) BN159_5906...BN159_5930
PKS (type 3) BN159_7364...BN159_7396 Erythromycin
PKS (type 3) BN159_7926...BN159_7957 Furaquinocin A
PKS-NRPS MIX BN159_2119...BN159_2158 Tirandamycin
PKS-NRPS MIX BN159_0658...BN159_0706 Sanglifehrin A
PKS-NRPS MIX BN159_5857...BN159_5906
Siderophore (?)c BN159_2064...BN159_2088 Geosmin
Siderophore BN159_2640...BN159_2654 2-Methylisoborneol
Siderophore BN159_5473...BN159_5494 Desferrioxamine
Terpene BN159_1431...BN159_1450
Terpene BN159_1587...BN159_1611
Terpene/

butyrolactone
BN159_2258...BN159_2301

Terpene/NRPS BN159_3136...BN159_3188 Albaflavenone
Terpene BN159_79530...BN159_7981 Furaquinocin A
Terpene/melanin BN159_8242...BN159_8286
Vitamin analog BN159_8007...BN159_8044 (?) Roseoflavin
a NRPS, nonribosomal peptide synthetases.
b PKS, polyketide synthases.
c Question marks indicate hypothetical data.
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(22), S. scabiei, S. griseus (44), S. flavogriseus, Streptomyces sp.
strain SirexAA-E, S. cattleya, S. violaceusniger, and S. bingcheng-
gensis (61) was performed using EDGAR. According to these data,
S. coelicolor is the closest relative of S. davawensis (Fig. 5A). Phy-
logenetic analysis based on 16S rRNA sequences, however, re-
vealed that Streptomyces cinnabarinus (DSM 40467) was the clos-
est relative of S. davawensis (Fig. 5B). When described in 1969 for
the first time, S. cinnabarinus was reported to secrete a water-
soluble red compound (12). Besides this description, no further
data with regard to the secreted compound have been published.

S. cinnabarinus was grown in a liquid culture, and the superna-
tant was analyzed by liquid chromatography (LC)-MS. A major com-
pound was detected with a mass-to-charge (m/z) ratio of 406.1, iden-
tical to the m/z ratio of a roseoflavin standard. Moreover, the
UV-visible (UV-vis) spectrum of the major compound present in the
supernatant was identical to the spectrum of roseoflavin (Fig. 6). Fig-
ure S5 in the supplemental material shows S. cinnabarinus and S.
davawensis colonies on a solid growth medium.

DISCUSSION

To the best of our knowledge, only two other examples for natu-
rally occurring vitamin analogs with antibiotic/toxin function are
known, bacimethrin and ginkgotoxin. The antibiotic bacimethrin
is a structural thiamine (vitamin B1) analog naturally produced by
Bacillus megaterium and Streptomyces albus (49). Ginkgotoxin is a
neurotoxin occurring in Ginkgo biloba and is structurally related
to vitamin B6 (pyridoxine) (13). The biosynthetic pathways for
bacimethrin and ginkgotoxin are unknown.

The enzymatic conversion of the vitamin riboflavin into the
antibiotic roseoflavin involves the mechanistically challenging re-
placement of a methyl group at C-8 of the isoalloxazine ring sys-
tem of riboflavin by an amino group (25). As a first step toward
understanding roseoflavin biosynthesis, we report here the ge-
nome of S. davawensis. The obtained sequence data were crucial
for the previous identification of the novel N,N-8-amino-8-
demethyl-riboflavin dimethyltransferase RosA that is responsible
for the two terminal steps in roseoflavin biosynthesis (24). The
introduction of a 100-kbp S. davawensis subgenomic fragment

FIG 5 Phylogeny of Streptomyces davawensis. (A) Phylogeny based on a complete genome comparison (EDGAR). (B) Phylogeny based on the alignment of the
complete 16S rRNA gene. All species shown are Streptomyces species.

FIG 6 Identification of roseoflavin in Streptomyces cinnabarinus. (A) Reten-
tion time (HPLC) of the major compound present in the supernatant of ac-
tively growing cells of S. cinnabarinus. The retention time of the major com-
pound is identical to that of a roseoflavin standard. (B) The mass (406.1
[M�H]�) of the major compound shown is identical to the mass of the
roseoflavin standard. (C) UV-vis spectrum of the major S. cinnabarinus com-
pound. The spectrum is identical to the spectrum of roseoflavin.
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(containing 93 CDSs) into S. coelicolor M1152 led to the produc-
tion of roseoflavin by a corresponding recombinant strain and
constitutes another important step with regard to elucidation of
roseoflavin biosynthesis. This subgenomic fragment contains the
gene rosA, which in turn is located at the end of the rosA operon
comprising a total of 10 genes (24) (Fig. 4). Notably, expression of
the latter gene cluster did not support roseoflavin production
(24). The remaining 83 CDSs on the 100-kb subgenomic fragment
currently are being investigated with regard to their role in roseo-
flavin biosynthesis by gene inactivation experiments. The inter-
mediates of the roseoflavin biosynthetic pathway (except for
8-amino-8-demethyl-riboflavin) are unknown. It is therefore dif-
ficult to speculate on which genes present on the 100-kbp sub-
genomic fragment are involved in roseoflavin biosynthesis. The
working hypothesis now is that the region between the FMN ri-
boswitch directly upstream of BN159_8007 and BN159_8044
contains the relevant genes.

Interestingly, putative riboflavin biosynthetic genes (BN159_
7984, BN159_7986, and BN159_8007) (Table 2) were found to be
present on the 100-kbp PAC responsible for roseoflavin biosyn-
thesis. It is tempting to speculate that these genes support ribofla-
vin biosynthesis when S. davawensis enters the roseoflavin pro-
duction phase.

Traditionally, the names for riboflavin/FMN/FAD biosyn-
thetic genes in Gram-positive and Gram-negative bacteria are dif-
ferent. Moreover, bifunctional riboflavin biosynthetic enzymes
are employed by some species, which complicates genetic nomen-
clature even more. In order to avoid future confusion with regard
to gene names, we suggest the following genetic nomenclature
(also see Fig. S2 in the supplemental material): RibA, GTP cyclo-
hydrolase II function (EC 3.5.4.25); RibB, 3,4-dihydroxy-2-bu-
tanone-4-phosphate synthase function (EC 4.1.99.12); RibD, ri-
boflavin-specific deaminase function (EC 3.5.4.26); RibG,
riboflavin-specific reductase function (EC 1.1.1.193); RibH,
lumazine synthase function (ribH; EC 2.5.1.78); and RibE, ribo-
flavin synthase function (EC 2.5.1.9). Moreover, flavokinase
should be renamed to RibF (EC 2.7.1.26) and FAD synthetase to
RibC (EC 2.7.7.2). According to this nomenclature, genes coding
for bifunctional enzymes would be denoted as, e.g., ribCF if do-
mains were present in the corresponding gene products that show
sequence similarity to both FAD synthetase (RibC; N-terminal
amino acid residues) and flavokinase (RibF; C-terminal amino
acid residues).

S. davawensis is roseoflavin resistant. We hypothesized ear-
lier that the mechanism of self resistance involved a flavoki-
nase/FAD synthetase with a high substrate specificity for ribo-
flavin. Such an enzyme would not accept roseoflavin as a
substrate and thus would not produce toxic RoFMN and
RoFAD. Our data on the S. davawensis flavokinase/FAD syn-
thetase RibC (RibCF according to the new nomenclature),
however, clearly showed that this enzyme does not discrimi-
nate between roseoflavin and riboflavin (17). A second flavoki-
nase/FAD synthetase was not identified in the S. davawensis
genome. Accordingly, roseoflavin resistance of S. davawensis
seems to be due mainly to a specialized FMN riboswitch that is
insensitive to RoFMN (47). However, since roseoflavin is
found in the culture supernatant (and not within the cyto-
plasm), we postulate that an as-yet unknown roseoflavin ex-
porter protein is present in S. davawensis which may support

roseoflavin resistance. The corresponding gene may very well
be located close to the roseoflavin biosynthesis genes (Fig. 4A).

The synthesis of roseoflavin may involve unusual enzymes.
The present work represents major progress toward understand-
ing roseoflavin biosynthesis and, moreover, is the prerequisite for
the analysis of the regulation of flavin synthesis in S. davawensis.

The fact that a second roseoflavin-producing organism, S. cin-
nabarinus, was identified supports the idea that vitamin analogs
with antibiotic function are more widespread in nature (47).
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