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Genomics and the ancient origins of the daptomycin
biosynthetic gene cluster

Richard H Baltz

Daptomycin is a clinically useful lipopeptide antibiotic produced by Streptomyces roseosporus. The antibiotic is assembled by a

nonribosomal peptide synthetase (NRPS) mechanism, and the cyclized tridecapeptide contains three non-proteinogenic L-amino

acids: ornithine (Orn), 3-methyl-glutamic acid (3mGlu) and kynurinine (Kyn). Daptomycin also has three D-amino acids. The two

genes that encode proteins involved in the formation of 3mGlu and Kyn have no known orthologs, and hence they are good

probes to search for daptomycin-like gene clusters among newly sequenced actinomycete genomes. A recent search with these

genes revealed a daptomycin-like gene cluster in Saccharomonospora viridis, a causative agent for farmer’s lung disease.

S. viridis has a genome of 4.3Mb, which is about one half the size of Streptomyces genomes. Searches for other NRPS and

polyketide synthase (PKS) genes revealed only one other NRPS gene and no PKS genes in S. viridis. The orthologous lipopeptide

biosynthetic genes and gene products in S. viridis and S. roseosporus have diverged extensively from a last common ancestor

dating back to a pathway that had evolved over 1 billion years ago.
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INTRODUCTION

Lipopeptide and b-lactam antibiotics share a common nonribosomal
peptide synthetase (NRPS) mechanism for peptide assembly.1 My first
work on antibiotic biosynthesis at Eli Lilly and Company involved the
radioisotopic labeling of cephalosporin C with L-valine-1-14C.2 I was
also adapting a defined medium devised by Arny Demain and
colleagues3,4 for biosynthetic studies. Some of the first scientific papers
that I read were those of Arny Demain, who was working on the
biosynthesis of cephalosporin C at Merck. The work that we did on
cephalosporin biosynthesis at Lilly stimulated my interest in research,
and helped me decide to pursue advanced degrees in Microbiology at
the University of Illinois.
The first time that I heard Arny Demain speak was at the first ASM

Conference on the Genetics and Molecular Biology of Industrial
Microorganisms (GMBIM) in Orlando, Florida, in 1976. I remember
thinking at that time that I would like to be like Arny some day.
He was and continues to be an influential spokesman for industrial
microbiology, and has encouraged international scientific communi-
cation and cooperation between academia and industry. He has been
one of my role models over the years, and I have had the privilege to
work with him on the Genetics of Industrial Microorganisms Inter-
national Committee, and recently on editing the Third Edition of the
Manual of Industrial Microbiology and Biotechnology.
One of the most interesting antibiotic projects that I have worked

on at Lilly and at Cubist Pharmaceuticals involves the biosynthesis of

the lipopeptide A21978C and its derivative, daptomycin. A21978C
(Figure 1) was discovered by Eli Lilly and Company,5 and daptomycin
is a semisynthetic derivative of A21978C containing a decanoic acid
side chain rather than the natural lipid side chains of A21978C
factors.6 Daptomycin was licensed from Lilly to Cubist Pharmaceu-
ticals7, and has been approved for the treatment of difficult-to-treat
skin and skin structure infections caused by Gram-positive patho-
gens,8 and for bacteremia and right-sided endocarditis caused by
Staphylococcus aureus, including strains resistant to methicillin (MRSA
(methicillin-resistant S. aureus)).9 Daptomycin failed to meet non-
inferiority standards in a clinical trial for community-acquired pneu-
monia caused by Streptococcus pneumoniae,10 apparently because it
becomes sequestered in lung surfactant.11 Many derivatives of
A21978C have been made by chemical modifications of the lipid
side chain or by additions to the d-amino group of ornithine (Orn6),
but none have yet proven superior to daptomycin.12,13

A21978C and daptomycin are members of a family of acidic cyclic
lipopeptide antibiotics with common evolutionary origins.13 Other
members of this family include A54145, calcium-dependent antibiotic
and friulimicins, among others.12,13 Although these antibiotics
share some common features, including amino acid chirality and
the presence of calcium ion binding motifs in the same positions, they
differ in primary amino acid sequence in the ten-member rings and
exocyclic amino acid tails, and in lipid side chains.12 Recently,
combinatorial biosynthetic methods were developed to exploit the
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differences in primary amino acid sequences in these lipopeptides
and they generated large sets of derivatives of daptomycin and
A54145.14–18 Many analogs were very potent, and a number of analogs
more closely related to A54145 than to daptomycin had potent
antibacterial activity in the presence of bovine surfactant.17,18.
Another approach to discover antibiotics related to daptomycin

(and other highly active antibiotics) has been afforded by the
diminished cost for genome sequencing. It is now well established
that actinomycetes with large genomes encode multiple secondary
metabolite biosynthetic pathways, most of which are cryptic under
standard fermentation conditions.19,20 Genome sequencing provides a
means to discover novel chemical scaffolds as well as derivatives of
known structures. From an evolutionary point of view, the sequencing
of multiple actinomycete genomes will also provide multiple copies of
known pathways, thus allowing phylogenic calculations to determine
the age of antibiotic biosynthetic and resistance genes.
In this report, a search for specific genes involved in daptomycin

biosynthesis revealed a cluster of secondary metabolite biosynthetic
genes highly related to those of daptomycin in Saccharomonospora
viridis, an actinomycete associated with farmer’s lung disease.21

S. viridis has a genome of B4.3Mb, about one half the size of
streptomycete genomes. The daptomycin-like pathway seems to be
the only substantial secondary metabolite biosynthetic pathway that
uses NRPS or polyketide synthase (PKS) mechanisms in S. viridis.
Calculation of the last common ancestor of the lipopeptide pathway in
S. viridis and S. roseosporus indicates that the daptomycin-like pathway
may have evolved over a billion years ago.

MATERIALS AND METHODS

Nucleotide and protein searches
Protein searches were carried out using BLASTp22 (http://blast.ncbi.nlm.nih.

gov/Blast.cgi).

Assignment of amino acid binding pocket specifities
The amino acid binding pocket codes23,24 in the NRPS enzymes were

determined as described25 using NRPS predictor (http://www-ab.informatik.

uni-tuebingen.de/software), and were compared with those used by the

daptomycin NRPS enzymes.26

Calculation of divergence time from the last common ancestor
The divergence time from the last common ancestors of S. roseosporus and

S. viridis, and of the lipopeptide biosynthetic genes present in these organisms,

was determined by the method of Feng et al.27 by comparing amino acid

identities of orthologous proteins.

RESULTS

Search for daptomycin-like biosynthetic genes
There are two genes, dptI and dptJ, in the daptomycin biosynthetic
gene cluster that until very recently did not have any orthologs in
GenBank. The dptI gene encodes a methyltransferase involved in the
formation of 3-methyl-glutamic acid (3mGlu) from a-ketogluta-
rate.15,28 The DptI protein has only two distantly related functional
homologs, LptI29,30 from the lipopeptide A54145 pathway and
GlmT28,31 from the calcium-dependent antibiotic pathway. DptI
shows only 37 and 36% amino acid identities to LptI and GlmT,
respectively. The dptJ gene encodes a (TDO) tryptophan-2,3-dioxy-
genase that is involved in the formation of kynurinine (Kyn) for
incorporation at position 13 in the A21978C tridecapeptide. It has no
known functional orthologs, and its gene product shares only 30%
amino acid identities with KynA, a TDO likely involved in primary
metabolism in S. roseosporus.13 We searched GenBank using BLASTp
to find protein sequences related to DptI and DptJ, and homologs
with amino acid identities of 53 and 47%, respectively, were encoded
by the genome of S. viridis (Table 1). The dptI and dptJ genes were also
contiguous in S. viridis as observed in S. roseosporus.26 The DptI
homolog (DptI-sv) shared 39% amino acid identities with LptI and
GlmT, and hence it is clearly more closely related to DptI.
The discovery of dptI and dptJ homologs in S. viridis prompted

further BLASTp analyses with the other daptomycin biosynthetic
enzymes. Tables 1 and 2 summarize the results. S. viridis encodes
three very large NRPS enzymes with molecular masses very similar to
those of DptA, DptBC and DptD, which are involved in assembling
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Figure 1 Structures of A21978C factors and daptomycin. Reproduced from

Baltz et al.12

Table 1 S. viridis genes predicted to be involved in lipopeptide

biosynthesis

Gene Protein Homologa Microorganism Function

Svir_18330 YP_003133683 dptP S. roseosporus Resistance

Svir_18340 YP_003133684 dptN S. roseosporus Transport

Svir_18350 YP_003133685 dptM S. roseosporus Transport

Svir_18360 YP_003133686 dptE S. roseosporus Acyl-CoA ligase

Svir_18370 YP_003133687 lipB A. friuliensis Acyl-CoA DH

Svir_18380 YP_003133688 ‘acad’ S. ghanaensis Acyl-CoA DH

Svir_18390 YP_003133689 dptF S. roseosporus ACP

Svir_18400 YP_003133690 dptA S. roseosporus NRPS

Svir_18410 YP_003133691 dptBC S. roseosporus NRPS

Svir_18420 YP_003133692 dptD S. roseosporus NRPS

Svir_18430 YP_003133693 dptG S. roseosporus Unknown

Svir_18440 YP_003133694 dptI S. roseosporus Methyltransferase

Svir_18450 YP_003133695 dptJ S. roseosporus TDO

Svir_18460 YP_003133696 ‘est’ Frankia Putative esterase

Svir_18470 YP_003133697 ‘test’ S. ambofaciens Thioesterase

Svir_18480 YP_003133698 ‘lysR’ R. opaceus LysR regulator

Abbreviations: ACP, acyl carrier protein; DH, dehydrogenase; NRPS, nonribosomal peptide
synthetase; TDO, tryptophan-2,3-dioxygenase.
aThe four genes that have not been assigned gene names are listed as ‘acad’ (acyl-CoA
dehydrogenase), ‘est’ (esterase), ‘test’ (thioesterase) and ‘lysR’ (lysR homolog).
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the tridecapeptide during daptomycin biosynthesis.12,13,26 The amino
acid identities range from 51 to 56% (Table 2). Similarly, S. viridis
encodes homologs with very similar sizes to DptE and DptF, and with
48 and 39% amino acid identities, respectively. These proteins are
involved in coupling long-chain fatty acids to Trp1 to initiate dapto-
mycin assembly.12,13,32 It is noteworthy that the DptE and DptF
proteins produced in S. roseosporus show a slightly higher amino
acid conservation (51 and 46% identities) to the fused LptEF protein
involved in coupling the lipid side chain to Trp1 in A54145 biosynth-
esis.13 This observation will be further addressed below. S. viridis also
encodes homologs to DptG, a protein of unknown function required
for optimal daptomycin production,15 and DptM, DptN and DptP,
which may be involved in daptomycin export and/or resistance.13

DptM, DptN and DptP homologs are also encoded by the A54145
biosynthetic gene cluster, whereas only DptM and DptN homologs are
encoded by the friulimicin cluster.13 It is noteworthy that DptP shows
94% amino acid identities with LptP, whereas DptP-sv shows only
50% amino acid identities with LptP. This is a clear indication that
LptP is derived from a streptomycete DptP acquired by horizontal
gene transfer approximately 100Myr ago. As the lptP gene may
have further evolved in function, and may not be a true ortholog to
dptP, the horizontal transfer could have occurred in more recent
evolutionary time (that is, o100Myr ago).
S. viridis does not encode a homolog of DptH, a likely editing

thioesterase required for optimal daptomycin production,15 but may
use a different gene(s) to encode this function (see below).

Lipopeptide biosynthetic gene organization in S. viridis
If the genes identified in this study are in fact involved in biosynthesis
of daptomycin or a closely related lipopeptide antibiotic, then the gene
cluster in S. viridis might resemble the daptomycin gene cluster in
S. roseosporus. Table 1 indicates that the lipopeptide biosynthetic genes
are clustered in S. viridis, and Figure 2 shows that they have a similar
organization to those in S. roseosporus. The differences are that the
dptP gene and the dptMN genes (encoding an ABC transporter) are
inverted; two new genes (Svir_18370 and Svir_18380) are inserted
between dptE and dptF genes in S. viridis; and S. viridis lacks a dptH
(thioesterase) gene, but has two genes (Svir_18460 and Svir_18470)
downstream of the dptJ homolog, one or both of which may have
role(s) as editing thioesterase(s), based upon their annotations as
putative esterase and thioesterase, respectively (Table 1). In addition,
downstream of Svir_18470 is a lysR homolog (Svir_18480) that has no
homolog in the daptoymycin gene cluster.
The presence of Svir_18370 and Svir_18380 genes between the dptE

and dptF homologs suggests that they may be involved in processing
the lipid side chain. DptE and DptF function as acyl-CoA ligase and
acyl carrier protein in the coupling of long-chain fatty acids to
the N-terminal Trp1 to initiate daptomycin biosynthesis.13,32 Both
Svir_18370 and Svir_18380 encode acyl-CoA dehydrogenases, and the
Svir_18370 gene product showed 45% amino acid sequence identities
with LipB, an acyl-CoA dehydrogenase that introduces the Dcis3
double bond in the lipid side chain of the lipopeptide antibiotic
friulimicin in Actinoplanes friuliensis.13,33 Furthermore, the lipB gene

Table 2 Amino acid sequence identities of putative daptomycin biosynthetic proteins encoded by S. roseosporus and S. viridis

dpt protein Size (aa) Function S. viridis homologa Size (aa) % Identities (aa/aa)

DptA 5830 NRPS DptA-sv 5827 51 (2968/5827)

DptBC 7338 NRPS DptBC-sv 7310 52 (3871/7449)

DptD 2379 NRPS 2365 56 (1325/2375)

DptE 597 Acyl-CoA ligase DptD-sv 577 48 (259/539)

DptF 89 Acyl carrier protein DptE-sv 87 38 (33/87)

DptG 75 Unknown DptF-sv 68 69 (47/68)

DptH 271 Thioesterase DptG-sv — —

DptI 328 Methyltransferase No hit 349 54 (179/333)

DptJ 245 TDO DptI-sv 237 47 (105/222)

DptM 319 ABC transporter: ATP-binding DptJ-sv 313 61 (187/306)

DptN 289 ABC transporter: permease DptM-sv 282 67 (146/219)

DptP 206 Transport/resistance DptN-sv 230 52 (91/176)

Ave DptP-sv 52 (9211/17 601)

Abbreviations: NRPS, nonribosomal peptide synthetase; TDO, tryptophan-2,3-dioxygenase.
aThe Dpt proteins encoded by S. viridis have –sv appended to distinguish them from the Dpt proteins encoded by S. roseosporus.
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in A. friuliensis is located between the lipA and lipD genes, which are
homologs of dptE and dptF.13,33 Therefore, it would not be surprising
if the natural lipopeptide(s) produced by S. viridis have lipid side
chains with one or two double bonds.
The NRPS genes are aligned between dptF and dptG in S. viridis just

as they are in S. roseosporus. In S. roseosporus, the dptA, dptBC and
dptD genes have overlapping stop and start codons,26 whereas only
dptA and dptBC have overlapping stop and start codons in S. viridis.
In addition, the dptD, dptG and dptI homologs in S. viridis are likely to
have overlapping stop and start codons, based upon the annotations
in GenBank.

Amino acid binding pocket specificities
The observation that S. viridis encodes three giant NRPS enzymes of
nearly identical size relative to DptA, DptBC and DptD (Table 2)
predicts that they synthesize a tridecapeptide related to daptomycin.
The end-to-end homologies also indicate that they have epimerase
domains located at the same three positions as observed in daptomy-
cin NRPSs. If these NRPS enzymes encode a tridecapeptide identical
to or highly related to that of daptomycin, then this should be
reflected in the amino acid binding pockets of the adenylation
domains.23,24 The amino acid binding pockets of authentic daptomy-
cin and the three NRPS proteins encoded by S. viridis are shown in
Table 3. Daptomycin has three unusual non-proteinogenic amino
acids, Orn6, 3mGlu12 and Kyn13, the combination of which has not
been observed in any other peptide in nature. The amino acid binding
pocket for Kyn has a unique code observed only in DptD. It is
therefore noteworthy that the binding pocket for the second module
in DptD-sv has a binding pocket identical to that of Kyn13 in DptD

(Table 3). In addition, the first module of DptBC-sv has a binding
pocket identical to that of Orn6 (DptBC module 1), and the binding
code in the second module of DptD-sv differs from the 3mGlu12
binding code of DptD by a single conservative substitution of
Val for Ile at position eight of the pocket. This strongly suggests
that S. viridis encodes a tridecapeptide containing Orn6, 3mGlu12
and Kyn13.
Seven of the other amino acid binding pockets deviate from those

of the daptomycin NRPS by 1 or 2 amino acids. In most cases,
the differences are conservative (for example, Val/Ile, Val/Leu and
Thr/Ser). It therefore seems likely that the amino acids at these
positions will be identical to those observed in daptomycin. The
binding pocket for DptA module 2 in S. viridis differed from that of
S. roseosporus by two substitutions and one position that could not be
assigned. It is possible that this binding pocket specifies an amino acid
other than Asn.
The binding pockets that correspond to the D-Ala8 and D-Ser11 in

daptomycin differed by 3 and 5 amino acids from those in DptBC
modules 3 and 6, respectively, but differed from each other by only 2
amino acids (Table 3). Both of the binding pockets were also more
closely related to that of D-Ala8 than D-Ser11 in DptBC. It seems
possible that the tridecapeptide encoded by the S. viridis NRPS may
have D-Ala at positions 8 and 11, or some other related amino acid.
It has been shown previously in molecular engineering studies that
D-Ala can be substituted for D-Ser at position 11 without any loss of
antibacterial activity or spectrum.16 The amino acid binding pocket
analysis clearly predicts that the lipopeptide encoded by S. viridis is
highly related to daptomycin, but may show some subtle structural
differences.

Table 3 Amino acid binding pockets in A domains of NRPSs

NRPS subunit Module Module structure Amino acid binding pocket Amino acid specificitya

DptA SR-1 CAT DVSSIGAVEK Trp

SV-1 CAT DVSTVGAVEK (Trp)

SR-2 CATE DLTKLGDVNK Asn

SV-2 CATE DLT_MGDVHK (Asn, other)

SR-3 CAT DLTKLGAVNK Asp

SV-3 CAT DLTKVGAVNK (Asp)

SR-4 CAT DFWSVGMVHK Thr

SV-4 CAT DFWNIGMVHK (Thr)

SR-5 CAT DILQLGVIWK Gly

SV-5 CAT DILQLGLIWK (Gly)

DptBC SR-1 CAT DTWDMGYVDK Orn

SV-1 CAT DTWDMGYVDK (Orn)

SR-2 CAT DLTKLGAVNK Asp

SV-2 CAT DLTKVGAVNK (Asp)

SR-3 CATE DVVSAAFVYK Ala

SV-3 CATE DVFSVAAVYK (Ala, Ser, other)

SR-4 CAT DLTKLGAVC*K Asp

SV-4 CAT DLTKVGAVNK (Asp)

SR-5 CAT DILQVGMIWK Gly

SV-5 CAT DILQLGVIWK (Gly)

SR-6 CATE DVWHISLVYK Ser

SV-6 CATE DVFSVALVDK (Ala, Ser, other)

DptD SR-1 CAT DLGKTGVINK 3mGlu

SV-1 CAT DLGKTGVVNK (3mGlu)

SR-2 CATTe DAWTTTGVGK Kyn

SV-2 CATTe DAWTTTGVGK (Kyn)

Abbreviations: 3mGlu; 3-methyl-glutamic acid; Kyn, kynurinine; NRPS, nonribosomal peptide synthetase; Orn, ornithine; SR-1, module 1 in Dpt protein in S. roseosporus; SV-1, module 1 in Dpt
protein in S. Viridis.
aThe proposed amino acid binding specificity is shown in parenthesis.

Daptomycin biosynthetic gene cluster
RH Baltz

509

The Journal of Antibiotics



Search for other NRPS and PKS genes in S. viridis
S. viridis is an actinomycete with a circular genome of B4.3Mb.
This is B50% smaller than the genomes of streptomycetes.
In streptomycetes, many of the secondary metabolite biosynthetic
functions are located in the subteleomeric regions at the linear
chromosome extremities, and the core primary metabolic functions
are located in a central region of B4.5Mb. Thus, it seems that
S. viridis has coding capacity mainly for primary metabolic functions,
and might not encode multiple secondary metabolic functions as
observed from actinomycetes with large genomes.19,20,34 BLASTp
analysis using typical PKS and NRPS amino acid sequences as probes
indicated that the S. viridis genome has no genes encoding PKSs, and
only one other gene encoding an NRPS. Therefore, the presence of a
complete biosynthetic pathway for a lipopeptide related to dapto-
mycin suggests that this pathway may have a critical role in S. viridis
growth and survival. It is noteworthy that S. viridis does not encode a
primary metabolic TDO, further emphasizing the significance of
DptJ for the formation of Kyn for the postulated lipopeptide bio-
synthesis in S. viridis.

Calculation of time to last common ancestor
If the putative daptomycin biosynthetic genes identified in S. viridis
are indeed orthologs of those from the daptomycin gene cluster in
S. roseosporus, and if orthologs encoding important secondary meta-
bolites are under the same evolutionary constraints as are orthologs of
primary metabolic functions required for viability, then we can use the
drift in amino acid sequence identities to calculate the time to the last
common ancestor of the daptomycin gene clusters identified in
S. roseosporus and S. viridis. We can also compare this with the
calculation of last common ancestor of S. roseosporus and S. viridis
to address the question of vertical versus horizontal transmission of
daptomycin genes. Feng et al.27 have estimated that the last common
ancestor of Escherichia coli and Bacillus subtilis existed approximately
2000Myr ago. The proteins encoded by both E. coli and B. subtilis
show an average of 45% amino acid identities. The drift in amino acid
identities over time is an logarithmic function defined by the Grishin
formula: q¼ln(1+2D)/2D, where q is the fraction of unchanged
residues and D is the evolutionary distance. Feng et al.27 have related
D to evolutionary time, and hence it is possible to calculate the
evolutionary time from last common ancestor based upon q. As a
reference, the time to last common ancestor for S. roseosporus and
several other Streptomyces species was calculated using the glutamine
synthetase (GlnA) as the protein clock. Twelve Streptomyces species
showed 89 to 92% amino acid identities over the full-length GlnA
protein. This corresponds to divergence times of 200–280Myr ago.
S. roseosporus and S. viridis showed 71% amino acid identities in
GlnA, translating to a divergence time of approximately 860Myr ago.
The lipopeptide biosynthetic proteins from the S. roseosporus dapto-
mycin gene cluster were summed and compared with the apparent
orthologous proteins from the S. viridis lipopeptide pathway, and
the average amino acid identity was 52%, which corresponds to a
divergence time of approximately 1640Myr ago. However, some of the
proteins may not be true orthologs. For instance, the DptE and DptF
homologs have likely diverged somewhat to accommodate predicted
differences in fatty acid starter units (that is, saturated in S. roseosporus
and unsaturated in S. viridis). The amino acids in the proteins
showing the least divergence, DptG, DptM and DptN, show an
average of 64% identity. This corresponds to a divergence time of
1,100 MY ago. These calculations strongly suggest that these lipopep-
tide biosynthetic genes evolved before the time of divergence from
the last common ancestor of Streptomyces and Saccharomonospora

lineages. This would indicate that the daptomycin gene cluster must
have been transferred horizontally to one or both of the S. roseosporus
and S. viridis strains, probably from some other actinomycete(s).

DISCUSSION

S. viridis is an actinomycete with a relatively small genome, about one
half the size of the genomes of Streptomyces species. S. viridis therefore
must not require the large repertoire of metabolic functions common
to the free-living Streptomyces to survive in its more selective thermo-
philic niche. The observation that S. viridis encodes a single antibiotic
biosynthetic pathway highly related to that of daptomycin strongly
suggests that this pathway is important for the growth and survival of
this naturally genome-minimized actinomycete. If so, then we might
expect to find this lipopeptide pathway in other strains of S. viridis.
This could be easily tested by sequencing several more S. viridis strains
from different geographical sources.
S. roseosporus strains that produce daptomycin have been isolated at

least twice at Eli Lilly and Company. Two strains have been compared
by partially sequencing the three NRPS genes (V Miao and RH Baltz,
unpublished), and they showed 98.7% amino acid identities.35 This
corresponds to a divergence time of approximately 20–30Myr ago. It
is noteworthy that 16S rRNA sequence analysis also suggested that
these two S. roseosporus strains diverged approximately 20Myr ago.35

The relatively recent divergence led to the erroneous suggestion that
the daptomycin pathway might have evolved relatively recently.35 In
fact, the data reported in this study refute this notion, and indicate
that this pathway predates the establishment of the genus Streptomyces,
which seems to have branched off approximately 300Myr ago. This
strongly suggests that S. roseosporus, or a recent ancestor, obtained the
daptomycin gene cluster by horizontal gene transfer from some other
actinomycete, but probably not from a strain of S. viridis.
This preliminary analysis of the age of the daptomycin-like gene

clusters in S. roseosporus and S.viridis suggests that this complicated
NRPS pathway is over a billion years old. However, it is not yet
established that orthologous secondary metabolic biosynthetic genes
diverge at the same rates as genes encoding highly conserved primary
metabolic functions. If they diverge faster, then the divergence times
for lipopeptide biosynthetic genes estimated in this study may be
inflated. In addition, some of the genes may not be true orthologs
(for example, dptE and dptF). As more genomes are sequenced, this
question can be addressed directly. As secondary metabolite biosyn-
thetic gene clusters are identified in pairs or groups of strains in which
a strong case can be made for the presence of the pathways in a
progenitor strain before speciation, thus ruling out more recent
horizontal transfers, then sequencing multiple isolates of the produ-
cing species will allow direct comparisons of divergence rates of
primary and secondary metabolic genes and proteins. For instance,
S. coelicolor and S. lividans (which are in fact a single species) encode
the same three antibiotics: actinorhodin, undecylprodigiosyn and
calcium-dependent antibiotic. However, these strains may be too
closely related to give meaningful calculations. Another example is
erythromycin production in Saccharopolyspora erythraea. There are
several independent isolates of S. erythraea that produce erythromy-
cin,36 and analysis of 16S rRNA sequences from four strains showed
pairwise divergence times ranging from 7 to 73Myr ago (V Miao and
RH Baltz, unpublished). This range of divergence within a single
species provides a good system to compare the divergence of
erythromycin biosynthetic genes and enzymes relative to primary
metabolic functions. Undoubtedly, there will be other secondary
metabolic pathways suitable for additional evolutionary analysis as
more actinomycete genomes are sequenced.
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The notion that antibiotic biosynthetic pathways, including resis-
tance mechanisms, may in fact be ancient functions present in
microbes hundreds of millions35 to over one billion years ago deserves
to be analyzed comprehensively. There currently exists within the lay
population and the general scientific community a naive understand-
ing of antibiotic resistance, and genomic sequencing studies will help
educate us on the ubiquitous nature and ancient origin of antibiotic
biosynthesis and resistance, and perhaps help us to embrace it in the
context of the vast number of microbes that coexist with us on this
planet.
Finally, the observation that S. viridis encodes a lipopeptide anti-

biotic apparently highly related to daptomycin could not have been
made at this time if the DOE had not chosen to sequence S. viridis, a
causative agent of farmer’s lung disease. This unpredicted outcome
supports the notion that a large number of actinomycetes covering all
currently known genera should be sequenced and analyzed. The data
from comprehensive genome sequencing will be of enormous value
for fundamental studies on the origins of antibiotic biosynthetic
and resistance genes, and for practical applications aimed at drug
discovery.
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