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A total of 223 complete bacterial genomes are analyzed, with 281 citations, for the presence of genes
encoding modular polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS). We
report on the distribution of these systems in different bacterial taxa and, whenever known, the
metabolites they synthesize. We also highlight, in the different bacterial lineages, the PKS and NRPS
genes and, whenever known, the corresponding products.
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1 Introduction

During the last two decades, enormous progress has been made in
elucidating the biosynthesis of hundreds of secondary metabolites,
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mostly from microorganisms. There is little doubt that the major
contribution to this wealth of knowledge has resulted from
the application of DNA sequencing to secondary metabolism,
facilitated by the fact that microorganisms usually carry all the
relevant genes in a contiguous DNA segment known as a gene
cluster. These studies were therefore chemistry-driven, i.e. genes
were characterized because they participated in the synthesis of
known natural products. The data obtained have confirmed that
the biosynthesis of a large number of natural products requires
the participation of sophisticated molecular machines known as
polyketide synthases (PKS) and nonribosomal peptide synthetases
(NRPS).

There is also little doubt that, around the turn of the millennium,
we have fully witnessed the impact of the genomic revolution in our
understanding of biology. One of the most outstanding advances
from the genomic revolution has been in prokaryotic biology,
with over 250 complete bacterial genomes publicly available. It
should be noted that bacterial genomes were initially sequenced
during the ground work necessary for bigger projects (i.e. the
human genome). However, in an era when antibiotic resistance
has become a serious medical concern, it was soon realized that
an inventory of all the genes present in a bacterial species, as
provided by bacterial genomics, would provide all possible targets
for the search of new antibiotics,1 all candidate proteins for vaccine
development,2 or a better understanding of pathogens’ biology.
For these reasons, the choice of sequenced strains is heavily
biased towards those which are pathogenic to humans, plants or
animals.

This top-down approach of sequencing entire bacterial genomes
has also led to the unexpected outcome that many strains
harbor genes highly related to those involved in natural product
formation. With few exceptions, bacterial genomes were not
specifically analyzed for their potential to synthesize natural
products. Here, we try to merge the two worlds of natural product
biosynthesis and of bacterial genomes, by reporting the occurrence
of typical genes for secondary metabolism in bacterial genomes.
We chose to limit our analysis to PKSs and NRPSs, since these
two classes participate in the synthesis of many diverse secondary
metabolites. In addition, they usually encode easily recognizable
large multimodular polypeptides that often comprise a large
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fraction of gene clusters. This report is also limited to bacteria,
which represent the largest set of sequenced microbes. As the
reader will soon appreciate, the top-down approach of whole-
genome sequencing has provided plenty of gene sequences and
relatively modest chemical information. Nonetheless, the emerging
view presented in this report may stimulate further analyses.

2 Thiotemplate modular systems

PKSs and NRPSs are key players in the synthesis of natural
products, since they carry out the oligomerization of small building
blocks into often complex structures. Excellent reviews have been
published since 2005 on PKSs3 and NRPSs,4 and the reader is
referred to these works and to previous literature cited therein for
further details. For the purpose of this review, only modular PKSs
will be covered and the term “PKS” will refer to modular PKSs
only. Other types of PKSs will be explicitly indicated.

PKSs and NRPSs are molecular assembly lines that direct
product formation on a protein template. Both systems accomplish
their task by maintaining reaction intermediates covalently bound
as thioesters on the same phosphopantetheine prosthetic group.
Usually, a 4′-phosphopantetheinyltransferase (PPTase) specific
for modular enzymes modifies an active site serine residue in
the thiolation (T) and acyl carrier protein (ACP) domains of

NRPSs and PKSs, respectively, to generate the corresponding
holoenzymes.5 In addition, each monomer is handled by a separate
set of enzymatic domains known as a module, and usually there are
as many modules as monomers incorporated in the final product.
For these reasons, PKSs and NRPSs are thiotemplate modular
systems (TMS), and we will use the generic term TMS genes
(enzymes) to indicate NRPSs, PKSs or both. We will briefly review
the modus operandi of TMS enzymes below, to help the reader in
understanding the following sections.

NRPSs use amino or hydroxy acids as building blocks, catalyz-
ing the formation of amide or ester bonds, respectively. As shown
in Fig. 1, each NRPS module consists of three core domains: an
adenylation (A) domain, which selects the cognate amino acid,
activates it as an amino acyl adenylate and transfers it to the T
domain (also known as peptidyl carrier protein, or PCP) where a
thioester bond is formed, a condensation (C) domain, responsible
for peptide bond formation between the amino acid present on
the T domain of the same module and the peptidyl intermediate
bound to the T domain of the preceding module, and the T domain
itself. Usually, all elongation modules present these core domains.
A dedicated loading module (carrying just A and T domains) and
a termination module, containing a thioesterase (TE) domain,
usually complete the NRPS assembly line. Additional reactions
may be carried out by specialized domains within a module, such
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Fig. 1 Basic steps during nonribosomal synthesis of peptides.

as amino acid epimerization (E), methylation (M) and reduction
(R) activities. Additional variations include the presence of a
heterocyclization domain (Cy) in place of a C domain, or the
occurrence of C domains capable of epimerization.

PKSs generate polyketide chains through the oligomerization
of small carboxylic acids. Each PKS module consists of three core
domains: an acyltransferase (AT) domain, which selects the ap-
propriate extender unit (usually malonyl-CoA or methylmalonyl-
CoA) and transfers it to the ACP domain where a thioester bond
is formed, and a ketosynthase (KS) domain, responsible for decar-
boxylative condensation between the extender unit present on the
ACP domain of the same module and the polyketide intermediate
bound to the ACP domain of the preceding module. All elongating
modules present these core domains, while the loading module
lacks a functional KS domain and the last module contains an
additional TE domain, for release of the finished polyketide from
the PKS. Most PKS modules contain additional domains for
processing the newly formed b-keto: the b-ketoreductase (KR),
the dehydratase (DH) and the enoylreductase (ER) domains carry
out the reactions depicted in Fig. 2. Occasionally, M domains are
present in PKSs.

Fig. 2 Basic steps during synthesis of polyketides.

Each TMS domain carries out the same basic reaction in
different modules, but different domains may act on different
substrates or produce different stereoisomers. Thus, one or
more domains must be responsible for substrate specificity or

stereoselectivity. The large number of sequenced genes involved
in the synthesis of natural products of defined structure and
stereochemistry has led to the proposal of in silico rules for
predicting substrate specificity.6 Thus, the amino acids recognized
by A domains,7 the dicarboxylic acids loaded by AT domains8

and the stereoselectivity of KR domains9 are strongly associated
with defined sequence motifs in the corresponding domains. These
motifs can thus be used to predict the substrate specificity of
TMS modules uncovered by genome sequencing. In addition, the
domain composition of each module can be used to predict the
ancillary reactions performed by that module and the number of
modules directly indicates the length of the oligomer. There are,
however, exceptions to template:product co-linearity, as modules
are now known to be both skipped and iterated during the normal
biosynthetic processes.3,10 These exceptions notwithstanding, the
chemical structure of a natural product synthesized by TMS
enzymes can be predicted with reasonable approximation by the
number of modules, the domain composition of each module and
by the in silico specificity of relevant domains.

3 A global view of bacterial genomes

At the time of this writing, there were over 250 bacterial strains for
which finished genome sequences had been generated.11 We chose
to limit this report to finished genomes described in the literature,
referring occasionally to relevant TMS genes from unpublished
genomes. It should be noted that the annotations of individual
genes, as they appear in the database, are often complemented
by informative comments in the published literature. However,
the majority of bacterial genomes were not analyzed for their
genetic repertoire in natural product formation, and different
criteria are often used for gene annotation. Thus, relying solely on
available annotations or published information does not provide
a consistent picture on occurrence and role of TMS genes in
the published bacterial genome sequences. For these reasons,
we surveyed bacterial genomes for the presence of TMS genes
using either the authors’ annotations or Blast12 searches. Then,
we catalogued all those genes that either encoded at least two
TMS domains or were located in close proximity to other TMS
genes. Accordingly, about 50% of the 223 analyzed bacterial strains
harbor TMS genes, which extend for almost 4.5 Mb, or 0.6% of
the cumulative 738 Mb of available genome sequences (Table 1).
In some instances, the sequenced bacterial strain or a close relative
produced a known natural product, and the corresponding gene
cluster was identified. In other cases, a TMS cluster uncovered
from the genome sequence was highly correlated to an orthologous
cluster directing the synthesis of a known compound, which was
then actually detected. Finally, in a few cases, in silico predictive
tools were used to propose a chemical structure from a newly
discovered TMS cluster. However, the number of TMS clusters
without an associated natural product far outweighs the number of
chemical structures. Because of the limited chemical information,
TMS genes are reported from a taxonomic perspective. However,
there are occurrences of distantly related bacteria harboring TMS
clusters for identical (or very similar) natural products, and these
will be discussed in a separate chapter of this report. Finally, it
should be noted that most of the information derived from genome
sequences refers to putative enzymes. However, we decided to omit

This journal is © The Royal Society of Chemistry 2007 Nat. Prod. Rep., 2007, 24, 1073–1109 | 1075



Table 1 Analyzed genomes by phylum

Phylum Genomesa Sizeb TMS genesc Densityd

Actinobacteria 18 70 044 365 452 991 1.940
Aquificae 1 1 590 791 0 0.000
Bacteroidetes 5 22 776 893 2628 0.035
Chlamydiae 9 11 601 785 0 0.000
Chlorobi 1 2 154 946 0 0.000
Cyanobacteria 8 26 666 055 51 826 0.583
Deinococci 2 5 411 638 0 0.000
Firmicutes 63 159 832 396 133 511 0.251
Fusobacteria 1 21 74 500 0 0.000
Planctomycetes 1 7 145 576 11 197 0.470
a-Proteobacteria 25 77 768 614 39 940 0.154
b-Proteobacteria 13 59 473 882 236 438 1.193
c-Proteobacteria 59 247 393 752 540 029 0.655
d-Proteobacteria 4 15 226 925 0 0.000
e-Proteobacteria 6 10 640 511 0 0.000
Spirochaetes 6 15 806 532 0 0.000
Thermotogae 1 1 860 725 0 0.000
Total 223 737 569 886 1 468 560 0.597

a Different strains with published sequenced genomes. b Cumulative
genome size, in bp. c Cumulative size of TMS polypeptides, in aa.
d Percentage of TMS genes, obtained dividing cumulative size of TMS
genes by cumulative genome size.

the repetitive use of the term “putative”, pointing out specifically
those cases where experimental proof has been obtained.

The distribution of genome sequences and TMS gene content
in bacterial phyla is reported in Table 1. For convenience, the Pro-
teobacteria, which include almost half of the analyzed genomes,
were split into the five subphyla. The most represented (sub)phyla
are the Firmicutes and the c-Proteobacteria, with 63 and 59 strains,
respectively, reflecting the high number of pathogens in these
two phyla. The publicly available genomes are biased towards
pathogens, which represent a small fraction of bacterial diversity,
and do not include representatives from the myxobacteria (d-
Proteobacteria), a group well known for their richness in TMS
genes.13 With these caveats in mind, it can be observed that
the presence of TMS genes is not uniformly distributed within
the various taxa, with the c-Proteobacteria, Actinobacteria and
b-Proteobacteria contributing most TMS genes (Table 1). This
reflects the long-known view that not all bacteria are capable of
producing secondary metabolites.14

It has been observed that bacterial genomes contain a roughly
constant coding density, which implies that, with few exceptions
(i.e. obligate parasites or decaying genomes), the number of genes
is proportional to genome size and this relation holds also for
specific classes (e.g. regulatory genes15). However, it does not apply
to TMS genes (Fig. 3), as expected from their uneven distribution
in bacterial taxa. Below a threshold of ca. 3 Mb, TMS genes
are either rare or absent. Above 5 Mb, there appears to be a
linear correlation between genome size and content of TMS genes,
but several strains lie above or below a putative regression line.
Clearly, additional genome sequences must be obtained from a
more representative set of bacteria before we can understand if
any correlation exists between genome size and content of TMS
genes.

Within the set of available genomes, NRPSs seem to be
more common than PKSs, which in turn are more abundant
than mixed systems. However, given the relatively small number

Fig. 3 Correlation between genome size (Mb) and TMS genes (kb) in
published bacterial genomes.

of TMS-encoding genomes, we have not attempted to analyze
the individual distribution of NRPS, PKS or mixed systems.
Furthermore, no analysis was performed on PPTases, and we
only report relevant observations made by the authors on these
enzymes.

4 Commonly encountered natural products

Some relatively similar TMS clusters are found in rather unrelated
strains. In most instances, these clusters direct the synthesis of
siderophores, compounds that are probably essential for growth
in nature, where free iron is not abundant. Thus, unrelated
bacteria have adopted similar strategies for scavenging iron, but
the occurrence of a defined siderophore is not a taxon-uniform
trait. The pathways to these common compounds will be reviewed
before describing other TMS genes.

4.1 Cathechol-based iron chelating compounds

Cathechol siderophores are widespread natural products pro-
duced by many unrelated bacteria. The biosynthetic routes to
cathechol siderophores have been reviewed in detail,16 and are
just summarized here. A common step is the activation of an
aryl moiety (Scheme 1). Chorismate 1 is transformed into 2,3-
dihydroxybenzoate (DHB) 2a by the action of EntC, EntB and
EntA (or their orthologs). EntB also carries a T domain, which
is loaded with DHB 2a by the aryl-activating adenylating protein
EntE. The activated DHB then follows different routes to the
various siderophores. In enterobactin 3 formation (Scheme 2),
the monomodular NRPS EntF activates L-serine, forming the
dipeptidyl DHB-seryl intermediate, which then cyclotrimerizes,
possibly through the formation of a TE-bound ester intermediate
to yield enterobactin 3.

Scheme 1
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Scheme 2

A similar route is followed for the production of bacillibactin 4,
except that the dimodular NRPS DhbF incorporates glycine and
L-threonine prior to trimerization and cyclization (Scheme 3).17

A dimodular NRPS is encoded also by the cluster responsible
for the synthesis of chrysobactin 5 in Erwinia chrisantemi, but no
trimerization occurs in this case.18

A slightly different situation is found for vibriobactin 6. In this
case (Scheme 4), two different enzymes utilize the VibE-activated
DHB. VibH, a free-standing C domain, links DHB 2a to N6 of
norspermidine generating the DHB-norspermidine intermediate
7, while VibF fuses DHB 2a to threonine followed by generation of
an oxazoline ring by condensation and dehydration. At this stage,
VibF performs two cycles, fusing the DHB-oxazolyl intermediate
first to N1 and then to N3 of 7, leading to vibriobactin 6. VibF
carries two Cy and two C domains, and is encoded by a gene
physically unlinked to the cluster which includes vibBECAH (Vc
in Fig. 4).19

Scheme 4

4.2 Prodiginines

Prodiginines 8 are a large family of red-pigmented antibiotics pro-
duced by actinomycetes and other eubacteria, with a characteristic
tripyrrole moiety. The biosynthetic route has been described for the
actinobacterium Streptomyces coelicolor20 and has been recently
reviewed for Serratia.21 It proceeds in both cases through the
separate formation of monopyrrole and bipyrrole moieties, which
are then fused to give the tripyrrole end product. Biosynthetic
clusters (Fig. 5) have been described for S. coelicolor20 and
from the c-proteobacteria (two species of Serratia22 and Hahella
chejuensis23). All H. chejuensis genes (except for two) are conserved
and arranged in the same order as in the Serratia clusters (pig).
The Proteobacteria clusters are smaller than the S. coelicolor

Scheme 3
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Fig. 4 Clusters for different cathechol-based siderophores: the enter-
obactin cluster from E. coli K12 (Ec), the bacillibactin cluster from B.
anthracis Ames (Ba) and the vibriobactin cluster from V. cholerae O395
(Vc). Biosynthetic genes are indicated by arrows, lines represent other
genes (not to scale). Colour codes correspond to different functions: red,
NRPS domains; light blue, DHB biosynthesis; green, PPTase. Letters in
arrows indicate NRPS domains. The dhb cluster is virtually identical in
all published genomes from B. anthracis, B. cereus, O. iheyensis, B. subtilis
and B. licheniformis, with the exception that the PPTase gene is absent in
the latter two species. The vibF gene is unlinked to the vibriobactin cluster.
Clusters 1 and 3 also include genes for siderophore transport and uptake
(not shown).

red cluster, and they apparently lack some enzymes needed for
prodigiosin biosynthesis, which are supposed to be mutuated from
other pathways.22 All clusters also encode a PPTase.

Fig. 5 The prodigiosin clusters from H. chejuensis (Hc), Serratia
marcescens ATCC 274 (Sm) and S. coelicolor (Sc). Color codes are: red,
NRPS; grey, PKS; green, PPTase; yellow, regulatory; brown, biosynthesis;
white, unknown. Striped and filled (except green and yellow) arrows
denote genes for the synthesis of the monopyrrole and bipyrrole moieties,
respectively. Lines indicate pairs of ortholog genes in the Sm and Sc
clusters. Asterisks indicate the two genes in Hc without orthologs in Sm.

4.3 Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) 9, essential components of
membrane lipids or hormone precursors in eukaryotes, have also
been identified in marine bacteria where, in contrast to eukaryotes,
they are synthesized by PKS-like systems.24 PKS genes resembling
the prototype PUFA synthase are found in the c-Proteobacteria

Colwellia psychrerythraea,25 Photobacterium profundum26 and She-
wanella denitrificans,11 as well as in S. coelicolor27 (Fig. 6). Cluster
organization is extremely conserved in the three c-Proteobacteria.

Fig. 6 The polyunsaturated fatty acid loci from Colwellia psychrerythrea
(Cp), Photobacterium profundum (Pp), Shewanella denitrificans (Sd) and
Streptomyces coelicolor (Sc). Color codes are: light grey, dioxygenase; dark
grey, PKS; black, PPTase; white, unknown.

5 Phylum proteobacteria

This phylum comprises the largest number of sequenced genomes
(107), and the five different classes of a-, b-, c-, d- and e-
Proteobacteria will be analyzed separately. Orthologous TMS
clusters involved in the synthesis of iron-chelating compounds
are found in diverse representatives of this phylum, and will be
illustrated before proceeding with a taxon-based description of
other TMS genes.

5.1 Common natural products

5.1.1 Cathechol siderophores
Clusters for the cathechol siderophores brucebactin, enter-

obactin 3, chrysobactin 5, photobactin 10 and vibriobactin 6
are found in members of the a-, b- and c-subdivisions of the
Proteobacteria, while they have not been found in the few
sequenced genomes from the d- and e-subdivisions (Table 1).

All sequenced Escherichia coli strains possess identical clusters
for enterobactin 3 synthesis, including the feuB and fepBCDEG
genes (for Fe-siderophore transport) and the enterochelin esterase
fes (for intracellular iron release). Enterobactin synthesis and
transport genes are subject to positive selection in uropathogenic
E. coli and entF is upregulated during urinary tract infection.28

Substantially identical clusters are found in the Salmonella and
Shigella genomes, although some genes are inactivated by point
mutations (Fig. 7).

Chromobacterium violaceum29 and H. chejuensis23 each contain
two putative clusters for cathechol siderophores (Fig 7). In C.
violaceum, one cluster (Cv1 in Fig. 7) is reported as being involved
in the synthesis of enterobactin 3, and actually contains all the
genes required for DHB 2a synthesis and an entF ortholog,
together with genes for the receptor and uptake of the iron–
siderophore complex. The second cluster (Cv2 in Fig. 7) encodes
proteins for ferric siderophore receptor and uptake, a homolog
(54% identity) of the E. chrisantemi bimodular NRPS CbsF,18
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Fig. 7 Clusters for cathechol siderophores from different strains. Enter-
obactin clusters from: Ec, E. coli K12 (virtually identical in the other E.
coli strains from Table 5 and in S. typhimurium, S. enterica choleraesuis
and paratyphi); Sf , Shigella flexnerii 2457T (virtually identical in strain
301); Se, S. enterica typhi Ty2 (virtually identical in strain CT18). Other
siderophore clusters from: C. violaceum (Cv1 and Cv2), H. chejuensis
(Hc1 and Hc2), P. profundum (Pp), E. carotovora (Eca), T. fusca (Tf ).
The brucebactin cluster from B. melitensis (Bm) is identical in the other
sequenced Brucella, with the exception of B. abortus 9-941 in which the
PPTase is inactivated by a point mutation. Orthologs are indicated using
the E. coli nomenclature (except for cbsF). Colour codes are: red, NRPS;
light blue, DHB biosynthesis; green, PPTase; dark blue, Fe-siderophore
transport; purple, Fe-siderophore esterases; white, unknown. Black lines
in Sf and Se indicate genes inactivated by point mutations.

responsible for chrysobactin 5 formation, but it lacks genes for
DHB 2a synthesis. If the two clusters are coordinately expressed,
then the DHB 2a formed by the enzymes specified by cluster Cv1
may well serve as a substrate for the CbsF homolog. A similar
situation also occurs in H. chejuensis (Hc1 and Hc2 in Fig. 7).

Different Erwinia strains produce chrysobactin 5.18,30 In Erwinia
carotovora subsp. atroseptica,31 however (Eca in Fig. 7), in addition
to orthologs of the entABCDE genes, a gene is present encoding
a homolog of the monomodular EntF component, and not the
dimodular CbsF required for chrysobactin 5 synthesis. This cluster
also includes genes for two additional NRPSs (containing C-A-
T-E-C and A domains). An orthologous cluster is present in P.
profundum26 (Pp in Fig. 7).

The cluster directing the synthesis of brucebactin, a structurally
uncharacterized siderophore from Brucella spp.32 (Bm in Fig. 7),
is similar to that for vibriobactin 6 from Vibrio cholerae O39519

(Vc in Fig. 4), but it lacks component F. In this case, the VibH
homolog is supposed to fuse a small unidentified nucleophile to
the DHB moiety as the final step in brucebactin synthesis.32

5.1.2 Pyochelin
This siderophore, first detected in Pseudomonas aeruginosa, is

synthesized by the successive addition and cyclization of two
cysteine molecules to salicylate 2b.16 The biosynthetic route is
summarized in Scheme 5. The overall strategy resembles that for
enterobactin 3 and related compounds. The aryl cap at the N-
terminus of pyochelin 11 derives from salycilate 2b, which is made
from chorismate 1 by the action of PchA and PchB (Scheme 1).
Salycilate 2b is then adenylated by PchD, transferred to the first
T domain of PchE, and condensed with two cysteines by the
consecutive action of the monomodular NRPSs PchE and PchF,
with concomitant formation of thiazoline rings. The C-terminal
thiazoline, once reduced to thiazolidine by PchG, is methylated
by the M domain embedded in PchF. The thioesterase PchC may
be involved in release of the final product.16 The P. aeruginosa
pyochelin 11 cluster includes genes for an ABC transporter
(pchH and pchI), the ferric pyochelin receptor FtpA and the
regulator PchR (Fig. 8). Pseudomonas fluorescens Pf-533 harbors
an orthologous cluster with the same genes, except that pchG is
replaced by an unrelated dehydrogenase gene (Fig. 8). Pyochelin 11
production has also been reported from clinical isolates belonging

Fig. 8 The pyochelin clusters from: Pa, P. aeruginosa PA01; Pf , P.
fluorescens Pf-5; and Bt, B. thailandensis E264 (B. pseudomallei K96243 and
Burkholderia sp. 383 possess substantially identical clusters). Orthologs
are indicated using the P. aeruginosa nomenclature. Colour codes are:
red, NRPS; light blue, salycilate biosynthesis; yellow, regulatory protein;
brown, thioesterase; dark blue, Fe-siderophore transport; green, NAD-
PH-dependent oxidoreductase; white, unknown.

Scheme 5
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to the Burkholderia cepacia complex.34 Orthologous clusters with
the same gene order and composition are also present in B.
pseudomallei,35 B. thailandensis,36 as well as in the unpublished
genome of Burkholderia sp. 38311 (Fig. 8).

5.1.3 Yersiniabactin
The siderophore yersiniabactin 12 is one of the iron transport

systems of Yersinia, and acts as a virulence factor for pathogenic
strains. Its formation16 (Scheme 6), which involves a hybrid PKS–
NRPS system, resembles the pyochelin 11 pathway (Scheme 5).
Salycilate 2b, formed from chorismate 1 by the action of YbtS,
is activated by YbtE and tethered to the first T domain of
HMWP2 (encoded by irp1). Two cysteines are then incorporated
and heterocyclized by HMWP2 to yield the tripeptidyl intermedi-
ate hydroxyphenyl-thiazolinyl-thiazolinyl-S-enzyme. The growing
chain is then transferred to the PKS HMWP1 (encoded by
irp2), which elongates the chain by a two-carbon unit through
the incorporation of one malonyl extender unit. One thiazoline
is reduced, likely by YbtU, followed by two C-methylations
and b-ketoreduction by the M and KR domains of HMWP1,
respectively. The growing chain is then translocated to the C-
terminal NRPS module within HMWP1, where one additional
thiazoline is added and methylated. Final hydrolytic release by the
TE domain yields yersiniabactin 12.

Yersiniabactin 12 is also found in other c-Proteobacteria, as
depicted in Fig. 9. Each cluster contains orthologs of ybtE
(salycilate adenylation), of irp1 and irp2, of ybtT (encoding a
TE) and of ybtU (reductase). Other common genes code for the
AraC-type regulator YbtA (which is duplicated in P. profundum),
for a siderophore receptor (duplicated in Pseudomonas spp.), and
for the two ABC transporters needed for iron uptake. Salycilate
formation requires a single protein (YbtS) in Yersinia spp. and
in P. profundum, while two proteins (PchAB) are encoded by the
Pseudomonas clusters.

5.1.4 The rkpA locus
Several Proteobacteria contain a TMS gene, designated rkpA or

wcbR in different strains, often linked to genes involved in capsule
production. This gene encodes a protein with KS-AT-KR-ACP

Fig. 9 The yersiniabactin clusters from: Yp, Y. pestis KIM5 (substantially
identical cluster in strain CO-92); Pp, P. profundum; and Psp, P. syringae
1448A (substantially identical cluster in P. syringae DC3000). Colour
codes are: red, NRPS; grey, PKS; dark blue, siderophore receptors and
transporters; yellow, regulatory proteins; light blue, salycilate biosynthesis;
brown, thioesterase; green, reductase; white, unknown. Orthologs are
indicated according to the Y. pestis nomenclature.

Fig. 10 The rkpA loci from S. meliloti (Sm), Burkholderia pseudomallei
K96243 (Bp, highly related to that of B. mallei ATCC 23344), B. thailanden-
sis E264 (Bt, highly related to that of B. sp. 383), Bordetella bronchiseptica
RB50 (Bb, substantially identical to that of B. parapertussis 12822) and N.
europaea (Ne). Color codes are: red, TMS; pink, aminotransferase; green,
capsule polysaccharide export; blue, capsule polysaccharide synthesis;
yellow, capsule synthesis and transport without orthologs in the other
reported clusters; white, unknown or unrelated functions.

domains. In Sinorhizobium meliloti (Sm in Fig. 10), rkpA has been
postulated to be involved in the synthesis of a lipid anchor (or a
lipid carrier) for an extracellular polysaccharide.37 Next to rkpA
are genes encoding an aminotransferase (rkpG), three proteins
involved in capsular polysaccharide biosynthesis (rkpHIJ) and a

Scheme 6
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capsule polysaccharide exporter (rkpU). Orthologous clusters are
present in other genomes (Fig. 10). In several Burkholderia species,
the rkpA orthologs (wcbR) are linked to orthologs of rkpGHI and
of rkpU , as well as to other genes (bexABC) involved in export
of a capsular polysaccharide. An rkpA ortholog is also found
in Nitrosomonas europaea,38 but the cluster (Fig. 10, Ne) does
not include other rkp orthologs. Instead, it harbors orthologs of
the bexABC genes. rkpA orthologs are also found in Bordetella
bronchiseptica39 and Bordetella parapertussis,39 linked to rkpHIJ
and bexABC orthologs (Fig. 10, Bb). The similar organization of
this locus in different strains suggests an equivalent role for this
PKS, even if the protein similarity between members of different
lineages is just above 50%.

5.2 Class a-Proteobacteria

Twenty five genomes have been analyzed, belonging to 23 distinct
species (Table 2). TMS genes are found in only 10 strains, however,
14 genomes are 2 Mb or smaller, thus less likely to harbor
secondary metabolism genes. With the exception of Agrobacterium
tumefaciens, the density of these genes is modest (Table 2).

5.2.1 Order Rhizobiales
(a) Agrobacterium tumefaciens. A. tumefaciens is the etiological

agent of the plant disease crown gall, but the main interest in this
species is due to its capability to transfer DNA to plant cells, which
makes it an ideal tool for the generation of transgenic plants. The
5.7 Mb genome of strain C58 has been independently sequenced
by two groups.40 Two TMS loci of unknown function are located at
two loci on the 2.1 Mb linear chromosome (none are found on the
circular chromosome or on the two plasmids). One cluster consists
of two divergently transcribed portions: one encodes three NRPSs

for a total of five modules and a monomodular PKS, the other two
monomodular NRPSs and a monomodular PKS. It also encodes
a receptor involved in iron transport and an ABC transporter. The
other locus encodes a monomodular NRPS.

(b) Sinorhizobium meliloti. The 6.7 Mb genome of S. meliloti,60

the nitrogen fixing symbiont of alfalfa, does not contain TMS
genes other than rkpA (Fig. 10).

(c) Bradyrhizobium japonicum. Two NRPS genes of unknown
function are found in the 9.1 Mb genome of the nitrogen-fixing
soybean symbiont B. japonicum.43 The largest encodes a three-
module enzyme, while the other codes for a bimodular NRPS,
and is located adjacent to the gene for a PPTase.

(d) Mesorhizobium loti. In the nitrogen-fixing symbiotic bac-
terium M. loti TMS genes are distributed on the three replicons
constituting its 7.6 Mb genome.52 Two NRPS genes are adjacent
on the chromosome, next to genes involved in lipopolysaccharide
synthesis. One plasmid contains an NRPS gene, while the other
plasmid encodes a cluster comprising an NRPS loading module
and a PKS which terminates in a TE.

(e) Rhodopseudomonas palustris. R. palustris is a metabolically
versatile species, capable of growth using light, inorganic, or
organic compounds as energy sources and carbon dioxide or
organic compounds as carbon sources. Its 5.5 Mb genome54

contains a single TMS cluster of unknown function encoding a
hybrid PKS–NRPS (one module each), an NRPS loading module
and an isolated C domain. The cluster also encodes a PPTase.
Expression of this cluster is proposed to be regulated by a quorum
sensing mechanism.54

(f) Genus Brucella. Brucella spp. are facultative intracellular
pathogens and each of the four completed genomes44–47 con-
tains a cluster for the synthesis of the cathechol siderophore
brucebactin.32,64 Experimental evidence indicates that brucebactin
is essential for wild-type virulence in the natural host.32 However,

Table 2 Analyzed genomes from the a-Proteobacteria

Strain Order Genomea TMSb Reference

Agrobacterium tumefaciens C58 Rhizobiales 5.7 39c 40
Anaplasma marginale StMaries Rickettsiales 1.2 0 41
Bartonella henselae str. Houston-1 Rhizobiales 1.9 0 42
Bartonella quintana str. Toulouse Rhizobiales 1.6 0 42
Bradyrhizobium japonicum USDA 110 Rhizobiales 9.1 16.5 43
Brucella abortus 9-941 Rhizobiales 3.3 3 44
Brucella melitensis 16M Rhizobiales 3.3 3 45
Brucella melitensis bv. abortus 2308 Rhizobiales 3.3 3 46
Brucella suis 1330 Rhizobiales 3.3 3 47
Caulobacter crescentus CB15 Caulobacterales 4 0 48
Ehrlichia ruminantum Gardel Rickettsiales 1.5 0 49
Ehrlichia ruminantum Welgevonden Rickettsiales 1.5 0 50
Gluconobacter oxydans 621H Rhodospirillales 2.9 0 51
Mesorhizobium loti MAFF 303099 Rhizobiales 7.6 19.7 52
“Pelagibacter ubique” HTCC1062 Rickettsiales 1.3 0 53
Rhodopseudomonas palustris CGA009 Rhizobiales 5.5 12 54
Rickettsia conorii Malish 7 Rickettsiales 1.3 0 55
Rickettsia felis URRWXCal2 Rickettsiales 1.6 0 56
Rickettsia prowazekii Madrid E Rickettsiales 1.1 0 57
Rickettsia typhi Wilmington Rickettsiales 1.1 0 58
Silicibacter pomeroyi DSS-3 Rhodobacterales 4.6 11 59
Sinorhizobium meliloti 1021 Rhizobiales 6.7 7.5 60
Wolbachia pipientis wMel Rickettsiales 1.3 0 61
Wolbachia endosymbiont strain TRS Rickettsiales 1.1 0 62
Zymomonas mobilis ZM14 Sphingomonadales 2 0 63

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb. c Average of the different gene sizes from ref. 40.
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the PPTase gene is inactivated by a frameshift mutation in the
sequenced field isolate strain 9-941.

5.2.2 Order Rhodobacterales
(a) Silicibacter pomeroyi. The genome of the marine litho-

heterotrophic bacterium S. pomeroyi DSS359 contains a TMS
cluster of unknown function encoding a monomodular NRPS
(including a formyl transferase associated to A and T domains), a
monomodular PKS (terminating with a TE domain) and a PPTase.
It should be noted that a very similar cluster is also present in the
draft genomes of two related species, Silicibacter sp TM1040 and
Paracoccus denitrificans PD1222.11

5.2.3 Other orders
Members of the order Rickettsiales (10 strains with genomes

ranging from 1.1 to 1.6 Mb) are mainly obligate intracellular
symbionts or pathogens, with the notable exception of Candidatus
Pelagibacter ubique, a highly abundant marine bacterium with
the smallest genome among free-living bacteria identified so far.
They harbor no TMS genes, nor do Caulobacter crescentus and
Zymomonas mobilis, the only analyzed representatives of the
orders Caulobacterales and Sphingomonadales, respectively.

5.3 Class b-Proteobacteria

Eight of the 13 analyzed genomes, representing 12 species, contain
TMS genes (Table 3). The density of TMS genes is highly variable,
and large differences can be found even within a single genus, such
as Burkholderia.

5.3.1 Order Burkholderiales
(a) Genus Burkholderia. The genomes of three Burkholderia

species have been analyzed. In addition, two unpublished genomes
are available from Burkholderia sp. 383 (Bc) and B. xenovorans.11

B. pseudomallei (Bp), normally found in terrestrial environments,
is an opportunistic pathogen that causes melioidosis, a serious
health hazard. B. mallei (Bm), the causative agent of glanders, is
thought to have evolved from Bp through a process of genome
size reduction to become an obligate parasite with a narrow host
range. Albeit highly related to Bp and Bm, B. thailandesis (Bt) is
non-pathogenic. Bm,66 Bp35 and Bt36 contain a large number of
TMS genes (ranging from 1.6 to 3.5% of the genome). Bm also

contains a relevant number of TMS pseudogenes, which probably
resulted from the reduced selective pressure to produce secondary
metabolites due to its narrow host range. The TMS clusters present
in the three genomes are summarized in Table 4. Bc, Bm, Bp and
Bt encode a homolog of RkpA (Fig. 10), while pch clusters for
pyochelin 11 formation are found in Bc, Bp and Bt (Fig. 8).

All five Burkholderia strains share one cluster, encoding two
NRPSs supposedly involved in the synthesis of a hydroxamate
siderophore. The cluster also encodes other siderophore biosyn-
thesis enzymes and a siderophore receptor. The larger NRPS
has a frameshift and may be nonfunctional in Bm. This cluster
represents the only occurrence of TMS genes in the unpublished
genome of B. xenovorans.11

Three clusters of unknown function (A, B and C in Table 4)
are shared by Bm, Bp and Bt: the first encodes an NRPS loading
module and a bimodular NRPS (inactivated by a frameshift in
Bm); the second a bimodular PKS and a bimodular hybrid NRPS–
PKS; and the third an NRPS loading module and a monomodular
PKS, as well as a PPTase.

Four TMS clusters of unknown function present in Bp are
partially deleted or inactivated in Bm. In three clusters (D, E and F
in Table 4) some of the Bp orthologs are absent or show extensive

Table 4 Orthologous TMS clusters in Burkholderiaa

Cluster/compoundb Bp Bm Bt

Hydroxamate siderophore Yes Pseudo Yes
Pyochelin Yes — Yes
rkpA locus Yes Yes Yes
A Yes Pseudo Yes
B Yes Yes Yes
C Yes Yes Yes
D Yes Pseudo —
E Yes Pseudo —
F Yes Pseudo —
G Yes Pseudo —
H Yes — Yes
I Yes — Yes
J Yes — Yes
K Yes — Yes
L — — Yes
M — — Yes

a ‘Yes’ indicates that an ortholog is present, ‘Pseudo’ that one or more
genes are inactive or deleted. b See text for cluster abbreviations.

Table 3 Analyzed genomes from the b-Proteobacteria

Strain Order Genomea TMSb Reference

Azoarcus sp. EbN1 Rhodocyclales 4.7 0 65
Bordetella bronchiseptica RB50 Burkholderiales 5.3 7.6 39
Bordetella parapertussis 12822 Burkholderiales 4.8 7.6 39
Bordetella pertussis Tohama I Burkholderiales 4.0 0 39
Burkholderia mallei ATCC 23344 Burkholderiales 5.8 96.1c 66
Burkholderia pseudomallei K96243 Burkholderiales 7.2 255.2 34
Burkholderia thailandensis E264 Burkholderiales 6.7 226.5 35
Chromobacterium violaceum ATCC 12472 Neisseriales 4.8 33.8 29
Neisseria meningitidis MC58 Neisseriales 2.2 0 67
Neisseria meningitidis Z2491 Neisseriales 2.3 0 68
Nitrosomonas europaea ATCC 19718 Nitrosomonadales 2.8 7.6 38
Ralstonia solanacearum GMI1000 Burkholderiales 5.8 71.5 69
Thiobacillus denitrificans ATCC 25259 Hydrogenophilales 2.9 0 70

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb. c 147.3 kb also considering pseudogenes.
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deletions in Bm. The fourth cluster (G, Table 4) contains four
hybrid NRPS–PKS genes in Bp and is inactivated by several point
mutations in Bm.

A large TMS cluster is shared by Bp and Bt (H, Table 4).
It codes for a bimodular NRPS–PKS and two monomodular
NRPSs, a stand-alone A domain (transcribed in the opposite
direction), three monomodular PKSs and two monomodular
NRPSs. The two genomes also share three other loci: two encode
a monomodular NRPS each (I and J, Table 4), while the third (K)
contains a stand-alone A domain possibly involved in the synthesis
of a nonproteinogenic amino acid.

Finally, two large TMS clusters of unknown function (L and M,
Table 4) are present exclusively in Bt: the first specifies five NRPS
and three PKS modules, the second one NRPS and 13 PKS
modules.

(b) Genus Bordetella. The genus Bordetella includes pathogens
causing severe diseases of the respiratory tract. An rkpA orthol-
ogous cluster is present in B. bronchiseptica and B. parapertussis
(Fig. 10), but not in the related B. pertussis Tohama I strain, which
is reported to have several deletions in the capsule locus.39

(c) Genus Ralstonia. Over 1.2% of the 5.8 Mb genome of the
plant pathogen Ralstonia solanacearum69 encode TMS enzymes,
while no TMS genes are present in the unpublished genome
sequence of R. eutropha (Cupriavidus necator) JMP134.11 A TMS
cluster on the R. solanacearum 2.1 Mb megaplasmid encodes a
hybrid enzyme with one PKS and five NRPS modules and a five-
module NRPS. These genes have been implicated in pathogenesis69

due to their similarity to the syringomycin 13 synthetase and to
other NRPSs from several plant pathogens. An additional cluster,
also on the megaplasmid, encodes two monomodular NRPSs.
The megaplasmid contains another region potentially coding
for a PKS, but presenting a frameshift, so likely representing
a mutated gene that may be active in different strains. The 3.7
Mb chromosome also contains a TMS cluster encoding a hybrid
protein including two NRPS and one PKS module, a polypeptide
consisting of TE and PPTase domains, a monomodular PKS and
a monomodular NRPS. These genes are annotated as involved
in siderophore synthesis because of their association with genes
encoding a siderophore receptor and an ABC transporter.

5.3.2 Order Nitrosomonadales, genus Nitrosomonas
N. europaea is a chemolithoautotroph nitrifying bacterium with

an obligate requirement for ammonia oxidation and CO2 fixation
for growth. It contains a single TMS gene encoding an RkpA
ortholog38 (Fig. 10).

5.3.3 Order Neisseriales
TMS genes are not present in the pathogens Neisseria meningi-

tidis and N. gonorrhoeae, but only in C. violaceum.
(a) Chromobacterium violaceum. This bacterium, which lives

in soil and water, is highly abundant in the Brazilian Amazon
and it produces the bactericidal purple pigment violacein 14. It
can occasionally be pathogenic, mainly in immunocompromized
individuals or children. Its genome29 harbors orthologous clusters
for enterobactin- and chrysobactin-related siderophores (Fig. 7).
Two other clusters of unknown function are present: one encodes
two NRPSs for a total of 6 modules, while the other a small
PKS annotated as involved in antibiotic synthesis,29 although the
flanking genes do not suggest such a role.

5.3.4 Other orders
No TMS genes have been identified in Thiobacillus denitrificans

and in Azoarcus sp. EbN1, the only representatives of the orders
Hydrogenophilales and Rhodocyclales, respectively.

5.4 Class c-Proteobacteria

This represents the largest bacterial (sub)division in terms of
cumulative genome size (247 Mb) and total length of TMS genes
(1.62 Mb), with published genomes available from 26 distinct
genera (Table 5). TMS genes, which account for 0.66% of the
overall genome lengths, are found in 40 out of 59 strains.

5.4.1 Order Pseudomonadales
(a) Family Moraxellaceae, genus Acinetobacter. Acinetobac-

ter spp. are non-motile, strictly aerobic, nutritionally versatile
chemoheterotrophs that parallel Pseudomonas spp. in the range
of substrates used as sole carbon and energy sources. They are
also attracting notoriety as opportunistic pathogens in nosocomial
infections. The sequenced strain ADP171 was derived from a soil
isolate. Within the single 3.6 Mb chromosome, there are two NRPS
loci. One cluster consists of three distinct genes, for a total of three
modules, flanked by homologs of genes involved in photobactin 10
biosynthesis in Photorabdus luminescens,119 suggesting that strain
ADP1 may synthesize a similar siderophore. The other locus
contains a single gene encoding an A domain as part of a larger
polypeptide.

(b) Family Pseudomonadaceae, genus Pseudomonas. Pseu-
domonas spp. are ubiquitous inhabitants of soil and water. They
often live in a commensal relationship on plant surfaces, where
they can exert a profound effect on the eukaryotic host. P.
aeruginosa is also of major medical concern as an opportunistic
pathogen. Six genomes were analyzed: one from P. aeuriginosa
(Pa)14; one from P. fluorescens (Pf)33; one from P. putida (Pp)92;
and three from P. syringae,93–95 namely P. syringae pv. syringae
strain B728a (Pss), P. syringae pv. tomato strain DC3000 (Pst) and
P. syringae pv. phaseolicola strain 1448A (Psp). Pseudomonas spp.
are known to produce a wide variety of secondary metabolites,
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Table 5 Analyzed genomes from c-Proteobacteria

Strain Order Genomea TMSb Reference

Acinetobacter sp. ADP1 Pseudomonadales 3.6 12.9 71
Blochmannia floridanus Enterobacteriales 0.7 0 72
Blochmannia pennsylvanicus BPEN Enterobacteriales 0.8 0 73
Buchnera aphidicola APS Enterobacteriales 0.7 0 74
Buchnera aphidicola Bp Enterobacteriales 0.6 0 75
Buchnera aphidicola Sg Enterobacteriales 0.7 0 76
Colwellia psychrerythraea 34H Alteromonadales 5.4 17 25
Coxiella burnetii RSA 493 Legionellales 2.0 6.2 77
Erwinia carotovora subsp. atroseptica SCRI104 Enterobacteriales 5.1 73.2 31
Escherichia coli K12 Enterobacteriales 4.7 5.5 78
Escherichia coli O157:H7 EDL933 Enterobacteriales 5.6 5.5 79
Escherichia coli O6 CFT073 Enterobacteriales 5.2 58.9 80
Escherichia coli Sakai O157:H7 Enterobacteriales 5.6 5.5 81
Francisella tularensis SCHU S4 Thiotrichales 1.9 0 82
Haemophilus influenzae 86-028NP Pasteurellales 1.9 0 83
Haemophilus influenzae Rd KW20 Pasteurellales 1.8 0 84
Hahella chejuensis KCTC 2396 Oceanospirillales 7.2 144 22
Idiomarina loihiensis L2TR Alteromonadales 2.8 0 85
Legionella pneumophila Lens Legionellales 3.3 18.3 86
Legionella pneumophila Paris Legionellales 3.5 15.7 86
Legionella pneumophila Philadelphia 1 Legionellales 3.4 17.2 87
Mannheimia succiniciproducens MBEL55E Pasteurellales 2.3 0 88
Methylococcus capsulatus Bath Methylococcales 3.3 17 89
Pasteurella multocida subsp. multocida Pm70 Pasteurellales 2.3 0 90
Photobacterium profundum SS9 Vibrionales 6.4 45.9 26
Photorhabdus luminescens laumondii TTO1 Enterobacteriales 5.7 207.9 91
Pseudomonas aeruginosa PAO1 Pseudomonadales 6.3 73.8 14
Pseudomonas fluorescens Pf-5 Pseudomonadales 7.1 182.8 33
Pseudomonas putida KT2440 Pseudomonadales 6.2 42.1 92
Pseudomonas syringae B728a Pseudomonadales 6.1 263.5 93
Pseudomonas syringae phaseolicola 1448A Pseudomonadales 6.1 89.1 94
Pseudomonas syringae pv. tomato DC3000 Pseudomonadales 6.5 136.6 93, 95
Salmonella enterica choleraesuis SC-B67 Enterobacteriales 4.9 5.5 96
Salmonella enterica Paratyphi-A SARB42 Enterobacteriales 4.6 14.7 97
Salmonella enterica Typhi CT18 Enterobacteriales 5.1 5.5 98, 99
Salmonella enterica Typhi Ty2 Enterobacteriales 4.8 5.5 99
Salmonella typhimurium LT2 Enterobacteriales 5.0 5.5 100
Shewanella oneidensis MR-1 Alteromonadales 5.1 0 101
Shigella boydii sv4 Sb227 Enterobacteriales 4.6 5.5 102
Shigella dysenteriae sv1 Sd197 Enterobacteriales 4.6 5.6 102
Shigella flexneri 2a 2457T Enterobacteriales 4.6 5.5 103
Shigella flexneri 2a 301 Enterobacteriales 4.8 5.5 104
Shigella sonnei Ss046 Enterobacteriales 5.0 5.5 102
Vibrio cholerae O1 biovar eltor N16961 Vibrionales 4.0 2.9 105
Vibrio fischeri ES114 Vibrionales 4.2 0 106
Vibrio parahaemolyticus RIMD 2210633 Vibrionales 5.2 0 107
Vibrio vulnificus YJ016 Vibrionales 5.3 7.6 108
Wigglesworthia glossinidia endosymbiont Enterobacteriales 0.7 0 109
Xanthomonas axonopodis citri 306 Xanthomonadales 5.3 14.7 110
Xanthomonas campestris campestris 8004 Xanthomonadales 5.1 4 111
Xanthomonas campestris campestris ATCC 33913 Xanthomonadales 5.1 4 110
Xanthomonas campestris pv. vesicatoria 85-10 Xanthomonadales 5.2 0 112
Xanthomonas oryzae KACC10331 Xanthomonadales 4.9 0 113
Xylella fastidiosa 9a5c Xanthomonadales 2.7 0 114
Xylella fastidiosa Temecula1 Xanthomonadales 2.5 0 115
Yersinia pestis biovar Medievalis 91001 Enterobacteriales 4.8 17.4 116
Yersinia pestis CO92 Enterobacteriales 4.8 20.2 116
Yersinia pestis KIM Enterobacteriales 4.6 29.3 116, 117
Yersinia pseudotuberculosis IP 32953 Enterobacteriales 4.8 17.3 118

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb.

including pyoverdines 15, a diverse class of siderophores con-
taining a chromophore linked to a nonribosomally synthesized
peptide varying in length and composition.120 All strains contain a
similar gene set for the synthesis of pyoverdine 15 as illustrated in
Fig. 9. However, in some strains the pyoverdine genes are present as
two or three separate clusters (Fig. 11). Despite some deviations

in gene placement and orientation, the general organization of
pyoverdine biosynthesis and uptake genes is similar to that found
in other pseudomonads.121 In addition, a TMS cluster involved
in pyochelin 11 formation is found in Pa and Pf (Fig. 8). The
TMS genes found in these six Pseudomonas are summarized
in Table 6.
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Table 6 Orthologous TMS clusters from Pseudomonas spp.a

Cluster/compoundb Pa Pf Pp Pss Psp Pst

Coronafacic acid — — — — — Yes
Pyochelin Yes Yes — — — —
Pyoluteorin — Yes — — — —
Pyoverdine Yes Yes Yes Yes Yes Yes
Syringolin — — — Yes — —
Syringomycin — — — Yes — —
Syringopeptin — — — Yes — —
Yersiniabactin — — — — Yes Yes
A (polyketide) — Yes — — — —
B (cyclic lipopeptide) — Yes — — — —
C (2 Mod NRPS) — Yes — — — —
D (6 Mod NRPS + 1 PKS) — — — Yes Yes —
E (8 Mod NRPS) — — — Yes — Yes
F (6 Mod NRPS) — — — Yes — Yesc

G (A-T-Red) — — — Yes Yes Yes
H (A-T-AT + PPTase) — — — Yes Yes —
I (5 Mod NRPS) — — — — — Yes
J (polyketide) — — — Yes — —
K (A-T) — — — — Yes —
L (A + KS) — — — — Yes —
M (3 Mod NRPS) Yes — — — — —
N (2 Mod NRPS) Yes — — — — —
O (1 Mod NRPS) Yes — — — — —

a ‘Yes’ indicates that an ortholog is present. b See text for details. c Only 4
modules in Pst.

• Pseudomonas fluorescens. P. fluorescens Pf-5 had been
reported to produce the polyketide pyoluteorin 16 and 2,4-
diacetylphloroglucinol 17.122,123 Analyzing its 7.1 Mb genome,
Paulsen et al. 33 performed a detailed analysis of the genetic
potential for secondary metabolism in Pf , identifying nine distinct
clusters, for approximately 400 kb, or 5.7% of the Pf genome. In

Fig. 11 The pyoverdine clusters from P. fluorescens Pf-5 (Pf ), P. aerug-
inosa PA01 (Pa), P. putida (Pp) and P. syringae B728a (Pss, substantially
identical clusters in strains DC3000 and 1448). Letters indicate non-con-
tiguous regions. Colour codes are: red, NRPS; green, transport; gray,
regulatory; black, siderophore receptors; brown, thioesterase; blue, other
conserved functions; white, unknown. Orthologs have identical colours,
except for white.

addition to the clusters for pyochelin 11 (Fig. 8) and pyoverdine
15 (Fig. 11) formation, Pf contains four additional TMS loci.
The pyoluteorin 16 cluster from the Pf genome is similar to
that previously reported.123 Another cluster (A in Table 6) is
likely to catalyze the formation of a novel polyketide: it encodes
four predicted PKSs, a hybrid NRPS–PKS, a cytochrome P450
enzyme and a methyltransferase. The product synthesized by these
enzymes is predicted to start with a serine residue followed by 14
unknown carboxylic acids. This cluster is unique to Pf (Table 6).

Despite the lack of sequence data on clusters synthesizing
similar compounds, an in silico analysis of cluster B (Table 6)
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suggested a hypothetical structure for the predicted cyclic de-
capeptide product 18, which resembles cyclic lipopeptides of the
viscosin 19 group. The first NRPS lacks the characteristic loading
module, however, a gene encoding a protein with an AMP-binding
domain may supply this function in trans. Two TE domains are
present at the C-terminus of the last NRPS, and one of them
could be responsible for decapeptide cyclization, while the other
would catalyze lipid side chain addition, in analogy to SyrC
during syringomycin 13 biosynthesis. The authors could detect
surfactant activity in Pf and observed expression of selected
genes from cluster B by RT-PCR under conditions in which the
surfactant activity was produced. The structure predicted from
in silico studies has substantially been confirmed by the actual
purification of the compound, dubbed orfamide.123b A highly
similar cluster, bearing an additional elongation module, is present
in the unpublished genome sequence of P. fluorescens strain PfO-
1.11 Finally, cluster C (Table 6) encodes two small NRPSs carrying
A-T and A-C domains. No counterparts are found in the other
Pseudomonas strains.

• Pseudomonas syringae. P. syringae is a widespread pathogen
of many plant species, subdivided into pathovars based on
pathogenicity and host range. P. syringae pv. syringae (Pss) can
achieve and maintain large populations epiphytically on healthy
plants, which serve as inocula for subsequent plant invasion and
disease. P. syringae pv. tomato (Pst), instead, poorly colonizes
the exterior of plants, and multiplies endophytically within the
plant. P. syringae pv. phaseolicola (Psp) is the causative agent
of halo blight disease in the common bean (Phaseolus vulgaris).
Diseased bean leaves present a yellow halo produced by the release
of phaseolotoxin 20. Psp is virulent on all P. vulgaris varieties
examined and is closely related to Pst. The three genomes are
similarly sized (6.1–6.5 Mb, Table 5).

Some natural products had been previously identified from the
sequenced strains. Pss is known to produce two classes of lipodep-
sipeptides: the syringopeptins 21 and the lipodepsinonapeptides.
Usually each strain secretes a single type of syringopeptin 21 and
one or two lipodepsinonapeptides.124 Pss is known to synthesize
two syringopeptins 21 and syringomycin 13.125 Pss strains are

also capable of producing a family of peptide derivatives called
syringolins 22. Pst is known to produce coronatine 23.

The Psp, Pss and Pst genomes each present a cluster for
pyoverdin 15 biosynthesis (Fig. 11). In addition, Psp and Pst
contain a cluster resembling the yersiniabactin 12 cluster (Fig. 9).
Yersiniabactin 12 production was detected by HPLC in all P.
syringae strains that were PCR-positive to the ybt genes.126 In
Psp and Pst, the ybt locus lies between two genes that are adjacent
in Pss, a strain lacking the ybt cluster.126

The syringomycin 13 and syringopeptin 21 clusters lie in close
proximity and are divergently transcribed in the Pss chromosome,
where they are part of a larger cluster that includes an ABC
transporter for export of both metabolites as well as genes for
siderophore biosynthesis and uptake, streptomycin resistance,
arginine degradation, and genes for lipid A modification.

The cfa genes are responsible for the synthesis of the polyketide
coronafacic acid 24, which is joined through an amide bond with
coronamic acid 25 (made by the cma genes) to form the phytotoxin
coronatine 23. In many P. syringae pathovars the coronatine genes
are clustered and plasmid-encoded. However, the cfa and cma
genes are separated by 26 kb in the Pst chromosome.

P. syringae strains produce many phytotoxins. However, clusters
for the production of known phytotoxins (in addition to corona-
tine 23) were not found in Psp and Pst, but TMS clusters of
unknown function are present in two or more of the three P.
syringae genomes (Table 6). Pss and Pst possess one cluster (D,
three TMS genes) encoding a six-module NRPS, a PKS module
(lacking an AT domain) and a dioxygenase (an orthologous
cluster is also present in the unpublished genome sequence of
P. fluorescens Pf0-111). Pss and Pst also share two additional TMS
clusters: one (E) encodes two NRPSs for a total of 8 modules,
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the other (F) a single NRPS with 84% identity between the two
strains, but consisting of 6 modules in Pss and 4 in Pst (in the latter
strain, the NRPS gene is placed between the cfa and cma genes,
in a region that also includes many virulence factors). Finally,
one locus (G) encoding a polypeptide with A, T and reductase
domains is present in a similar genetic context in the three P.
syringae strains, while another locus (H) encoding a PPTase and
a polypeptide with A, T and AT domains is shared by Psp and
Pss (Table 6). TMS genes or clusters unique to one strain are
also present (Table 6): Pst encodes two contiguous NRPSs for
a total of 5 modules (I); an atypical PKS (for a total of 6 KS
domains and a separate AT-containing polypeptide) is specified
by the Pss chromosome (J); and Psp presents two distinct loci, one
(K) encoding a polypeptide with A and T domains and the other
(N) separate A- and KS-containing polypeptides (Table 6).

• P. aeruginosa and P. putida. When the genome sequence of
P. aeruginosa PAO1 was reported,14 it was not analyzed for the
presence of TMS genes. In addition to the cluster for pyoverdine
15 and pyochelin 11, this strain contains three regions encoding
NRPSs: two polypeptides for a total of three modules; a bimodular
enzyme; and a polypeptide containing A-T-TE domains (O–Q,
Table 6). The P. putida KT2440 genome93 is notable for its lack of
genes for most known plant-related virulence traits. However, it
contains two close clusters that may direct formation of pyoverdine
15 (Fig. 11).

5.4.2 Order Enterobacteriales, family Enterobacteriaceae
(a) Genus Erwinia. In addition to many human pathogens,

the family Enterobacteriaceae includes several plant pathogens,
among which Erwinia carotovora subsp. atroseptica—recently
reclassified as Pectobacterium atrosepticum127—is a commercially
relevant pathogen restricted to potato in temperate regions, in
contrast to other Erwinia strains, which can infect a broader
range of plants. Its 5.1 Mb chromosome31 contains several putative
horizontally acquired genomic islands. Two of them, HAI2 and
HAI6, are relevant for TMS genes. HAI2 shows a high level of
conservation of sequence and gene order to the SPI-7 pathogenic-
ity island in S. enterica serovar Typhi. However, instead of
containing the viaB operon (which encodes the exopolysaccharide
pathogenicity determinant) as does S. enterica, the equivalent
position in HAI2 is occupied by a segment highly similar to the
cfa gene cluster in P. syringae. However, the E. carotovora genome
does not contain the cma genes and polyketide phytotoxins have
not previously been identified in enterobacterial plant pathogens.
Nonetheless, knockouts of the cfa6 and cfa7 genes resulted in
decreased virulence, suggesting that the E. carotovora cfa cluster
produces a compound important for virulence, as coronatine 23
is in P. syringae.94 The other island, HAI6, contains two genes of
unknown function encoding 13 NRPS modules.

(b) Genera Escherichia, Salmonella and Shigella. Four distinct
E. coli strains, and five strains each from Salmonella and Shigella
were analyzed (Table 5). All strains possess a cluster (Fig. 7) likely
to direct synthesis of enterobactin 3. However, in both Shigella
flexneri strains, entC and fepE are inactivated by point mutations,
while fepE is also inactive in the Salmonella enterica Typhi strains
Ty2 and CT18 (Fig. 7). The ent cluster accounts for all NRPSs in
this group of strains, except for E.coli CFT073. This strain contains
a region highly related to the yersiniabactin 12 cluster (Fig. 9), but
the irp1, irp2 and irp5/ybtE orthologs appear to be inactivated by

IS elements. In contrast, other E. coli strains have been shown to
contain intact ybt genes and to produce yersiniabactin 12.126

(c) Genus Photorabdus. P. luminescens is symbiotic with soil
nematodes and pathogenic to a wide range of insects. When a
nematode carrying P. luminescens in its gut attacks a prey insect
larva, the bacterium degrades the insect polymers while producing
a wide range of antibiotics to ward off microbial competitors.
Within the 5.7 Mb chromosome of strain TT01, 33 TMS genes
were identified as part of 20 different loci.91 In addition to the ybt
cluster (Fig. 9), the NPbiogene site128 reports a cluster predicted
to direct the synthesis of luminmycin 26. An additional cluster
encodes one of the largest prokaryotic proteins, a 16367-aa NRPS,
encompassing a loading module, 14 elongation modules and a TE
domain. The authors observed that, as in strain W14,129 ten TT01
genes are similar to genes for the biosynthesis of syringomycin 13;
however, these genes are not clustered in a single region. The
sequenced genome does not contain a photobactin 10 cluster,
detected in another strain.119 It should be noted that many P.
luminescens TMS genes share 60–72% identity with each other, so
they may have originated through duplication events.

(d) Genus Yersinia. This genus includes some notorious
pathogens. Y. pestis, the causative agent of plague, is primarily
a rodent pathogen, usually transmitted to humans by the bite of
an infected flea. Y. pestis has been proposed to be a clone evolved
1500–20 000 years ago from the closely related gastrointestinal
pathogen Y. pseudotuberculosis.130 Three Y. pestis isolates and
one Y. pseudotuberculosis strain were analyzed (Table 5). The
Y. pestis strains KIM and CO-92 harbor a virtually identical
yersiniabactin 12 cluster (Fig. 9), which is however absent in
Y. pestis bv. Medievalis and in Y. pseudotuberculosis. The latter
strains contain instead a TMS cluster encoding A-T, KS-T, (C-A-
T)3 domains and a C-terminal TE. This cluster is located next to a
region encoding a TonB-like receptor. This region is also present
in the Y. pestis strains KIM and CO-92, but the TMS genes are
interrupted by IS elements in strain KIM, while no TMS genes
are left in strain CO-92, although IS sequences are present.

5.4.3 Order Alteromonadales, genus Colwellia
All characterized members of the genus Colwellia have been

obtained from stably cold marine environments and are strictly
psychrophilic. C. psychrerythraea 34H, which was isolated from
Arctic marine sediments, grows in heterotrophic media over a
temperature range of approximately −1 ◦C to 10 ◦C. Its 5.4 Mb
chromosome25 contains a single TMS locus with a PUFA-type
organization (Fig. 6).

5.4.4 Order Legionellales
(a) Family Coxiellaceae, genus Coxiella. Coxiella burnetii,

the etiological agent of Q fever, is highly infective to humans
and livestock. C. burnetii is an obligate intracellular acidophile
highly adapted to thrive within the phagolysosome of the
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eukaryotic phagocyte. Its 2.0 Mb chromosome77 encodes several
predicted drug-efflux systems, which are suggested to provide
resistance to host-produced antimicrobial defensins or to have
had a role in secondary metabolite secretion. In fact, most PKS
genes are likely pseudogenes, and the only apparently complete
cluster encodes a single module PKS and an isolated A domain.

(b) Family Legionellaceae, genus Legionella. Legionella pneu-
mophila is the causative agent of Legionnaires’ disease. It replicates
as an intracellular parasite of amoebae and can also persist in the
environment as a free-living bacterium. The three L. pneumophila
isolates (Table 5) encode a similarly-sized PKS, containing three
KS domains and ending with a C domain. In each case, ca. 5 kb 5′

to the PKS gene is another TMS gene, which is identical in strains
Paris and Philadelphia (it encodes a formyltransferase followed by
A-T-TE domains) but not in strain Lens, where it encodes a hybrid
polypeptide consisting of an NRPS loading module followed by
a PKS module and a TE domain. The existence or function of
these regions in the three strains has not been commented on by
the authors.86,87

5.4.5 Order Methylococcales, genus Methylococcus
Methylococcus capsulatus is an obligate methanotroph that

oxidizes methane to formaldehyde, which is then assimilated into
cellular biomass or further oxidized to formate and CO2 for energy
production. The 3.3 Mb M. capsulatus chromosome89 encodes a
bi-modular NRPS that comprises a loading module containing
an A domain likely to recognize 5-hydroxy ornithine (or another
ornithine derivative), a T domain, and an unusual AT domain. The
next module contains a C domain and a terminal TE. The authors
hypothesize that this NRPS may synthesize a heavily charged
peptide that could be involved in binding/scavenging of copper or
other metals, since Methylosinus, another methylotroph, excretes
copper-binding compounds.131 The genome also encodes a single
PKS polypeptide presenting an atypical two-module, six-domain
organization, also containing domains of unknown functions. The
presence of a PPTase gene has also been noticed.131

5.4.6 Order Vibrionales
(a) Genus Photobacterium. P. profundum strain SS9, which was

isolated at a depth of 2500 m, is a piezophile that can grow over a 90
MPa pressure range. Its genome26 consists of two chromosomes
of 4.1 and 2.2 Mb. The 4.1 Mb chromosome contains a likely
ybt cluster (Fig. 9) and a PUFA-like locus (Fig. 6). The smaller
chromosome contains a TMS cluster, with a putative transposase
gene on one side, highly related to the Erwinia locus, annotated as
responsible for enterobactin 3 production (Fig. 7).

(b) Genus Vibrio. Vibrio spp. represent a significant portion
of the culturable heterotrophic bacteria of marine environments.
This genus also includes serious pathogens for finfish, shellfish
and mammals. V. cholerae is the aetiological agent of the severe
diarrhoeal disease cholera. V. vulnificus causes, in at risk patients,
fatal and rapidly-progressing septicemia with high mortality
associated with the consumption of contaminated raw seafood.
V. vulnificus YJ016,108 which has two circular chromosomes of 3.4
and 1.9 Mb, contains one cluster encoding two NRPSs highly
related to VibF, two aryl-activating enzymes, proteins for DHB
synthesis, as well as a PPTase. A virtually identical cluster is present
in the unpublished sequence of V. vulnificus strain CMCP6.11

This cluster is likely to participate in vulnibactin 27 formation,

a siderophore containing both DHB and salycilate produced by
another V. vulnificus strain.132

The sequenced V. cholerae strain105 encodes only part of the
machinery for vibriobactin 6 synthesis, since vibF is inactivated by
a frameshift mutation. The other biosynthetic genes are intact, so
this strain might synthesize a moiety with iron-chelating activity
similar to DHB-norspermidine 7. No TMS have been found in the
genome of the other two sequenced Vibrio strains.

5.4.7 Order Xanthomonadales, genus Xanthomonas
This genus includes diverse and economically important phy-

topathogens. X. axonopodis pv. citri (Xac) causes citrus canker in
most commercial citrus cultivars, with significant losses worldwide.
X. campestris pv. campestris (Xcc), which causes black rot in
crucifers, is grown commercially to produce the exopolysaccharide
xanthan gum. The genomes of one Xac strain, of two Xcc strains,
of one X. campestris pv. vecsicatoria and of X. oryzae (the causal
agent of bacterial blight on rice) were available (Table 5). Xac
and the two Xcc strains share a cluster encoding a C-A-T-
TE NRPS as well as arginine decarboxylase, glycosyltransferase
and acyltranferase as separate polypeptides. Xac also contains
one cluster encoding a trimodular NRPS of unknown function,
flanked by a transposase gene and a tRNA gene.

5.4.8 Order Oceanospirillales, genus Hahella
The heterotroph H. chejuensis, isolated from coastal marine

sediments in the southern part of Korea, produces an algicidal
agent active against problematic red-tide dinoflagellates. The
authors found that the algicidal activity was associated with
fractions containing the red pigment produced by H. chejuensis.22

When searching its 7.2 Mb circular chromosome for genes possibly
involved in red pigment synthesis, genes similar to the S. coelicolor
red genes were identified (Fig. 5). The H. chejuensis cluster,
when expressed in E. coli, enabled production of a red pigment,
while transposon insertions abolished it. Using LC-ESI-MS/MS
analysis and NMR, the compound was identified as prodigiosin
8. In addition to the prodigiosin cluster, this strain harbors seven
other TMS clusters often associated with horizontally-acquired
genomic islands. One cluster is highly related to those involved
in enterobactin 3 formation, and another is similar to the C.
violaceum chrysobactin 5 locus (Fig. 7). The other clusters encode:
a hybrid system consisting of a trimodular PKS and an 8-module
NRPS; two PKS modules and seven NRPS modules possibly
involved in siderophore formation; an NRPS module (C-A-T),
five KS and six ACP domains, as well as a separate AT protein; a
monomodular NRPS; and a trimodular NRPS.
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Table 7 Analyzed genomes from the d- and e-Proteobacteriaa

Strain Order Genomeb Reference

Bdellovibrio bacteriovorus HD100 Bdellovibrionales 3.8 133
Desulfotalea psychrophila LSv54 Desulfobacterales 3.7 134
Desulfovibrio vulgaris Hildenborough Desulfovibrionales 3.8 135
Geobacter sulfurreducens PCA Desulfuromonadales 3.8 136
Campylobacter jejuni NCTC 1168 Campylobacterales 1.6 137
Campylobacter jejuni RM1221 Campylobacterales 1.8 138
Helicobacter hepaticus ATCC 51449 Campylobacterales 1.8 139
Helicobacter pylori 26695 Campylobacterales 1.7 140
Helicobacter pylori J99 Campylobacterales 1.6 141
Wolinella succinogenes DSM 1740 Campylobacterales 2.1 142

a These strains do not harbor TMS genes. b Cumulative size of chromosomes and plasmids, in Mb.

5.5 Classes d- and e-Proteobacteria

None of published genomes from the d- and e-Proteobacteria con-
tains TMS genes (Table 7). As mentioned before, no myxobacterial
genome is publicly available.

6 Phylum Firmicutes

Genome sequences were available for representatives of the classes
Bacilli (45 strains from 24 species; Table 8), Clostridia and
Mollicutes (5 and 11 species, respectively; Table 9). None of the
Mollicutes, which lack the cell wall and are characterized by a
marked genome reduction, contains TMS genes.

6.1 Class Bacilli, order Bacillales

Twenty four genomes were published: 10 from the family Bacil-
laceae, 3 from the family Listeriaceae, which does not contain
TMS genes; and 11 from the family Staphylococcaceae.

6.1.1 Family Bacillaceae
The production of bacillibactin-related siderophores seems a

common characteristic for this family, since the dhb cluster (Fig. 4)
is present in 9 published genomes. The DhbE proteins from
Bacillus licheniformis, from strains of the Bacillus cereus group
and from Oceanobacillus iheyensis share 75, 71 and 60% identity,
respectively, with the Bacillus subtilis counterparts. Identity scores
for the DhbF proteins are 67, 64 and 47%, respectively. Within
the B. cereus group, the DhbE and DhbF sequences are over
91% identical. Cluster organization is practically identical in all 9
genomes, except that the PPTase gene is not cluster-linked in B.
subtilis and B. licheniformis.

(a) Genus Bacillus. Bacillus spp. are soil bacteria that, under
starvation conditions, can initiate a pathway that leads to forma-
tion of highly resistant spores. All the complete genome sequences
of members of this genus contain TMS genes, with the exception
of B. halodurans C-125.

• Bacillus subtilis. B. subtilis strain 168 has long been a model
system for prokaryote differentiation and was the first sequenced
Gram positive.149 The sequenced B. subtilis strain contains an
inactive allele of the PPTase gene sfp.181,182 This strain is therefore
unable to convert TMS enzymes into the active holoforms.
However, lipopeptide synthesis can be restored by transformation
with an active sfp gene.181 In addition to the bacillibactin 4 cluster

(Fig. 4), this strain contains three TMS clusters, some of which
direct the synthesis of compounds known in other B. subtilis
strains: the pps operon encodes five NRPSs and is responsible
for the synthesis of the lipodecapeptide plipastatin 28181; the srf
cluster consists of three NRPS genes and directs formation of
the lipoheptapeptide surfactin 29a183; the pks cluster184 consists of
nine PKS genes and probably directs the synthesis of bacillaene or
difficidin 30,185 produced by the related strain B. subtilis A1/3.186

Different B. subtilis strains are known to synthesize the highly
related lipopeptides iturin 31, mycosubtilin 32 and bacillomycin
33. However, the corresponding genes are not present in strain
168, consistent with the fact that B. subtilis strains seem to be
able to produce only a subset of the compounds known for the
species.185

• Bacillus licheniformis. B. licheniformis, used in the industrial
production of enzymes and metabolites, is a close relative of
B. subtilis and approximately 80% of the B. licheniformis genes have
an ortholog in B. subtilis.148 With respect to secondary metabolism
genes, B. licheniformis shares with B. subtilis a bacillibactin 4
cluster (67–75% identity) and a cluster for the synthesis of
the surfactin-related lipopeptide lichenysin 29b, with the seven-
module NRPSs 93% identical to those from the lichenysin cluster
of B. licheniformis ATCC 10716.187 While strain ATCC 10716 also
contains the cluster for bacitracin 34 synthesis,188 no other TMS
genes are present in strain ATCC 14580.

• Bacillus cereus group. B. cereus is a soil-dwelling opportunistic
pathogen that can cause food poisoning. It is very similar to
B. anthracis, the causative agent of anthrax. Within the B. cereus
group, published genomes are available for three B. cereus strains
and three B. anthracis strains. All six genomes show the presence
of a dhb cluster (Fig. 4), which was shown to direct siderophore
production in B. anthracis Sterne189 and B. cereus.190 In B. cereus
ATCC 14579, the dhbF gene is interrupted by a stop codon.146

B. cereus E33L contains an additional cluster encoding three
bimodular NRPSs and a PPTase. The NRPSs are annotated as
involved in production of mycosubtilin 32, but the cluster does
not encode enzymes for the synthesis of the mycosubtilin lipid
moiety191 and the amino acids predicted from some A domains are
not consistent with mycosubtilin structure. B. cereus ATCC 14579
contains two TMS regions of unknown function, one consisting of
a single NRPS gene and the other comprising several TMS genes.

Notably, none of the analyzed B. cereus strains harbors TMS
genes for the NRPS-synthesized emetic toxin cereulide 35 (the
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Table 8 Analyzed genomes from the Firmicutes, class Bacilli

Strain Order Genomea TMSb Reference

Bacillus anthracis Ames Bacillales 5.2 9.0 143
Bacillus anthracis “Ames Ancestor” Bacillales 5.5 9.0 144
Bacillus anthracis Sterne Bacillales 5.2 9.0 144
Bacillus cereus ATCC 10987 Bacillales 5.4 9.0 145
Bacillus cereus ATCC 14579 Bacillales 5.4 34.9 146
Bacillus cereus E33L Bacillales 5.3 32.6 144
Bacillus halodurans C 125 Bacillales 4.2 0 147
Bacillus licheniformis ATCC 14580 Bacillales 4.2 35.0 148
Bacillus subtilis str.168 Bacillales 4.2 142.9 149
Enterococcus faecalis V583 Lactobacillales 3.4 0 150
Geobacillus kaustophilus HTA426 Bacillales 3.6 0 151
Lactobacillus acidophilus NCFM Lactobacillales 2.0 0 152
Lactobacillus johnsonii NCC 533 Lactobacillales 2.0 0 153
Lactobacillus plantarum WCFS1 Lactobacillales 3.3 18.3 154
Lactobacillus sakei subsp. sakei 23K Lactobacillales 1.8 0 155
Lactococcus lactis subsp. lactis Il1403 Lactobacillales 2.4 0 156
Listeria innocua Clip 11262 Bacillales 3.1 0 157
Listeria monocytogenes EGD-e Bacillales 2.9 0 157
Listeria monocytogenes str.4b F2365 Bacillales 2.9 0 158
Oceanobacillus iheyensis HTE831 Bacillales 3.6 9.0 159
Staphylococcus aureus subsp. aureus COL Bacillales 2.8 7.2 160
Staphylococcus aureus subsp. aureus MRSA252 Bacillales 2.9 7.2 161
Staphylococcus aureus subsp. aureus MSSA476 Bacillales 2.8 7.2 161
Staphylococcus aureus subsp. aureus MW2 Bacillales 2.8 7.2 162
Staphylococcus aureus subsp. aureus Mu50 Bacillales 2.9 7.2 163
Staphylococcus aureus subsp. aureus N315 Bacillales 2.8 7.2 163
Staphylococcus epidermidis ATCC 12228 Bacillales 2.6 7.2 164
Staphylococcus epidermidis RP62A Bacillales 2.6 7.2 160
Staphylococcus haemolyticus JCSC1435 Bacillales 2.5 0 165
Staphylococcus saprophyticus ATCC 15305 Bacillales 2.7 0 166
Streptococcus agalactiae 2603V/R Lactobacillales 2.2 0 167
Streptococcus agalactiae A909 Lactobacillales 2.1 0 168
Streptococcus agalactiae NEM316 Lactobacillales 2.2 0 169
Streptococcus mutans UA159 Lactobacillales 2.0 26.3 170
Streptococcus pneumoniae R6 Lactobacillales 2.0 0 171
Streptococcus pneumoniae TIGR4 Lactobacillales 2.2 0 172
Streptococcus pyogenes M1 GAS Lactobacillales 1.9 0 173
Streptococcus pyogenes MGAS5005 Lactobacillales 1.8 0 174
Streptococcus pyogenes M28 MGAS6180 Lactobacillales 1.9 0 175
Streptococcus pyogenes MGAS10394 Lactobacillales 1.9 0 176
Streptococcus pyogenes MGAS315 Lactobacillales 1.9 0 177
Streptococcus pyogenes MGAS8232 Lactobacillales 1.9 0 178
Streptococcus pyogenes SSI-1 Lactobacillales 1.9 0 179
Streptococcus thermophilus CNRZ1066 Lactobacillales 1.8 0 180
Streptococcus thermophilus LMG 18311 Lactobacillales 1.8 2.9 180

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb.

corresponding genes were detected in 30 cereulide-producing
B. cereus strains192) or for the NRPS/PKS-made zwittermicin
A 36.193

(b) Other Bacillaceae. The deep sea extremophile O. iheyensis
contains only an ortholog of the dhb cluster (Fig. 4), while no
TMS genes are present in the genome of the moderate deep sea
thermophile Geobacillus kaustophilus.

6.1.2 Family Staphylococcaceae, genus Staphylococcus
Staphylococci, generally found inhabiting the skin and mucous

membranes of mammals and birds, can become opportunistic
pathogens. No TMS genes are present in the genomes of S.
haemolyticus JCSC1435 and S. saprophyticus subsp. saprophyticus
ATCC 15305. All six S. aureus strains and two S. epidermidis
strains contain a region of unknown function encoding a bimod-
ular NRPS and a PPTase. Sequence identity for the NRPS is 98%
intraspecies and 52% interspecies.

6.2 Class Bacillales, Order Lactobacillales

Fifteen and five genomes have been published from the families
Streptococcaceae and Lactobacillaceae, respectively. Within the
Enterococcaceae, the genome of the opportunistic pathogen
Enterococcus faecalis V583 does not contain TMS genes.

6.2.1 Family Streptococcaceae, genus Streptococcus
Streptococci are facultative or obligate anaerobes that vary

widely in pathogenic potential. For S. mutans, the main cause of
tooth decay, the genome of strain UA159 contains a single TMS
cluster, which encodes a hybrid polypeptide (consisting of KS-T-C
domains), five NRPSs (for a total of 7 modules) and a PPTase. The
identity of the corresponding metabolite has not been reported.
The only other Streptococcus strain displaying TMS genes is S.
thermophilus LMG 18311 (a lactic acid bacterium often used as
a starter culture in yogurt and cheese), which encodes a single
monomodular NRPS.
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Table 9 Analyzed genomes from the Firmicutes, classes Clostridia and Mollicutes

Strain Order Genomea TMSb Reference

Carboxydothermus hydrogenoformans Z-2901 Clostridiales 2.4 0 194
Clostridium acetobutylicum ATCC 824 Clostridiales 4.1 5.4 195
Clostridium perfringens 13 Clostridiales 3.1 0 196
Clostridium tetani E88 Clostridiales 2.9 0 197
Thermoanaerobacter tengcongensis MB4 Thermoanaerobacterales 2.7 0 198
Mycoplasma gallisepticum R Mycoplasmatales 1.0 0 200
Mycoplasma genitalium G37 Mycoplasmatales 0.6 0 201
Mycoplasma hyopneumoniae 232 Mycoplasmatales 0.9 0 202
Mycoplasma hyopneumoniae 7448 Mycoplasmatales 0.9 0 203
Mycoplasma hyopneumoniae J Mycoplasmatales 0.9 0 203
Mycoplasma mobile 163K Mycoplasmatales 0.8 0 204
Mycoplasma mycoides subsp mycoides SC str. PG1 Mycoplasmatales 1.2 0 205
Mycoplasma penetrans HF2 Mycoplasmatales 1.4 0 206
Mycoplasma pneumoniae M129 Mycoplasmatales 0.8 0 207
Mycoplasma pulmonis UAB-CTIP Mycoplasmatales 1.0 0 208
Mycoplasma synoviae 53 Mycoplasmatales 0.8 0 203
Onion yellow phytoplasma OY-M Acholeplasmatales 0.9 0 199
Ureaplasma parvum sv 3 ATCC 700970 Mycoplasmatales 0.8 0 209

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb.

6.2.2 Family Lactobacillaceae
All the completed genomes from this family belong to members

of the genus Lactobacillus, which comprises several species of great
importance for the food industry. Only the genome of L. plantarum
WCFS1,154 one of the largest known among lactic acid bacteria
(3.3 Mb; see Table 8), contains a cluster encoding two NRPSs (for
a total of six modules) and a PPTase. In addition, the cluster also
encodes proteins supposedly involved in regulation, transport and
precursor synthesis.

6.3 Class Clostridia

Of the five complete genomes in this class, only the largest
(from C. acetobutylicum ATCC 824) contains a single gene for a
monomodular PKS of unknown function. C. acetobutylicum is a
saccharolytic and proteolytic soil bacterium capable of producing
a number of organic solvents through fermentation of various
organic compounds.

7 Phylum Actinobacteria

The 17 published genomes from this phylum are listed in Table 10.
All strains with a genome larger than 4 Mb contain a considerable
number of TMS genes, while these systems are not present in
Bifidobacterium, Leifsonia, Symbiobacter and Tropheryma.

7.1 Common metabolites

Some TMS genes are found in different genera and will be
described first. In addition, the unpublished genome of Ther-
mobifida fusca11 presents a cluster similar to those for catechol-
based siderophores (Fig. 7), representing the first occurrence of
this system in Actinobacteria genomes.

7.1.1 The pks13 locus
Mycolic acids are long chain branched b-hydroxyl fatty acids

that exist either covalently attached to the cell wall or as trehalose
dimycolates. They are key components of the cell envelope of my-
cobacteria and corynebacteria. A cluster involved in the final step
of mycolic acid formation is conserved in all Corynebacterium and
Mycobacterium spp. (Fig. 12). It includes six core genes transcribed
in the same direction, encoding the acyl-AMP ligase FadD32,
Pks13 (consisting of ACP-KS-AT-ACP-TE domains), the acyl-
CoA carboxylase AccD4, the mycolyltransferase FbpA and its
paralog FbpD, as well as a variable number of acyltransferase
and transporter genes. This locus has been shown to participate
in the final assembly of mycolic acids in corynebacteria and
mycobacteria228,229 as illustrated in Scheme 7. FadD32 activates
a long chain acid into its acyl adenylate and transfers it to the first
ACP domain of Pks13. AccD4 carboxylates the CoA thioester
of the acyl chain to yield its 2-carboxyl derivative, which is then
transferred to the second ACP domain of Pks13, presumably by
its AT domain. A Claisen-type condensation between the two
fatty acyl groups leads to the formation of the 3-oxo-mycolyl
intermediate bound to the C-terminal ACP domain. Reduction
of the 3-oxo-intermediate by an unidentified reductase yields the
mature mycolic acid. The other genes of the pks13 locus (Fig. 12)
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Table 10 Analysed genomes from the class Actinobacteria

Strain Order Genomea TMSb Reference

Bifidobacterium longum NCC2705 Bifidobacteriales 2.3 0 210
Corynebacterium diphtheriae NCTC 13129 Actinomycetales 2.5 23.0 211
Corynebacterium efficiens YS-314 Actinomycetales 3.1 8.8 212
Corynebacterium glutamicum ATCC 13032 Actinomycetales 3.3 8.7 213
Corynebacterium jeikeium K411 Actinomycetales 2.4 28.0 214
Leifsonia xyli subsp. xyli CTCB07 Actinomycetales 2.6 0 215
Mycobacterium avium subsp. paratubercolosis k10 Actinomycetales 4.8 127.0 216
Mycobacterium bovis AF2122/97 Actinomycetales 4.3 130.0 217
Mycobacterium leprae TN Actinomycetales 3.2 55.0 218
Mycobacterium tuberculosis CDC1551 Actinomycetales 4.4 121.0 219
Mycobacterium tuberculosis H37RV Actinomycetales 4.4 136.0 220
Nocardia farcinica IFM 10152 Actinomycetales 6.3 204.0 221
Propionibacterium acnes KPA171202 Actinomycetales 2.6 5.0 222
Streptomyces avermitilis MA-4680 Actinomycetales 9.2 356.0 223
Streptomyces coelicolor A3(2) Actinomycetales 8.6 135.0 28
Symbiobacterium thermophilumc IAM 14863 Unclassified 3.5 0 224
Tropheryma whipplei Twist Actinomycetales 0.9 0 225
Tropheryma whipplei TW08/27 Actinomycetales 0.9 0 226

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb. c Recently reclassified to an outer branch of the
Actinobacteria, no order assigned yet.227

Scheme 7

are mycolyltransferases likely involved in export and translocation
of mature mycolic acids to the cell wall and outer lipid layer.
Nocardia farcinica also possesses an orthologous pks13 cluster
(Fig. 12), suggesting its involvement in mycolic acid synthesis.

7.1.2 Mycobactin-related siderophores
The Mtb genome also contains a cluster involved in the forma-

tion of the siderophore mycobactin 37.230 The six proteins MtbA
to MtbF constitute a 20-domain assembly line with an NRPS–
PKS–NRPS order that activates and elongates the monomers
needed for mycobactin. MbtA activates salicylate 2b and attaches
it to the first T domain of MbtB, which condenses it with serine
(threonine) followed by (methyl)oxazoline ring formation by the
Cy domain. MbtE and MbtF likely activate the two lysine residues
incorporated into mycobactin, but the order in which they act
has not been determined. The b-hydroxy acyl moiety present in
mycobactin could arise from MbtD, a PKS module with two
ACP domains. Finally, the cyclization of the seven-membered ring
and release of mycobactin can be assigned to a variant TE or C

Fig. 12 The pks13 locus from mycolate-containing bacteria: M. tuber-
culosis (Mtb), M. bovis (Mb), M. leprae (Ml), M. marinum (Mm), C.
glutamicum (Cg), C. efficiens (Ce), C. diphtheriae (Cd), C. jeikeium (Cj), N.
farcinica (Nf ). Color codes are: red, PKS; green, acyl-CoA-carboxylase;
grey, acyl-CoA synthase; blue, mycolyltransferase; yellow, other conserved
genes; white, unknown. Except for white, identical colours indicate
orthologs.

domain. Orthologous mbt clusters are present in all mycobacteria
strains characterized so far231 (Fig. 13, Table 11), except for
M. avium paratuberculosis. This strain lacks mbtI (required for
salycilate formation) and mbtJ (thioesterase) is replaced by an
nbtA ortholog. In addition, an extra gene (encoding A and T
domains) is found between mbtE and mbtF . The N. farcinica
orthologs, designated nbtABCDEFGH, are supposed to govern
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Table 11 Orthologous TMS clusters from Mycobacteriuma

TMSb Mtb H37Rv Mtb CDC1551 Ml Mav Mb Product

mas Yes Yes — — Yes Mycocerosic acid
mbt Yes Yes — Yes Yes Mycobactin
msl1 Yes — Yes — Yes Unknown
msl2 Yes Yes — Yes Yes Hydroxyphthioceranic acids
msl3 Yes Yes — — Yes Unknown
msl4 Yes Yes — Yes Yes Phthiocerol dimycocerosate esters
msl5 Yes Yes — Yes Yes Phthiocerol dimycocerosate esters
msl6 Yes Yes — Yes Yes Mannosyl-b-1-phosphomycoketide
msl7 Yes Yes Yes — Yes Phenolphthiocerol
nrpsc Yes Yes Yes — Yes Unknown
pks6 Yes Yes — — Yes Unknown
pks9 Yes Yes — Yes Yes Phthiocerol dimycocerosate esters
pks13 Yes Yes Yes Yes Yes Mycolic acids
pks16 Yes Yes Yes Yes Yes Unknown
pps Yes Yes Yes — Yes Phthiocerol dimycocerosate esters

a ‘Yes’ indicates that an ortholog is present. b See text for cluster abbreviations. c Dimodular NRPS, the Ml ortholog has only one module.

Fig. 13 The mycobactin-like clusters from N. farcinica (Nf ), M. tuber-
culosis H37Rv (Mtb) (substantially identical clusters in M. tuberculosis
CDC1551 and M. bovis) and M. avium subsp. paratuberculosis (Map).
Color codes are: red, NRPS; grey, PKS; green, lysine-N-oxygenase; brown,
(thio)esterase; light blue, salycilate biosynthesis; white, other functions.
Ortholog genes have identical patterns.

the synthesis of a mycobactin-related siderophore,221 although no
siderophore has yet been described from Nocardia spp.

7.2 Genus Corynebacterium

Corynebacteria present irregular cell morphology and a broad
G + C content (51–70%). Representatives characterized through
genome sequencing include: C. diphtheriae, the etiological agent
of diphtheria; C. glutamicum, widely used for the industrial
production of L-glutamate and L-lysine; C. efficiens, a close relative
of C. glutamicum; and C. jeikeium, a human skin flora inhabitant
that can become a serious, multi-resistant nosocomial pathogen.
In addition to the pks13 cluster (Fig. 12), all corynebacteria share a
gene of unknown function encoding a 130 kDa protein containing
A and T domains. Additional TMS genes are described below.

C. diphtheriae211 contains a cluster encoding a hybrid PKS–
NRPS (one module each), a separate monomodular NRPS and an
ABC transporter. This cluster may direct siderophore synthesis,
since the NRPS is similar to P. aeruginosa PchF and the ABC
transporter to Y. pestis YbtP. C. jeikeium contains two TMS
clusters, one encoding a monomodular NRPS and an isolated
A domain, and the other a trimodular NRPS.

7.3 Genus Mycobacterium

The genus Mycobacterium includes severe pathogens, such as M.
tuberculosis (Mtb), the causative agent of tuberculosis, M. leprae

(Ml), the causative agent of leprosy, and M. avium, an important
opportunistic pathogen in immunocompromised patients. In ad-
dition to mycolic acids, the mycobacterial cell envelope contains
a vast repertoire of multimethyl-branched long-chain acids and
alcohols, including mycocerosic and mycopenic acids, as well as
variously substituted phthiocerols 38. Five mycobacterial genomes
were available (Table 10): the Mtb strains H37Rv and CDC1551,
and one strain each for Ml, M. bovis (Mb) and M. avium subsp.
paratubercolosis (Map).

Mtb strain H37Rv harbors the full set of TMS genes found in
the other mycobacteria organized as 16 distinct clusters (Table 11).
A function has been assigned to some of them.232 The mas and
ppsABCDE genes are clustered on the Mtb chromosome in a
region that also encodes acyl-CoA synthases and transporters
important for biosynthesis and translocation of dimycocerosate
esters.233,234 The enzymatic activities of PpsA, PpsB and PpsE have
been experimentally determined.232 The five Pps enzymes elongate
long-chain fatty acids with malonate or methylmalonate units
(Scheme 8). The acyl-AMP ligase FadD26 activates an acyl chain
and transfers it to the first T domain of PpsA. PpsA, -B and -C
elongate the acyl chain with one malonate unit each, followed by
b-ketoreduction (PpsA and -B) or by full processing to methylene
(PpsC). Next, PpsD and PpsE add one methylmalonate, followed
by reduction of the b-keto group to methylene. PpsE, which
does not contain any processing domains, adds the final methyl-
malonate contain and uses its C domain for chain release.234 In a
process which has yet to be completely defined, the released chain
undergoes decarboxylation and other modifications (e.g. reduction
and methylation) to yield the phthiocerols 38 (Scheme 8). Myco-
cerosic acids are synthesized by MAS, another PKS consisting of
KS-AT-DH-ER-KR-ACP domains (Scheme 8), and selective for
methylmalonyl-CoA, producing multimethyl-branched acids from
n-acyl primers.235 The PapA5 protein, also encoded by the pps-mas
cluster, consists of a C domain that mediates mycocerosic acid
transfer from MAS to phthiocerol235 and is responsible for the last
step in the assembly of the (phenol)phthiocerol dimycocerosate
esters 39. In a variation of the theme, the Pks15/1 protein
(containing KS, AT, KR, DH, ER, ACP domain) is required
for adding a p-hydroxybenzoic acid moiety to the growing chain,
ultimately yielding the phenolphthiocerol derivatives.236
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Scheme 8

Mtb H37Rv contains seven loci,234 designated msl and consisting
of single genes or adjacent gene pairs, each encoding full set(s) of
the domains KS-AT-DH-ER-KR-ACP, which would be sufficient
for the synthesis of a branched fatty acid as exemplified by
MAS. These loci can be subdivided into two families on the basis of
sequence identity: one includes msl1 (pks5), msl2 (pks2), and msl3
(pks3/4), as well as mas itself; and msl4 (pks7), msl5 (pks8/17),
msl6 (pks12), and msl7 (Pks15/1). Different msl loci probably
direct the synthesis of the different multiple methyl-branched fatty
acids found in Mtb.

Orthologs of msl1 (role not yet known) are present in Ml and
Mb but not in the Mtb strain CDC1551 (Table 11). Orthologs of
msl2 are present in Map and Mb, in addition to strain CDC1551
(Table 11). This locus is responsible for the formation of the
hydroxyphthioceranates, the major acyl constituents of sulfolipids,
which are present uniquely in virulent Mtb strains where they play
a significant role in interaction with the host.237

The msl3 locus consists of two separate genes (pks3 and pks4)
in strain H37Rv, fused as a single gene in strain CDC1551 and
in Mb. The msl3 locus also encodes the proteins PapA1, PapA2
and PapA3, which may catalyze O-esterification of trehalose with
the methyl-branched polyketides produced by Pks3 and Pks4.
Since methyl-branched polyketides are not found as free acids
in Mtb—and these PKSs do not contain a TE domain—the Pap
proteins may directly transfer ACP-bound polyketide to threalose,

a reaction reminiscent of the acyl transferases involved in lipid A
synthesis. Mtb contains an unusual cluster consisting of msl4, msl5
and pks9 flanked by two genes encoding type III PKSs. This cluster
has been implicated in the synthesis of dimycocerosate esters.237

Pks12 (msl6 locus) was recently shown to be responsible for the
synthesis of an acylated derivative of mannosyl-b-1-phosphate in
human macrophages.232 Pks12 consists of two head-to-tail sets of
MAS domains, with the unique feature that the first set is selective
for malonyl-CoA and the second for methylmalonyl-CoA. Or-
thologs are present in Mb and Map (Table 11). The msl7 locus
has been proposed to catalyze the elongation of p-hydroxybenzoic
acid with malonyl-CoA units to form p-hydroxyphenylalkanoic
acid derivatives, which in turn are used by the Pps proteins to
yield phenolphthiocerol 38 and its relatives, as confirmed by the
finding that inactivation of msl7 abolishes phenolphthiocerol 38
production.236 The msl7 locus is present in all mycobacteria except
Map (Table 11).

In addition to the msl loci, mycobacteria encode other TMSs
of unknown function: Pks6 is a monomodular enzyme with ACP-
KS-AT-TE domains, with orthologs present in strain CDC1551
and, as two separate proteins, in Mb. Pks16 consists of an A
domain only and is present in all mycobacteria (Table 11). It should
be noted that all Mtb PKSs from strain H37Rv have an ortholog
in Mb, one more than in Mtb strain CDC1551. However, only ten
and five PKS orthologs are present in Map and Ml, respectively.
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The lower number of PKSs in Map might be due to the lack of
dextrorotatory multimethyl-branched acids in this strain.

Finally, a bimodular NRPS is also encoded by the Mtb genome.
Bimodular and monomodular orthologs are present in Mb and
in Ml, respectively. While this NRPS is needed for formation of
dimycocerosate esters, its specific role is unknown.238

7.4 Genus Streptomyces

Members of this genus are soil inhabitants that thrive on complex
organic polymers. Furthermore, Streptomyces spp. represent the
most prolific and versatile genus of natural product producers. Two
genome sequences have been published, from the model organism
S. coelicolor and from the avermectin 40 producer Streptomyces
avermitilis, and each carries more than 20 clusters for secondary
metabolism. Except for the geosmin 41 cluster, all clusters are
unique to each of the Streptomyces strains.

7.4.1 Streptomyces avermitilis
Avermectin 40, a complex of eight related pentacyclic lactones

carrying an oleandrose disaccharide, is an important compound
in human and veterinary medicine. The S. avermitilis genome—
the largest in the set analyzed here—consists of a 9.0 Mb linear
chromosome and a small plasmid. Its chromosome possesses at
least 30 clusters for secondary metabolism (271 genes, or 6.6% of
the genome), involved in the synthesis of melanin, carotenoid,
siderophore, polyketide and peptide compounds.239 Over half
of the clusters are located in the subtelomeric regions, while
metabolites commonly produced by several Streptomyces spp. are
directed by clusters located in the 6.5 Mb internal core region of the
chromosome (e.g. the clusters for geosmin 41, pentalenolactone 42
and oligomycin 43 formation).

Omura et al.239 performed a detailed analysis of the S. avermitilis
TMS genes. Only one region, designated nrps5 and encoding
A and T domains, with the A domain predicted to be specific

Table 12 Predicted substrates and domain organization of S. avermitilis
NRPSs

Cluster Polypeptide–modulea Substrate Domains

nrps1 1 Threonine C-A-T
2 Leucine C-A-T-E
3–1 Serine A-T
3–2 Tyrosine C-A-T

nrps2 1 Glutamine A-T
2–1 Leucine C-A-T-E
2–2 Asparagine C-A-T
3–1 Serine C-A-T-E
3–2 Asparagine C-A-T-E
3–3 Asparagine C-A-T-TE

nrps3 1 Ornithine C-A-T
2 E-TE
3 Serine A-T

nrps4 Asparagine A-T
nrps5 Proline A-T
nrps6 Proline C-A-T
nrps7 1 Valine A-T

2 Glutamate A
3 Pipecolate A-T
4 Valine A-T-C
5 Glutamate A-T
6 Pipecolate C-A-T
7 Serine A-T
8 T-C
9 C
10 C
11 Cysteine A-T
12 T-C-T-Te
13 T-C

nrps8 Alanine A
nrps9 Cysteine A

a The first and second numbers indicate polypeptides and modules,
respectively, if more than one.

for proline (Table 12),239 has an ortholog, situated in a similar
genetic context, in N. farcinica. Seven additional NRPS clusters
are unique to S. avermitilis,239 although none of the corresponding
metabolites have been identified yet. The domain composition of
each module and the predicted amino acids recognized by the A
domains are summarized in Table 12. The nrps1, nrps2 and nrps3
clusters encode three NRPSs each. On the basis of module number,
these clusters are predicted to make tetra-, hexa- and tripeptides,
respectively.239 Nrps4 encodes a monomodular NRPS. The nrps6
cluster encodes C-A-T domains (with proline specificity) and a
long chain fatty acyl-CoA ligase, suggesting that it directs the
synthesis of an acylated amino acid. The nrps7 cluster presents a
complex architecture: it encodes 14 distinct polypeptides, many of
which carry a single NRPS domain, for a total of 8 A, 11 T, 7 C
and 1 TE domains, as well as a PKS module with KS-AT-ACP
domains. If active, nrps7 may direct the synthesis of an octapeptide
containing two pipecolate residues and a polyketide moiety. Nrps8
encodes a single A domain.

S. avermitilis harbors eight PKS clusters,239 including the previ-
ously characterized ave cluster for avermectin 40 biosynthesis.240

The ave PKSs consist of twelve modules contributing the 55 cat-
alytic functions required for the formation of the 6,8a-seco-6,8a-
deoxy-5-oxoavermectin 44, using isobutyryl- or 2-methylbutyryl-
CoA as starter units. The olm cluster, involved in the formation of
the macrocyclic lactone oligomycin 43, encodes seven PKSs for a
total of 17 modules and 79 catalytic domains. Direct confirmation
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of its role came from disruption of selected olm genes, which
abolished oligomycin production.239 The pte cluster, encoding five
PKSs for a total of 13 modules and 57 domains, is predicted to
synthesize a 26-membered pentaene macrolide that is yet to be
identified.

S. avermitilis contains five other PKS clusters of unknown
function.239 Pks1 encodes two unusual modules, consisting of
KS-AT-ACP-KR domains (with atypical order and divergent
sequence for the ACP-KR pair) and of KS-AT domains, as well
as a monofunctional ACP. Pks2 encodes PKS modules and an
A domain, and has been suggested to direct the synthesis of
an unknown macrolactam. Clusters pks3, pks4, pks5 and pks7
complete the set of genes possibly participating in the synthesis of
structurally undefined polyketides.

7.4.2 Streptomyces coelicolor
Streptomyces coelicolor A3(2) has an 8.6 Mb linear chromosome

with more than 20 secondary metabolism clusters.28 In addition to
the previously characterized clusters for the aromatic polyketides
actinorhodin 45 and the structurally undefined spore pigment, S.
coelicolor harbors 5 clusters containing TMS genes, including the
PUFA-like cluster (Fig. 6). Of these, the cda cluster, encoding three
NRPSs for a total of 11 modules and 37 domains required for the
synthesis of the cyclic lipoundecapeptide named CDA 46 (calcium-
dependent antibiotic), and the red cluster, for the synthesis of the
oligopyrrole prodiginines 8, were previously characterized.

The cch cluster encodes the CchH NRPS with an A-T-E-C-A-T-
E-C-A-T domain architecture. The substrates for the three A do-
mains were predicted to be L-d-N-formyl-d-N-hydroxyornithine,
L-threonine and L-d-N-hydroxyornithine, respectively.241 This pre-
diction led to two alternate structures (47a and 47b) for the
hypothesized product, which was expected to chelate metal ions
and therefore dubbed coelichelin.241 In subsequent work, an iron
chelating compound was detected from S. coelicolor wild type
but not from a cch mutant.242 Using a combination of high
resolution and tandem MS and high field NMR,242 coelichelin was
demonstrated to be the tetrapeptide 48, in which a second D-d-N-
formyl-d-N-hydroxyornithine residue was linked to the a-amino
group of the L-d-N-hydroxyornithine residue. Consequently, the
third Cch module is predicted to act twice. Gene knockouts
established the essential role of CchJ, leading to a proposed route
for coelichelin formation (Scheme 9).

Scheme 9

Another NRPS cluster, encoding two polypeptides with T-
C-A-T-C-A-T and C-A-T-TE domains, is proposed to catalyze
the biosynthesis of a novel siderophore named coelibactin. On
the basis of the predicted amino acids incorporated by the A
domains, the structural core 4928 was predicted for this as yet
unidentified compound. S. coelicolor harbors two additional TMS
loci. One is represented by the cpk cluster, which encodes a
PKS loading module, five extension modules and an additional
reductase domain, for which a putative intermediate has been
proposed.243,244 Another TMS cluster encodes two NRPSs with
A-T-C-T and C-A-T-TE domains.
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7.5 Genus Nocardia

This genus of filamentous soil inhabitants includes the causative
agents of nocardiosis in human and animal lungs. The genome
of the N. farcinica clinical isolate IFM 10152 consists of a single
circular 6.0 Mb chromosome and two smaller plasmids.221 The
chromosome contains 22 TMS genes, organized into 13 clusters.
To our knowledge, N. farcinica is not known to produce secondary
metabolites.

N. farcinica contains an ortholog of the pks13 locus (Fig. 12),
one of the mycobactin cluster (Fig. 13) and one of the S. avermitilis
nrps5 region. In addition, this strain harbors seven TMS clusters
of unknown function, orthologs of which are not present in the
other bacterial genomes. One cluster encodes a large, 14474-aa
NRPS consisting of twelve elongation C-A-T modules and a final
C-A module, a second cluster specifies four NRPSs, for a total of
13 A, 12 T, 9 C and 3 TE domains, the third two NRPSs for a total
of 13 modules with a terminal TE domain; three separate NRPS
genes account for proteins consisting of C-A-T-C-(C-A-T)3-C-
TE, C-A-T-C-(C-A-T)4-TE, and (C-A-T)5-TE domains, and three
monomodular PKSs are encoded by three unlinked genes. Finally,
there are two linked genes encoding individual A and C domains.

7.6 Propionibacterium acnes

P. acnes is an anaerobic bacterium commonly found on human
skin, and the causative agent of acne. Its genome contains only
one TMS cluster of unknown function, encoding two NRPSs (for
a total of two modules), a separate TE and a PPTase.

8 Phylum Cyanobacteria

The photosynthetic Cyanobacteria commonly proliferate in ma-
rine and freshwater habitats, often resulting in bloom formation.
Terrestrial genera (e.g. Nostoc) can be found too. Secondary
metabolism is widespread in Cyanobacteria and often leads to
the production of toxic substances associated with cyanobacterial
blooms. In particular microcystins 50 and nodularins 51 are cyclic
peptides which cause acute hepatotoxicity.245 These toxins are

produced by a hybrid NRPS–PKS, and it has been postulated
that a microcystin cluster was present in the last common
ancestor of a large portion of modern Cyanobacteria.245 Several
other substances are produced by TMS genes, which are present
in most members of the Cyanobacteria.246 The current set of
published genome sequences is biased towards Synechococcus and
Prochlorococcus spp., free living organisms responsible for a large
part of the carbon fixation that occurs in marine environments
and which possess small genomes (1.7–2.7 Mb) devoid of TMS
genes. In contrast, a significant fraction of TMS genes is present
in the two strains with larger genomes (Table 13).

8.1 Order Nostocales, Genus Anabaena

These cyanobacteria are capable of fixing carbon and nitrogen, and
can be found worldwide in aquatic and, occasionally, terrestrial
environments. They form long filaments presenting a variety of cell
types, including heterocysts where nitrogen fixation takes place.
Anabaena spp. produce toxic blooms in aquatic environments that
are harmful or fatal to animals and humans.

8.1.1 Anabaena sp. PCC7120
This strain is also referred to as “Nostoc sp. PCC7120”. A cluster

encodes three PKSs consisting of KS-AT-ACP-ACP, AT-KS and
KS domains. A nearly identical cluster (>94% identity), located in
the same genetic context, is found also in the unpublished genome
sequence of A. variabilis.11 The first PKS is highly related (81%

Table 13 Analyzed genomes from the Cyanobacteria

Strain Order Genomea TMSb Reference

Anabaena sp. PCC 7120 Nostocales 7.2 104.8 247
Gloeobacter violaceus PCC 7421 Gloeobacterales 4.7 50.6 248
Prochlorococcus marinus str. MIT 9313 Prochlorales 2.4 0 249
Prochlorococcus marinus subsp. marinus Prochlorales 1.8 0 247
Prochlorococcus marinus subsp. pastoris Prochlorales 1.7 0 250
Synechococcus sp. WH 8102 Chroococcales 2.4 0 251
Synechocystis sp PCC6803 Chroococcales 3.9 0 252
Thermosynechococcus elongatus BP-1 Chroococcales 2.6 0 253

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb.
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Table 14 Analyzed genomes from the class Bacteroidetes

Strain Order Genomea TMSb Reference

Bacteroides fragilis NCTC 9343 Bacteroidales 5.2 3.9 256
Bacteroides fragilis YCH46 Bacteroidales 5.3 3.9 257
Bacteroides thetaiotaomicron VPI-5482 Bacteroidales 6.3 0 258
Porphyromonas gingivalis W83 Bacteroidales 2.3 0 259
Salinibacter ruber DSM 13855 Sphingobacteria 3.6 0 260

a Cumulative size of chromosomes and plasmids, in Mb. b Cumulative size of TMS genes, in kb.

identity) to HglE from Nostoc punctiforme ATCC 29133, which
has been demonstrated to be required for glycolipid synthesis in
heterocysts.254 Glycolipids are needed for protecting the oxygen-
sensitive nitrogenase from inactivation, and hlgE mutants are
unable to fix nitrogen under atmospheric conditions.254 Anabaena
sp. PCC7120 shares with A. variabilis another TMS cluster,
encoding four PKSs and one NRPS, which display over 93%
identity for all proteins. However, the first PKS gene in A. variabilis
is disrupted by an IS, separating KS-AT from KR-ACP domains
in the resulting polypeptides. No evidence is available regarding
its role.

Additional TMS clusters of unknown function are present.
One large cluster consists of nine genes encoding a total of
ten NRPS and two PKS modules. Another cluster specifies one
monomodular NRPS and two monomodular PKSs. A final cluster
encodes a monomodular NRPS and enzymes involved in cell wall
biogenesis.

8.2 Order Gloeobacterales: Gloeobacter violaceus

This organism was one of the earliest to diverge from the cyanobac-
terial line. It is an obligate photoautotroph that lacks thylakoid
membranes and probably has its photosynthetic machinery in
the cytoplasmic membrane with various components exposed to
the periplasm. G. violaceus contains a cluster resembling the hgl
locus and encoding orthologs of HglC, HglD and HglE. It should
be noted that this cluster encodes an additional monomodular
PKS and that G. violaceus is a unicellular organism that does
not form heterocysts. Thus, this cluster might be involved in the
synthesis of a lipid different from those made by Anabaena and
Nostoc. G. violaceus encodes other PKSs of unknown function:
two monomodular proteins and a cluster comprising two PKS
modules and an isolated KS domain.

9 Other phyla

9.1 Phylum Planctomycetes

These microorganisms represent one of the deepest branching
bacterial phyla, with several peculiar characteristics, such as
lack of peptidoglycan in the cell wall and unique cellular
compartimentalization. The 7.1 Mb genome from the marine
budding bacterium Rhodopirellula baltica SH1255 encodes two
small NRPSs, two monomodular PKSs and a bimodular NRPS-
PKS. These five genes are located in different regions of the
genome, suggesting that they are involved in the synthesis of five
different, unknown products.

9.2 Other phyla

Four genomes (from three species) have been completed for the
class Bacteroidetes and a single genome for the class Sphingob-
acteria (Table 14). TMS genes are present only in two different
strains of Bacteroides fragilis, an opportunistic pathogen that is
the most common anaerobe isolated from clinical specimens. Both
strains contain two NRPS genes of unknown function, encoding
an isolated A domain and an A-T didomain polypeptide. The
genes are 98% identical and in both cases they are approximately
400 kb apart.

No TMS genes are present in the published genomic sequences
of strains from the phyla Aquificae, Chlamydiae, Chlorobi,
Deinococci, Fusobacteria, Spirochaetes and Thermotogae
(Table 15).

10 Conclusions

The current set of available bacterial genomes is providing
important insights into the occurrence of genes for natural
product biosynthesis in different bacterial lineages. In primis, it has
confirmed the long-held view that the ability to produce secondary
metabolites is not uniformly distributed within the bacterial
world.14 In fact, bacterial taxa known for natural products (i.e.
the genera Streptomyces, Bacillus and Pseudomonas among those
covered in this report) stand out for the high percentage of TMS
genes in their genomes. In addition, the available data suggest that
natural product formation is a “luxury” that only relatively large
genomes can afford, but not all large-genome bacteria possess this
feature.

Bacterial genomics has also confirmed the occurrence of the
same or very similar natural products in divergent bacterial lin-
eages. Notably, most of these common metabolites are involved in
the uptake of essential nutrients. Two observations are noteworthy.
The first is that these clusters, which are not uniformly present
in all representatives of a given taxon, are relatively prone to
inactivation. The second observation is their high conservation
which makes them easy to recognize. Thus, horizontal gene
transfer has likely played a strong role in spreading these
biosynthetic pathways. Until metabolites have been characterized
from sequenced bacterial strains, we cannot formally exclude the
possibility that highly divergent clusters also direct the synthesis
of some of these common metabolites. In any case, we still have
a limited understanding about the interplay between vertical and
horizontal transmission for natural product biosynthesis.281

Despite the fact that the current set of sequenced genomes is
biased against secondary metabolite producers, it has highlighted
a remarkable number of TMS clusters that do not match those
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Table 15 Analyzed genomes from phyla devoid of TMS genes

Phylum Strain Genomea Reference

Aquificae Aquifex aeolicus VF5 1.6 261
Chlamydiae Chlamydia muridarum Nigg 1.1 262
Chlamydiae Chlamidya trachomatis A/HAR-13 1.1 263
Chlamydiae Chlamidya trachomatis D/UW-3/CX 1.0 264
Chlamydiae Chlamydophila abortus S26/3 1.1 265
Chlamydiae Chlamydophila caviae GPIC 1.2 266
Chlamydiae Chlamydophila pneumoniae AR39 1.2 266
Chlamydiae Chlamydophila pneumoniae CWL029 1.2 267
Chlamydiae Chlamydophila pneumoniae J138 1.2 268
Chlamydiae Candidatus Protochlamydia amoebophila UWE25 2.4 269
Chlorobi Chlorobium tepidum TLS 2.2 270
Deinococci Deinococcus radiodurans R1 3.3 271
Deinococci Thermus thermophilus HB27 2.1 272
Fusobacteria Fusobacterium nucleatum subsp. nucleatum ATCC 25586 2.2 273
Spirochaetes Borrelia burgdorferi B31 1.5 274
Spirochaetes Borrelia garinii Pbi 1.0 275
Spirochaetes Leptospira interrogans sv. Copenhageni str. Fiocruz L1-130 4.6 276
Spirochaetes Leptospira interrogans sv. Lai str. 56601 4.7 277
Spirochaetes Treponema denticola ATCC 35405 2.8 278
Spirochaetes Treponema pallidum subsp. pallidum str. Nichols 1.1 279
Thermotogae Thermotoga maritima MSB8 1.9 280

a Cumulative size of chromosomes and plasmids, in Mb.

directing the synthesis of known compounds. In order to lead to
a natural product, a cluster must consist of active, coordinately
expressed genes, and the resulting products must undergo the
necessary posttranslational modifications and find the appropriate
precursors to produce a compound in a concentration high enough
for detection. Our understanding of these processes is still limited
and, coupled with the inevitable sequencing errors of large-scale
sequencing projects, prevents drawing firm conclusions about the
number of active clusters discovered from bacterial genomes.
From the available data, it appears that similar compounds are
made by similar clusters even in divergent lineages. If the reverse
is also true, i.e. that different clusters direct the synthesis of
different compounds, then bacterial genomics has uncovered a
large number of potentially new chemical classes. In the late 1980s,
when DNA sequencing was first applied to the elucidation of
whole biosynthetic pathways, the classes of characterized natural
products far outnumbered the known gene clusters. Many clusters
for known compounds have been identified since. In a period when
new classes of natural products are discovered by chemistry- or
bioassay-based approaches at a declining rate, bacterial genomes
are revealing a plethora of new gene combinations at an increasing
pace. As chemical information provided the impetus for gene
sequencing at the end of the last century, so we can expect
that genomics will inspire renewed chemical efforts, hopefully
providing the sorely-needed novel chemical classes from microbial
sources.
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