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Abstract. Type I polyketide synthases (PKSI) are
modular multidomain enzymes involved in the bio-
synthesis of many natural products of industrial
interest. PKSI modules are minimally organized in
three domains: ketosynthase (KS), acyltransferase
(AT), and acyl carrier protein. The KS domain
phylogeny of 23 PKSI clusters was determined. The
results obtained suggest that many horizontal
transfers of PKSI genes have occurred between ac-
tinomycetales species. Such gene transfers may ex-
plain the homogeneity and the robustness of the
actinomycetales group since gene transfers between
closely related species could mimic patterns gener-
ated by vertical inheritance. We suggest that the
linearity and instability of actinomycetales chromo-
somes associated with their large quantity of genetic
mobile elements have favored such horizontal gene
transfers.
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Introduction

Polyketide synthases type I (PKSI) are large enzymes
that are responsible for the biosynthesis of polyke-
tides, natural products of pharmaceutical and
industrial interest such as erythromycin (antibiotic),
rapamycin (immunosuppressant), and soraphen
(antifungal). Among the three types of bacterial PKS
that have been reported to date (Shen 2003), only
type 1 shows a modular organization, allowing the
comparative study of modules within or between
enzymes. The PKSI consists of multifunctional en-
zymes grouped in modules (Fig. 1). A biosynthesis
pathway is commonly composed of several clustered
PKSI genes. Proteins encoded by these clustered
PKSI genes catalyze the linear steps of polyketide
biosynthesis. As an example, three PKSI proteins,
called eryA, eryB, and eryC, (Fig. 2) required for the
biosynthesis of erythromycin. Each PKSI protein
loads and condenses two acyl groups to build the
erythromycin (Staunton and Weissman 2001). The
three required PKSI proteins are called “‘erythromy-
cin synthase.” In this study, the term “X synthase”
refers to any of the PKSI proteins involved in the
synthesis of polyketide X.

Two types of module exist inside a PKSI protein:
the first module is called the loading module, while
the following ones are called extender modules (Fig,
1). Each extender module receives the incoming acyl
chain from the previous module and catalyzes the
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Fig. 1. General representation of the PKSI organization. The
PKSI are usually composed of a loading module followed by n
extension modules building the growing acyl chain. Each substrate
can be reduced by an optional reductive loop from one to three
steps. A last domain thioesterase, is often present and catalyzes the
release of the final product. KS, ketosynthase; AT, acyltransferase;
ACP, acyl carrier protein; DH, dehydratase; KR, ketoreductase;
ER, enoylreductase and TE, thioesterase.

optional 3 reduction

degrees

condensation of the acyl groups to the growing acyl
chain. Then the module transfers the acyl chain to the
next module for an additional elongation step (Wa-
tanabe et al. 2003). A minimal extender module
consists of three functional domains: a ketosynthase
domain (KS), an acyltransferase domain (AT), and
an acyl carrier protein (ACP). The KS domain cata-
lyzes the decarboxylative condensation of an acyl
group onto the growing chain. The AT domain se-
lects and activates the acyl group. The ACP domain
loads the growing chain (Staunton and Weissman
2001). The presence of additional domains with
enzymatic activities of ketoreductase (KR), dehy-
dratase (DH), and enoylreductase (ER) can modify
the growing acyl chain (Hopwood 1997). Usually, the
last domain of PKSI is a thioesterase, which catalyzes
the release and the cyclization of the completed acyl
chain (Fig. 1).

Several synthases combine both PKSI and non-
ribosomal peptide synthases (NRPS) modules. The
NRPS are also modular multienzymes, which build
peptides with amino acids as the PKSI build poly-
ketides with acyl groups (Du et al. 2001).

Hopwood (1997) proposed that the PKSI diversity
has evolved by gene duplication followed by sequence
divergence. In addition to this mechanism, horizontal
gene transfer (HGT) has been invoked as a major
force in bacterial evolution (Gogarten et al. 2002;
Lopez 2003). Even if HGT must be invoked with
precaution (Kurland et al. 2003), the specific genetic
context of secondary metabolism in actinomycetales
supports the view of many HGTs within this order.
The complete genome sequence of Streptomyces
coelicolor reveals 23 gene clusters devoted to sec-
ondary metabolism and representing a significant
fraction (4.5%) of the genome (Challis and Hopwood
2003). The extensive genetic diversity of biosynthetic
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clusters among actinomycetales (especially that of
genus Streptomyces) exceeds a theoretical phenotyp-
ical potential and, therefore, supports HGT (Weber
et al. 2003). The aim of this paper is to highlight the
PKSI gene’s evolutionary history within bacteria
using phylogenetic reconstructions from well-char-
acterized PKSI clusters.

Materials and Methods

Published Sequences

Polyketide synthases were selected when the produced polyketides
were experimentally characterized. Thus, 23 biosynthetic pathways
encompassing 203 protein sequences of the KS domain were
computed (Fig. 2). The KS domain acts as a generic condensing
function, whereas the AT domain is substrate-specific. The KS
domain was retained for phylogenetic analyses. The AT and ACP
domains were analyzed in the particular case of the close rela-
tionship among amphotericin, nystatin, and pimaricin synthases.
The ACP domain holds the growing chain whatever its length. This
domain would have been useful since, like the KS domain, its
function is generic. However, the ACP domain does not conceal
enough informative sites due to its short length. Thus, the phy-
logeny of ACP domains was determined only for the closest
polyketide synthases.

Phylogenetic Reconstruction and Analysis

Domains of public protein sequences were aligned using DbClu-
stal (Thompson et al. 2000). Then the alignments were manually
corrected using SeaView (Galtier et al. 1996). Phylogenetic
reconstructions were performed via the distance method using
neighbor joining (NJ) with the PAM matrix through Phylo_win
(Galtier et al. 1996) and the maximum likelihood method (ML)
using the Jones—Taylor-Thornton (JTT; 1992) model of substi-
tution through PhyML (Guindon and Gascuel 2003). All trees
were built with 500 bootstrap replicates. For the ML recon-
struction, 500 data sets were generated using the SEQBOOT
program from the PHYLIP package v3.6 (Felsenstein 1993). A
tree was built for each replicate with PhyML, then bootstraps
were computed with CONSENSE (Felsenstein 1993). All trees
were drawn with NJplot (Perriere and Gouy 1996) and rooted
with a fatty acid synthase (mas; Uniprot accession No. Q02251),
which is a protein family that has evolved apart from PKSI
(Hopwood 1997; Zhu et al 2002).

Relative rate tests were performed with RRTree (Robinson-
Rechavi and Huchon 2000). This software compares substitution
rates between DNA and protein sequences grouped in phyloge-
netically defined lineages. The Kishino—Hasegawa—Templeton
(KHT) test (Kishino and Hasegawa 1989) was computed using
ProML (Felsenstein 1993). It allows testing of phylogenetic
hypotheses through likelihood comparison of phylogenetic trees.

Results

Three main arguments are assumed to underlie HGT:
(1) exceptions to the clustering of KS domains from
actinomycetales PKSI; (i) the specific history of
amphotericin, nystatin, and pimaricin synthases; and
(iii) the dual origin of the soraphen synthase.
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Organism (Phylum, order, species) Uniprot AC Molecule __Protsin name (Nb of modules) Remarks Reference
Actinobacteria
Actinomycetales
Streptomyces nodosus QE3NWE ampholericin ampA (1) Ks* Catirey et al. 2001
Qe3NWT7 ampB (2)
Q93NWE ampC (6)
Q93NX9 ampl (6)
Q93NX8 ampJ (3)
Q93NX7 ampK (1)
Streptomyces hygroscopicus QOKIEO ascomycin 1kbB (4) Wu et al. 2000
QOKIE fbC (2)
QOKID7 fkbA (4)
Streptomyces avermitilis QoSoR8 avermectin aveAl (3) loading: AT-ACP Ikeda et al. 1999
Q9SOR7 aveA2 (4)
Q9SOR4 aveA3 (3)
Q9SoR3 aveAd (3)
Saccharopolyspora erythraca Q03131 erythromycin oryA (2) Cortes et al. 1990
Q03132 eryB (2)
Q03133 oryC (2)
Micromonospora megalomicea QoF830 megalomicin megAl (2) Vokchegursky et al. 2000
QoF829 megAll (2)
QoFs2s megAll (2)
Micromonaspora griseorubida Q83WFO mycinamicin mycAl (3) KS¢ 2:low GC Anzai et al. 2003
QB3WES mycAll (1)
Q83WES mycAlll (2) low GC
Q83WE7 mycAlV (1) low GC
Q83WES mycAV (1)
Streptomyces caelestis 030764 niddamycin nidA1 (3) Ks® Kakavas et al. 1997
030765 nidA2 (1)
030766 nidA3 (2)
030767 nidA4 (1)
030768 nidAS (1)
Streptomyces noursei Q9LAWS nystatin nysA (1) Ks* Brautaset et al. 2000
QeLaw4 nys8 (2)
QoLaw3 nysC (6)
Q9L4x3 nysl (6)
QoLax2 nysJ (3)
QoLax1 nysK (1)
Streptomyces antibioticus QoKIV4 oleandomycin oleAl (2) Ks® Shah et al. 2000
Q9KIV3 oleAll (2)
Q07017 oleAlll (2)
Streptomyces venezuelae Qozals pikromycin pikAl (3) Ks® Xue et al. 2000
Q9ZGl4 pikAll (2)
Q02GI13 PikANIl (1)
Q8ZGI2 PIKAIV (1)
Streptomyces natalensis Qox992 pimancin pimSO0 (1) Ks® Apancio et al. 2000
Q9x993. pimS1 (4)
QOEWA1 pimS2 (6)
QOEWA2 pimS3 (1)
QOEWA3 pimS4 (1)
Streptomyces hygroscopicus Q54297 rapamycin rapA (4) Schwecke et al. 1995
Q54296 rapB (6)
Q54299 rapC (4)
Amycolatopsis mediterranei 054666 nfamycin A (3) Tang et al. 1998
052545 B (3)
052790 AiC (1)
054591 nfD (1)
054593 nfE (2)
Saccharopolyspora spinosa Q9ALME spinosad spnA (2) Ks® Waldron et al. 2001
QSALMS spnB (1)
Q9ALM4 spnC (2)
QSALM3 spnD (3)
QsALM2 spnE (3)
Streptomyces fradiae 033954 tylosin ylGI (3) Ks® Cundiiffe et al. 2001
033955 WiGH (1)
033956 G (2)
033957 tyIGIV (1)
033958 yiGV (1)
Protsobacteria
Pseudomonadaies
Pseudomonas fuorescens 061827 pyoluteorin pItB (2) Nowak-Thompson et al. 1997
051828 pIC (1)
Myxococcales
‘Sorangium cellulosum QsLecs epothilone ©poA (1) KS" Molnar et al. 2000
Polyangum colcmm QoLecs ©poB (1) preceded by NRPS
QeLeC7 epoC (4)
Q9L8Cs epoD (2)
QeLecs epoE (1)
QOADLE soraphen s0rA (3) loading: 2AT  Schupp et al. 1995; Ligon et al. 2002
Q53840 sorB (5)
Stigmalella aurantiaca Q9RFLO myxothiazol mitaB (2) loading: 2 AT Silakowski et al. 1999
QORFKS miaD (1) preceded by NRPS
Q9RFK7 miaE (1) O-methytation
QORFKE miaF (1) O-methyiaton
Q93TWE myxalamid mxaF (1) loading: 2 AT Silakowski et al. 2001
Q93TW7 mxak (1)
Q93TW8 mxaD (1)
Qe3TW8 mxaC (3)
Qe3TX0 mxaB (1)
Q8RIYE stigmatellin stiA (1) loading 2 AT Gaitatzis et al. 2002
Q8RJYS B (1)
Q8RUIY4 Stic (1)
Q8RJY3 stiD (1) O-methylaton
Q8RJY2 SHE (1) O-methylation
Q8RJY1 stF (1) . . . . . .
Qs8R0 G (1) Fig. 2. Compilation of information concerning the
Q8RIXS stiH (1) M 3 1
Pyt o published P_KSI sequences u_sed in th¥s study. The
Cyanobactaria PKSI protein name and their respective number of
Chroococcales M M
ooy souginoss asFoTS microystn ey ooadedby NRPS THert otal 2000 modules are indicated. As an example, the )
QsFDUt meyD @) amphotericin synthase encompasses 6 PKSI proteins
Nostocaien Qerowe e and 19 modules. Specific features in the Remarks

Nostoc sp osRars nosB (1) preceded by NRPS Hoffmann et a. 2003 column are detailed in the text.
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Fig. 3. Phylogenetic analysis of ketosynthase (KS) domains.
Reconstruction was computed for 204 protein sequences on 413
sites using both the distance method (NJ;PAM matrix) and the
maximum likelihood method (BIONJ; JTT matrix) with 500
bootstrap replicates. Both distance and maximum likelihood (ML)
methods provided the same tree topology, suggesting that observed
grouping did not result from computational artefacts. Bootstrap
values are indicated as ML/NJ. Only bootstrap values higher than

Exceptions to KS Clustering from One Actinomycetale
PKSI

The majority of analyzed KS domains are clustered
under a reliable node (Fig. 3; marked with an aster-
isk; 100/97 as ML/NJ bootstrap values). All these KS
domains appear to be encoded by actinomycetales
species. The rest of the KS domains are located
within a blend group including Nostocales, Chroo-
coccales, Myxococcales, and Pseudomonadales species
(Fig. 2). In most cases, the KS domains of a given
actinomycetale PKSI were clustered as a monophy-
letic group. As an example, 12 KS domains from the
avermectin synthase (aveAl to aveA4; Fig. 2) are
clustered. Such groupings of KS domains are only
supported within the actinomycetales group, as pre-
viously reported for a shorter set of 92 KS domains
(Lopez 2003). Several exceptions to the rule of KS
domain clustering in actinomycetales were observed,
however. The KS domains of ascomycin (fkb), ra-
pamycin (rap), and rifamycin (rif) synthases showed
an imperfect clustering pattern since the KS domains
from fkbA4, rapC4, and rifA2 did not fit these
groupings (Figs. 3 and 5A). Moreover, in the case of
mycinamicin synthase, four KS domains, mycAl2,
mycAIIl, mycAIll2, and mycAlV, are clustered apart
from the other mycA KS domains (Fig. 3). The four
KS gene regions exhibit a low GC content (66%) for a
Streptomyces gene (Fig. 2). Two other examples of
phylogenetic incongruencies concern pikAI3 (pikro-

L
70 are indicated, except when necessary. When KS domains of one
polyketide synthase are grouped, they are represented as a triangle
labeled with the synthesized polyketide. The module names (e.g., A,
B, C, etc.) are explicitly written for the amphotericin, nystatin, or
pimaricin synthases. The number of amino acid substitutions is
proportional to the length of the scale. An asterisk marks the ac-
tinomycetales node. The entire tree is available at our Web site
(http://web.libragen.com/Phylogeny).

mycin) and rifA2 (rifamycin) (Fig. 3), which fall
outside their PKSI group.

The Particular Case of Amphotericin, Nystatin, and
Pimaricin Synthases

The amphotericin (amp) and nystatin (nys) synthases
are very similar (Caffrey et al. 2001). Their modular
organizations are identical (Fig. 4) and most of the
domains are close pairwise (Fig. 5). In other words,
considering the KS, AT, and ACP phylogenies, nysA
is strongly clustered with ampA and not with other
nys domains (Fig. 5). The additional domains of the
reductive loop are mostly identical, even when the
domains are nonfunctional (Fig. 4). The second to
the sixth modules of nysI PKS were originally de-
scribed with additional dehydratase domains (DH),
which were noted to be nonfunctional due to large
deletions (Brautaset et al. 2000). However, these do-
mains were probably erroneously annotated as DH
domains instead of AT-KR linkers (Yadav et al.
2003). Thus, the reductive loops (i.e., additional do-
mains DH, KR, and ER; Fig. 1) of amp and nys
synthases are identical. The amphotericin and nys-
tatin synthases are mostly symmetrical (Fig. 4; top).

Among the five PKSI of the pimaricin synthase,
only the KS domains from pimS2 and pimS3 appear
clustered with the amp/nys KS domains. All the KS
domains from ampl, nysl, pimS2 and KS domains
from amplJ2, nysJ2, pimS3 are clustered as trios
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(Fig. 5A). These modules are closely associated
(Fig. 4) within the KS, AT, and ACP domain phy-
logenies with high bootstrap values (Fig. 5).

The Soraphen Synthase is Separated Between Two
Bacterial Orders

Three KS domains from the soraphen (sor) synthase
of a myxococcale (Sorangium cellulosum) were clus-
tered in the actinomycetales group, whereas the four
remaining domains were strongly clustered in the
blend group (Fig. 3).

KS with Unusual Functions

The active site of KS domains is usually a cysteine.
This amino acid can be replaced by a glutamine or a
serine, leading to the KS? or KS® domain, respec-
tively. The KS? domains lack condensation activity
and were observed grouped apart from their PKSI
(Fig. 3). The KS® domains also lack condensation
activity and their decarboxylase activity is low

pimaricin synthase

Streptomyces natalensis

domains, which are not labeled. In other
words, the empty rectangle of pimS0
represents one module containing the KS—
AT-ACP domains. The additional
reductive domains are indicated inside each
rectangle as dehydratase (DH),
ketoreductase (KR), or enoylreductase
(ER). The inactive domains are labeled
within lowercase letters. The gray rectangle
highlights the domains that are closely
associated with the KS, AT, and ACP
phylogenies (Fig. 5). The curved arrows
indicate hypothetical duplications based on
phylogenies, and the plus signs, the addition
of units.

(Caffrey et al. 2001). They were observed inside their
polyketide synthase of origin (Fig. 5A).

The KS associated with 2 AT merged in one
loading module have to condense two substrates in-
stead of one (Ligon et al. 2002) and were grouped
with KS?. Lastly, the KS domains involved in hybrid
NRPS/PKSI structures condense an acyl group onto
an amino acid chain and were all clustered, whatever
their origin (Fig. 3).

Discussion

According to the hypothesis of PKSI gene evolution,
modular organization and chemical diversity of
polyketides produced by PKSI should have arisen
from duplication of domains (Hopwood 1997; Zhu
et al. 2002). Thus, more sequence similarity is ex-
pected between the domains of a given PKSI than
those of different ones (Gokhale and Khosla 2000) if
the time elapsed between duplication and speciation
is not too long. In this last case, the pattern observed
would certainly be two closely associated clusters
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Fig. 5. Phylogenetic subtrees for the amphotericin, nystatin, and pimaricin PKSI synthases based on (A) KS domains, (B) AT domains,
and (C) ACP domains. The two subtrees from KS and AT phylogenies are extracted from the complete reconstruction described in
Materials and Methods. The ACP phylogeny was computed (NJ, PAM) with the 51 domains from the three polyketide synthases on 84 sites.
The substrate incorporation for AT domains is indicated as malonyl (M) and methylmalonyl (mM).

such as the amphotericin and nystatin synthases. In-
deed, many PKSIs computed in this study support
this expectation (Figs. 3 and 5). This indicates that
PKSIs in actinomycetales are more homogeneous
than in other orders. This assumption was confirmed
by comparison of the two means of pairwise differ-
ences between the actinomycetale group (n = 12,403,
mean = 0.4788) and the blend group (n = 1081,
mean = 0.7979), which were significantly different
by Mann-Whitney test (p < 2.2 x 107'°). This
homogeneity may result from a high frequency of
HGT within the actinomycetales group.

Several possible examples of HGT events were
observed, especially between actinomycetales species.
HGT would ensure genetic coherence and slow
diversification between related bacteria (Torsvik et al.
2002). In the case of closely related species, frequent
HGT events might also create similarities as vertical
inheritance (Gogarten et al. 2002). Hence, HGT is a
likely explanation for the homogeneity of the ac-
tinomycetales group.

Phylogenetic Incrongruencies Reveal HGT Events
Evidence for the transfer of single domains was ob-

served as for the KS domains fkbB4 and rapC4,
which are separated from their PKSI of origin

(Fig. 3). Rapamycin and ascomycin synthases are
PKSIs produced by two strains of Streptomyces
hygroscopicus and involved in the synthesis of two
closely related immunosuppressive macrolides (Wu
et al. 2000). Moreover, since fkbA4 and rapC4 are
very similar, the rapamycin and ascomycin synthases
could have acquired this subunit by a recent HGT
(Hopwood 1997).

It was suggested that the domains from the my-
cinamicin synthase, whose genes display a low GC
content, resulted from a HGT (Anzai et al. 2003).
Since atypical sequences from HGT tend to homog-
enize with the receptor genetic features (Gogarten
et al. 2002; Lawrence and Roth 1996), this transfer
must be recent. Indeed, the GC content (66%) is
not actually optimized for an actinomycetale like
Micromonospora griseorubida (72%). Nevertheless,
this GC deviation was found in the third position of
codons (Anzai et al. 2003). Since the phylogenetic
reconstructions were based on protein sequences,
most of the deviation was blurred due to the genetic
code redundancy. Therefore, the taxonomic order of
the donor organism cannot be determined.

The KS domains of Streptomyces species were al-
ready described as a monophyletic group (Moffitt and
Neilan 2003). However, the strongly supported node
for the actinomycetales group also contains the KS
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domains from a myxococcale, Sorangium cellulosum
(soraphen producer) (Fig. 3). The monophyletic
phylogenetic hypothesis, where all soraphen KS do-
mains would be clustered outside the actinomycetales
node (100/97), was tested with the KHT test and re-
jected (In L/SD = 6.29 > 1.96), Schupp et al. (1995)
suggested that a genetic exchange occurred between
actinomycetales and S. cellulosum, based on their GC
content and codon usage. Such a clustering pattern
may support the hypothesis that half of the soraphen
cluster was acquired by HGT from an actinomyce-
tales species.

HGT Versus the Alternative Evolution Hypothesis

The main alternative hypothesis to explain the
homogeneity of actinomycetales could rely on a re-
cent origin of PKSI for the actinomycetales, despite
the fact that they exhibit great polyketide diversity.
Such a hypothesis is ruled out by the analysis of the
blend group. The PKSIs appear to be mixed between
different bacterial phyla (Fig. 3). The common bac-
terial ancestor therefore probably carried a large
diversity of PKSIs which predated the origin of ac-
tinomycetales. Explaining the relative homogeneity
within actinomycetales by common ancestry would
imply that the initial diversity was lost, then re-cre-
ated through de novo duplications and specialization
— little parsimonious hypothesis. Alternatively, we
propose that numerous HGTs between actinomyce-
tales may have secondarily homogenized PKSI genes
in this phylum. Eventually, this pattern may be due to
a higher evolution rate of the PKSI genes from
nonactinomycetales species. However, no significant
difference was observed between the relative evolu-
tion rates of actinomycetales and nonactinomyce-
tales, thus excluding this hypothesis (p = 0.673).

Another hypothesis would rely on a phylogenetic
reconstruction artifact: long branch attraction. First,
we computed the reconstruction by two different
methods—distance and maximum likelihood—and
the same topology was obtained. Second, we com-
puted a new distance-based reconstruction without
the longest branches of the hybrid group, the KS
from loading modules, and the closest KS from the
root: the three KSs from the soraphen synthase. The
tree topology remains unchanged and the actinomy-
cetales group is always supported by a bootstrap
value of 99.

One can argue that transferred genes are stable
only under positive selection. Thus, alien genes must
be functional and provide a novel adaptive advan-
tage; otherwise they are lost by random mutation
(Kurland et al. 2003). Secondary metabolites like
polyketides respond to that constraint: they are syn-
thetized under selective pressures and do not modify
primary metabolism. The functionality of PKSI in a

heterologous environment was demonstrated with the
production of a functional megalomicin PKSI in
Streptomyces lividans and Saccharopolyspora eryth-
raea, despite the fact that this PKSI gene cluster was
originally described in Micromonospora megalomicea
(Volchegursky et al. 2000; Shah et al. 2000).

Putative Evolutionary History of Amphotericin,
Nystatin, and Pimaricin Synthases

The three KS domains from ampA, nysA, and pimS0
are KS®. However, even if pimS0O and nysA share a
KS®, their similarities do not seem sufficient to spec-
ulate a common origin (Brautaset et al. 2000). This
active site mutation could have been acquired twice
independently by convergent evolution.

The close pairwise-associated domains (Fig. 4;
gray rectangle) observed with the three phylogenies
(Fig. 5) suggest a common origin for these three
synthases. The amphotericin and nystatin synthases
are highly similar, implying a recent common origin.
The pimS2 PKS appears to have been integrated
though a HGT from an amp or a nys gene. The
pimS2 gene shows a peculiar codon usage and third-
codon position GC content compared to other pi-
maricin synthase genes (Aparicio et al. 2000). This
region, which includes seven modules, represents a
large HGT event of 34 kb.

Hybrid NRPS|PKSI and Unusual KS Function

The KS domains positioned after a NRPS module
possess an unusual function that mediates the con-
densation of an acyl extender unit onto the amino
acid chain from the previous NRPS module. This
functional constraint might explain why each KS
domain preceded by a NRPS module clustered within
the hybrid group and not within its own PKSI.

It has been suggested that epoB was acquired by
HGT, based on several rigorous criteria (Lopez
2003). One of them is the phylogenetic incongru-
ence, where epoB is excluded from the epothilone
PKS but is clustered within the hybrid NRPS/PKS
group. Lopez suggested that this hybrid cluster does
not result from a common ancestor but from a
convergent evolution, since several hybrids, such as
KS domains from the rapamycin and ascomycin
synthases, do not cluster in this group. However,
these two cases revealed by Lopez (2003) are not
exceptions since the hybrid group concerns only the
KS preceded by a NRPS module and not positioned
after PKS domains as in the rapamycin or asco-
mycin synthase. Nevertheless, the GC deviation, the
presence of flanking transposon sequences, and the
great genetic distance consistently support the
hypothesis that HGT is responsible for the



occurrence of epoB (Lopez 2003). Moreover, the
hypothesis of convergent evolution is likely to be
true, since the KS domains from hybrid systems are
clustered due to a functional constraint. The func-
tion of KS® domains seems to be very low proces-
sive decarboxylation activity and remains to be
explained. These domains do not seem to have
evolved under strong functional pressure, unlike the
other unusual KS domains.

Polyketide Synthase Genes May Evolve with Mobile
Elements

Since large HGTs of PKSI clustered genes have oc-
curred between actinomycetales and not within the
other bacterial orders, a biological mechanism must
exist, specific to actinomycetales. We suggest that the
linearity and the instability of actinomycetales chro-
mosomes could be implicated in this mechanism.

The chromosome of Streptomyces species is linear
and its extremities are genetically unstable since large
deletions and circularization occur at significant fre-
quencies (up to 1%) (Chen et al. 2002; Weaver et al.
2004). Many of the biosynthetic pathways of
Streptomyces coelicolor and Streptomyces avermitilis
were found on chromosome arms, whereas the
essential genes were located in the core chromosome
(Weber et al. 2003; Challis and Hopwood 2003).
Linear plasmids can acquire chromosomal end genes
(Wiener et al. 1998; Weaver et al. 2004) and recip-
rocally (Bentley et al. 2004; Weaver et al. 2004).
Therefore, these gene clusters might be transferred
through extrachromosomal elements within the genus
Streptomyces and other species with a high GC con-
tent, such as actinomycetales.

The antibiotic gene clusters and their associated
resistance genes are likely to be cotransferred, such as
in the case of the streptomycin synthase (Egan et al.
2001; Challis and Hopwood 2003) and the tylosin
gene cluster (Stonesifer et al. 1986). The streptomycin
and its resistance gene were demonstrated to be
transferred at a high frequency between Streptomyces
species (Wiener et al. 1998; Egan et al. 2001). Entire
biosynthetic pathways may have evolved through
HGT in a similar way as did pathogenicity islands
(Thompson et al. 2002).

The presence of transposon-like sequences near
biosynthetic gene clusters may support genetic ex-
changes in the cell. Direct repeated sequences are
present at both extremities of the PKSII mithramycin
gene cluster (Lombo et al. 1999) and suggest a transfer
through the integration of extrachromosomal DNA.
Then a gene cluster similar to the mithramycin cluster
was found on the linear plasmid pSLA2-L (Mochizuki
et al. 2003). This hypothesis of transfer between ge-
netic structures was also confirmed for the methyle-
nomycin gene cluster, which can be located on a
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circular plasmid, on a linear plasmid, and integrated
into the S. coelicolor chromosome (Wiener et al. 1998;
Yamasaki et al. 2003). The gene transfer of the
methylenomycin gene cluster from the circular to the
linear plasmid was confirmed (Yamasaki et al. 2003).
Concerning PKSI genes, the tylosin gene cluster was
demonstrated to be highly transferred through con-
jugation between Streptomyces fradie strains
(Stonesifer et al. 1986). Under selective pressures,
some S. fradie strains seem to have acquired the tyl-
osin gene cluster from other strains. A Mycobacterium
ulcerans PKSI gene cluster, which likely encodes a
mycolactone PKSI, is located between two repeated
insertion sequences (Jenkin et al. 2003; Stinear et al.
2004). Moreover, subtractive hybridization experi-
ments performed between Mycobacterium marinum
and M. ulcerans demonstrated that the most impor-
tant DNA acquisition by M. ulcerans was this PKSI
cluster and the two insertion sequences (Jenkin et al.
2003). This gene cluster is located on a giant plasmid,
suggesting evolution through a recent horizontal
acquisition followed by duplication (Stinear et al.
2004). Such an association of insertion sequences with
PKSI genes is a strong argument for HGT (Lopez
2003). This first insight of PKSI associated with
insertion sequences highlights the possible genetic
exchanges of these biosynthetic clusters, adding fur-
ther credibility to the hypothesis of frequent HGT in
actinomycetales PKSI.

Conclusion

Several observations based on KS domain phylogeny
suggest that frequent HGTs of PKSIs genes have oc-
curred between actinomycetales species. The homo-
geneity and the robustness of the actinomycetales
group may result in part from these genetic transfers.
The linearity and instability of actinomycetales chro-
mosome and the many possibilities for natural con-
jugation and for the transfer of genetic elements could
explain the high frequency of HGT. The suggestion is
advanced here that their homogeneity may rely on the
genetic specificity of actinomycetales.

The Selfish Operon Theory (Lawrence and Roth
1996) proposes that genes evolved clustered in operon
through HGT to maintain their frequencies in the
gene pool. In this theory, a selective advantage for the
host is not required since genes from operons are
clustered for themselves to avoid genetic drift. This
model is well adapted to the PKSI gene clusters
(Lopez 2003). HGT maintains the capability for
numerous genetic responses to environmental stress
in bacterial populations without strong environmen-
tal pressures. Therefore, numerous genetic exchanges
would enable rapid adaptation if the environmental
pressures appear again.
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