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Seven different structural classes of secondary metabolites have been isolated from different Xenorhabdus species 1-6


[ ADDIN EN.CITE ]
 indicating a rich repertoire of small molecules that may function in host interactions.  Both Xenorhabdus bovienii and Xenorhabdus nematophila genomes encode a large number of different biosynthesis gene clusters responsible for the production of secondary metabolites (Table 1, below), and the overall percentage of the genome dedicated to secondary metabolism (X. bovienii 6.1%, X. nematophila 7.5%) is more than the Streptomycetes (S. coelicolor 4.5% 7


[ ADDIN EN.CITE ]
; S. avermitilis (6.6% 8[]
) but comparable to Photorhabdus luminescens TT01 (5.9% 9


[ ADDIN EN.CITE ]
).  In X. nematophila, all  clusters except one are located between 1.1 and 2.8 Mb in the genome (Figure 1, below), similar to the observed super-clustering of biosynthesis gene clusters in Myxococcus xanthus 10


[ ADDIN EN.CITE ]
.  No such super-clustering is present in X. bovienii (Figure 1, below) or P. luminescens TT01 9


[ ADDIN EN.CITE ]
.
A large biosynthesis gene cluster encoding three NRPSs that are predicted to produce a large lipopeptide with several lipophilic amino acids is located at similar locations in the genomes of X. bovienii and X. nematophila; the cluster size is 60 kb and 43 kb in X. bovienii and X. nematophila, respectively.
Nematophin  11[]
, xenocoumacins 1-6 12[]
, xenematide, and xenortides 3[]
 have been isolated from X. nematophila ATCC 19061 (Bode, unpublished data), whereas two substituted indoles 13


[ ADDIN EN.CITE ]
 have been isolated from X. bovienii SS-2004 (Bode, unpublished data) (Figure 1, below). Additionally, the biosynthesis gene clusters for the production of xenocoumacins, xenematide, xenortides have all been identified in the genome of X. nematophila and the biosynthesis genes for the production of the indole derivatives in X. bovienii (Bode, unpublished): No biosynthesis gene cluster could be identified for the production of nematophin, which might be an NRPS-derived dipeptide, and putative clusters involved in its biosynthesis are currently being analyzed in detail. A biosynthesis gene cluster involved in the production of the isonitril compound rhabduscin 14[]
 is highly conserved among Xenorhabdus and Photorhabdus strains and has been identified in both X. nematophila and X. bovienii (Bode, unpublished). 
One and two gene clusters involved in the production of iron-siderophores have been identified in the genomes of X. nematophila and X. bovienii, respectively. Whereas a highly similar gene cluster most likely involved in the production of a hydroxamate-like siderophore could be found in X. nematophila 15[]
, X. bovienii and P. luminescens TT01, X. bovienii seems to be able to produce a second enterochelin-like siderophore (Figure 2, below) which shows no similarity to the NRPS-derived siderophore compound postulated from P. luminescens TT01. However, all three strains have been shown to produce siderophores by the usual CAS-agar test. Furthermore, disruption of tonB in X. nematophila led to a siderophore overproducer 15[]
 which accumulates a compound that can also be found in X. bovienii, as shown by HPLC-MS. This might indicate that X. nematophila and X. bovienii do actually produce the same hydroxamate siderophore. This siderophore is currently isolated for structure elucidation (Bode, unpublished data). 

As already known from other Gram-negative bacteria (e.g. myxobacteria 10


[ ADDIN EN.CITE ]
), pure PKS gene clusters are rare and peptides derived from NRPS dominate. The genome of P. luminescens encodes a gene cluster for a polyketide derived from a type II PKS 16[]
, which is currently the only example of a type II PKS encoding biosynthesis gene cluster from Gram-negative bacteria and which is not found in P. asymbiotica 17


[ ADDIN EN.CITE ]
. Furthermore, biosynthesis gene cluster for the production of isopropylstilbenes 18[]
 and diketopiperazines 19[]
 has been identified in P. luminescens which are not present in both Xenorhabdus strains. In general a high number of NRPS clusters putatively involved in the biosynthesis of lipopeptides and peptides have been identified in all four genomes. Interestingly, amino acids with non-polar side chains are often the most abundant amino acids in these lipopeptides and would make these compounds even more hydrophobic, which might indicate a need for such compounds in the life cycle of Xenorhabdus and Photorhabdus. This is additionally supported by the finding that most compounds isolated from Xenorhabdus or Photorhabdus to date are very lipophilic 1


[ ADDIN EN.CITE ,2,20]
.

Several of the NRPS-encoding gene clusters from X. nematophila and X. bovienii show no terminal thioesterase domain, as is usually present, but do have a condensation domain that might be involved in product release and/or cyclisation as postulated for cyclosporin formation in the fungus Tolypocladium niveum 21[]
. Additionally, the specificities of several adenylation (A) domains could not be assigned using standard prediction tools. The reason for this might be that most A-domains found in the databases are derived from Gram-positive organisms (Streptomyces, Bacillus) and the specificities for the activation of not all but some amino acids might be different from Xenorhabdus. Similar results have been observed for P. luminescens TT01 but the number of non-assigned A-domains is much higher in X. nematophila and X. bovienii. A second possibility is that these clusters are non-functional and have been changed during evolution. However, this possibility begs the further question of why these clusters are maintained in the Xenorhabdus spp. genomes. Moreover, the finding that clusters with up to four identical A-domain specificities have been identified which could not be assigned to any known specificity in the databases makes an evolutionary loss of function unlikely.
Methods

Secondary metabolite gene clusters were identified by BLASTP 22[]
 searches of the annotated genomes using different adenylation (A), condensation (C), ketosynthase (KS), acyltransferase (AT), and thiolation (T) domains as bait. The functional annotation of the identified loci was performed using BLASTP and a program written by Jaques Ravel (http://www.tigr.org/jravel/nrps) 23[]
 for the prediction of polyketide synthase (PKS) and non-ribosomal synthetase (NRPS) domain structures. Adenylation domain specificities were predicted using the program NRPSpredictor 24[]
. As the specificity of several A-domains could not be determined this way, several of these domains were exemplarily aligned with the phenylalanine-activating A domain of the gramicidin producing NRPS (GrsA) using ClustalW 25[]
 and identification of the conserved residues that form the specific binding pocket by comparison of the unknown sequences with GrsA (phe) 26[]
. 
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Table 1. Number of putative compounds encoded by biosynthesis gene clusters in Xenorhabdus bovienii, X. nematophila, and Photorhabdus luminescens.

	Biosynthetic Cluster Type
	X. bovienii
	X. nematophila
	P. luminescens

	peptides
	2
	8
	8

	lipopeptides
	6
	5
	2

	Polyketide/peptide hybrids
	1
	3
	2

	polyketides
	-
	-
	1

	NRPS-siderophores
	1(2)
	-
	1

	hydroxamate-siderophores
	1
	1
	1

	Others/unknown a
	3
	-
	6

	Total number of clusters
	15
	17
	21

	Percent of genome (%)
	6.1
	7.5
	5.9


aclusters that do not fit in any of the other categories.
Figure 1. Known compounds isolated from X. nematophila and X. bovienii. Structures were determined after preparative isolation using NMR, MS and/or high-resolution MS. 

[image: image1.wmf]N

H

O

O

O

O

N

H

O

O

H

O

O

H

O

H

N

H

Xenocoumacin 2

N

H

N

H

O

O

Nematophin

O

N

H

O

O

H

O

O

H

O

H

N

H

N

H

N

H

2

N

H

2

3-(2´-Acetoxy-3´-oxo-4´-methylhexyl)-indole

Xenocoumacin 1

isolated from 

X. nematophila

isolated from X. bovienii

N

H

O

O

O

3-(2´-Acetoxy-3´-oxo-4´-methylpentyl)-indole

N

H

O

N

H

O

N

H

O

O

O

N

H

O

N

H

N

H

Xenematide

N

H

O

N

N

H

O

Xenortide A

O

N

+

C

-

O

O

H

O

H

N

H

O

Rhabduscin

N

H

O

N

H

N

H

2

O

N

H

N

H

O

N

H

N

H

2

N

H

O

N

H

2

N

H

N

H

O

N

H

2

O

O

N

H

2

O

O

H

PAX peptide


Figure 2. Selection of predicted compounds from X. nematophila and X. bovienii. 
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